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lead to up-regulation of IL-6R in T cells are not known,
and as hepatocytes do not express the receptors for IL-2
{Tato and Cua, 2008), it is unlikely that 112 is a general or
the sole regulator of IL-6R expression. In at least one case
it was reported that IL-6 can induce the expression of its
own 11-6R (Thabard et al., 2001). Whether and how IL-11R
expression is regulated has not been studied thus far,

IL-6 and IL-11 signaling: similarities
and differences

1L-6 signaling via gp130 and the membrane-bound 1L-6R%
is called classic signaling (Garbers et al., 2012} (Figure 1.
In addition to the membrane-bound IL-6R, up to 50 ng/mli
soluble forms of the [L-6R (sIL-6R)} were found in the serum
of man, which can rise up to 170 ng/m! under pathophysi-
ological conditions (Gaillard et al., 1993; Mitsuyama et al.,
1995; Montero-Julian, 2001). More than 90% of the sIL-6R
is generated by limited proteclysis of the membrane-
bound IL-6R by the proteases ADAMIO or ADAMIY and
up to 10% of the sIL-6R is generated by translation from
a differentially spliced mRNA. In differential splicing, the
exon coding for the trans-membrane region of the IL-6R is
skipped, resulting in premature termination of the IL-6R
open reading frame and a new short C-terminus (Chalaris
et al., 2011). Importanily, both forms of the sIL-6R can still
bind to [L-6. In contrast to most other soluble receptors,
s[L-6R does not act as an antagonist but as an agonist,
Consequently, the interaction of the IL-6/sIL-6R complex
with gpl30 can activate cells, which do not necessarily
express the membrane-bound IL-6R and are therefore
unresponsive to [L-6 classic signaling. 11-6 signaling via
the sIL-6R was called IL-6 trans-signaling (Figure 1) (Rose-
John and Heinrich, 1994; Chalaris et al., 2011).

The complex of IL-6 and sIL-6R can stimulate all
cells of the body and thereby mimic signals from other
cytokines of the IL-6 family, especially IL-11 signaling
{Jones et al., 2011). Interestingly, IL-6 trans-signaling is
mimicked by the viral orthologue of 1L-6 (viL-6) encoded
by the human herpes virus 8 (HHV8), which directly binds
to and stimulates gpi130 and does not depend on [1-6R
{Adam et al., 2009; Suthaus et al., 2012).

{111 signaling is mediated by gpl30 and the speci-
ficity factor IL-41R (Figure 1) (Pflanz et al., 1999), which
means that both 1L-6 and 11.-11 signal via the same gpi30
homodimeric signal-transducing receptor complex. In
principle, a soluble IL1IR can also form biclogically
active soluble complexes with IL-11 (Pflanz et al., 1999}, A
naturally occurring sotuble IL-11R has, however, not been
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described thus far, leaving open the question of if an [L-11
trans-signaling pathway exists in vivo (Figure 1).

To date, no functional role in signal transduction was
assigned to the o-recepiors IL-6R and IL-11R. The early
signaling pathways of 1L-6 and IL-i1 via homodimeric
zp130 appear similar or identical and include phospho-
rylation of the JAKs, STAT1 and 3, and activation of the
mitogen-activated protein (MAP) kinase pathway. Only
the local cytokine expression and the g-receptor expres-
sion pattern decide whether a cell reacts towards [L-6 or
iL-11, Detailed comparative analysis of dynamic signal
transduction of [L-6 and 1111 have, however, not been
performed to date. Future experimenis have to function-
ally compare [L-6 and 1L-11 signal transduction in vitro and
in vivo. This is of particular importance because IL-6 and
IL-11 have in part opposing roles in vive and at least some
cells are not able to conduct the full spectrum of signal
transduction pathways after IL-6/IL-11 activation (see
section ‘Comparison of IL-6 and IL-11 in vivo').

The single nuclectide polymorphism (SNF) 152228145,
located within exon 9 of the [1-6R gene locus, is charac-
terized by a coding mutation resulting in an amino acid
exchange from Asp(358)Ala. This SNP is quite common,
as up to 20% of people genotyped were homozygous
{Galicia et al, 2004). These individuals are character-
ized by reduced cellular IL-6R level and increased sIL-6R
level resulting in reduced responsiveness to classic
signaling IL-6 (Ferreira et al., 2013). Furthermore, the
increased level of sIL-6R might lead to increased IL-6
trans-signaling (Scheller and Rose-John, 2012). It is cur-
rently unknown whether the increased sIL-6R levels are
caused by increased shedding of mercbrane-bound [L-6R
or other mechanisms. For the IL-11R, no such dominant
SNP is known. Nevertheless, single case reports of indi-
viduals with missense mutations within the IL-11R have
been described (Nieminen et al., 2011). These amino acid
alterations lead to IL-11R variants that are not capable to
fulfill IL-41-mediated signal transduction, and the patients
suffered from craniosynostosis, delaved tooth eruption,
and supernumerary teeth (Nieminen et al., 2011).

Therapeutic intervention of 1L-6 and
iL-11 signaling

The signaling pathway of IL-6 and IL-11 offers multiple
ways of intervention, either through inhibition orenhance-
ment, and nearly all of them have been used either experi-
mentally or therapeutically in the clinic. In this section,
we will discuss the possible steps of intervention and
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Figure 3 Strategies of therapeutic IL-6/i-11 blockade.
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Antibodies to IL-6 or IL-6R neutralize 1L-6/1L-6R complexes and block both, H-6 classic and frans-signaling and interfere with binding of IL-6

to 1L-6R. Anti-tL-6 mAbs might tead to

-level accumulation of IL-6 because of decreased clearance {(Lu et al., 1992). IL-6R neutralizing

antibodies only lead to moderate elevation of IL-6 levels because of impaired internalization and subsequent degradation of IL-6 (Nishimote
et al., 2008). The sgp130Fc protein specificaily blocks [L-6 trans-signaling without affecting classical signaling via the membrane-bound
IL-6R, as il-6 alone has no measurable affinity to sgpi30Fc. IL-11 antagonists bind to [L-11R. Typically, these antagonists have not binding

site(s) for gpi30 and inhibit complex formation of IL-11/iL-11R/gp130.

highlight which compounds actually made their way from
the bench to the bedside (Figure 3).

As mentioned previously, soluble forms of the TL-6R
can be found in hwman hody fluids, which led to the dis-
crimination of IL-6 classic and trans-signaling. In addition
to s1L-6R, soluble forms of gpi20 (sgp130) were also found
in human serum at 100-200 ng/ml. i was shown that
sgp130 acts as natural inhibitor of 1L-6 trans-signaling
to inactivate circulating IL-6 in IL-6/s1L-6R/sgpi30 com-
plexes (Miller-Newen et al., 1998; Jostock et al., 2001).
Despite a molar excess of sIL-6R over IL-6, free ]L-6 and
I1-6 in IL-6/sIL-6R complexes are present, which allows
both classic and trans-signaling. Under these conditions,
sgpl130 was, however, able to trap all free IL-6 molecules
in IL-6/sIL-6R/sgp130 complexes, resulting in inhibition
of classic signaling by sgpi30 {Garbers et al,, 2011). IL-6
is known to exhibit pro-inflammatory and regenerative
activities {Scheller et al,, 2011b)}. For example, IL-6 defi-
cient mice are more susceptible in an inflammmatory bowel
disease model as compared to wild-type mice (Griven-
nikov et al., 2009) but protected in mouse models of rhew-
matoid arthritis (Nowell et al., 2003, 2009). As sgpi30
is not able to directly inhibit 11-6 classic signaling via
the membrane-bound IL-6R, recombinant sgpi30 was
used to distinguish between classic- and trans-signaling
in vivo. It turned out that IL-6 trans-signaling has mostly
pro-inflammatory properties and is the main driving
force of [L-6-signaling during chronic inflammation. 1L-6
classic signaling has, however, regenerative activities
and is needed, for example for induction of the hepatic

acute-phase response {(Scheller et al., 201th). This has
fed to the evaluation of an Fe-fusion protein of sgpi30
{sgp130Fc) as a therapeutic principle to neutralize the
pro-inflammatory activities of IL-6, which would not com-
promise other beneficial activities of 1L-6 classic signal-
ing (Rose-john et al., 2007; Waetzig and Rose-John, 2012).
[raportantly, sgpi30Fc does not inhibit the signaling of
the other IL-6-type cyvtokines (Scheller et al., 2005}, but
would interfere with a hypothetical 1L-11 trans-signaling
pathway. Whether the recently uncovered IL-30/s[L-6R
complex, which also can be blocked by sgpl30Fc, plays a
role in vivo is currently unknown (Garbers et al., 2013). A
phase I clinical trial with the sgpi30Fc protein is planned
for 2013,

In addition to sgpi30, monocclonal antibodies are
used to specifically inhibit IL-6 signaling. The most prom-
inent example is the humanized antibody tocilizumab
marketed as Actenmwra {(RoActemra in the EU}, which is
approved for the treatment of rheumatoid arthritis and
systemic juvenile idiopathic arthritisin Europe and the US
{(Nishimoto et al., 2005; Tanaka et al., 2012). Tocilizumab
specifically binds to site 1 of the {L-6R, thereby blocking
binding of 1L-6 to IL-6R. Besides blocking IL-6-induced
signal transduction, tocilizumab also prevented cellu-
lar internalization and degradation of IL-6. As a conse-
guence, IL-6R neutralizing antibodies lead to moderate
elevation of overall IL-6 levels {Nishimoto et al., 2008},
Other [L-6-directed neutralizing antibodies are in clini-
cal development as anti-inflammatory and anticancer
therapeutics. It remains to be seen whether these novel
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anti-1L-6 mAbs also result in high-level accumulation of
1L-6 because of decreased clearance (Lu et al., 1992). In
contrast to sgpi30, the anti-1L-6R antibody tocilizumab
and all other agents block [1-6 classic and trans-signaling
{jones et al., 2011),

Because of the broad pro-inflammatory properties of
1L-6, the therapeutic use of the cytokine itself does not
seem to be a good choice. However, in a recent papery it
was shown that treatment with recombinant IL-6 was pro-
tective via classic signaling in a4 mouse model of epider-
molysis bullosa acquisita (EBA}, an autoimmune disease
induced by autcantibodies against type VI collagen,
whereas inhibition of IL-6 trans-signaling bv sgp130Fc
was not beneficial (Samavedam et al., 2013). This example
iltustrates that also recombinant IL-6 might be an option
to treat certain diseases.

In contrast, recombinant 1L-11 is used o accelerate
recovery of the hematopoietic system after cancer therapy,
especially to treat severe thrombocytopenia associated
with chemotherapy, for which it is approved in the USA
by the US Food and Drug Administration (FDA) (Du and
Williams, 1997; Putoczki and Emst, 2010). Inhibition
of iL-11 signaling is an attractive therapeutic option (for
details in IL-1t-dependent malignancies see the following
section ‘Comparison of [L-6 and 1L-11 in vive’), but to date
no anti-IL-11 or anti-1L-11R inhibitory monocional antibod-
ins were described. However, two [L-11 antagonists have
been described (Underhill-Day et al., 2003; Lee et al.,
2008). In the WI47A antagonist, the amino acid 147 is
mutated from a tryptophan to an alanine, which destroys
the so-called ‘site IIT" of IL-11. This mutant can therefore
bind to the IL-11R, but engagement of the gpi130 homodi-
mey fails, resulting in efficient blockade of 1111 signaling
{Underhill-Day ot al., 2003). However, it is unclear if these
two proteins are beneficial in inflammatory diseases that
depend upon IL41, as systematic explorations in animal
models are still missing.

All the above-mentioned interventions take place
outside of the cell, thereby preventing the binding of
the cytokine or cytokine/receptor complex to the signal-
transducing B-receptor zpl30. Another way to inhibit
1L-6/1L-11 signaling is the use of small cell-permeable
compounds that block proteins further downstream of
the signaling cascade. The most promising candidates
to date are inhibitors of the janus kinases, which are
responsible for phosphorylation of gpi30 as well as
STATT and STAT3. The importance of these proteins is
further underlived by the fact that numerous patients
suffering from myeloproliferative disorders show gain-
of-function mutations in the JAK2 gene. Ruxolitinib, a
chemical that blocks both Jakl and Jak2, is approved for
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the use against myelofibrosis. Furthermore, it was tested
in a phase II study in patients with rheumatoid arthritis
(RA) (Williams ot al.,, 2008), showing promising results.
Another Jaki/2 inhibitor, baracitinib, is also currently
evaluated for the clinical use against RA {O’Shea ot al.,
2013). Tofacitinib is already approved by the FDA and
can be therapeutically used in RA patients, who cannot
be properly treated with methotrexate anymore, Tofaci-
tinib blocks Jak1, Jak2 and Jak3 (Jiang et al., 2008; Haan
ot al., 2011). Efficacy of tofacitinib has been shown in
clinical studies against, for example, RA (Fleischmann
et al., 2012; van Vollenhoven et al., 2012} or ulcerative
colitis {Sandborn et al., 2012},

Howevey, it has to be noted that the blockade of Jak
family members by small chemical compounds is rather
unselective compared to the specific inhibition of IL-6 or
iL-11 mentioned before. Both cytokines (and numerous
other cytokines and growth factors) trigger activation of
JAKs, and all these beneficial and/or destructive effecis
are simultaneously gone when the mentioned inhibi-
tors are applied. Therefore, we think that blocking the
binding of a single cytokine 1o iis receptor is an alterna-
tive therapeutic strategy, which might lead to reduced
side effects.

Comparison of IL-6 and IL-11
in vivo

In this section, we will directly compare and discuss the
current view of the biclogical function of I1-6 and 111
in vivo {Figure 4). We will, however, not list all functions
of 11-6 but concentrate on main functions of [L-11 and
discuss the role of IL-6 in these settings.

Organ

Figure & Overview of {L-6 and iL-11 in (patho-}physiciogy.
The table summarizes the main finding of the cpposite functions of
IL-6 and {L-11 in vivo described in this review.

Ex. 2001 - Page1334



150 === . Garbers and |. Scheller: Properties of interleukin-6 and interleukin-11

iL-6 and IL-11 promote opposite
functions in heart failure

Heart fatlure is the leading cause of mortality. The onset of
heart failure is caused by cardiovascular diseases, includ-
ing myocardial infarction, hypertension, viral infections
and others. [L-6 type cytokines, in particular CT-t and LIF,
have a wide range of biological functions in the heart, e.g.,
in cardiomyocytes and in controlling immune reactions of
cardiovascular diseases (Fujio et al., 2011).

IL-11R has been shown to be expressed by cardiac
myocytes and cardiac fibroblasts (Kimura et al., 2007),
thereby making this organ a potential target of -1
in vive. Indeed, several studies have underlined a func-
tional role of IL-11 within the heart. Intravenous admin-
istration of recombinant IL-11 before coronary artery liga-
tion greatly reduced the infarct size in a murine model of
ischemia/reperfusion {I/R) (Kimura et al., 2007). Injection
of 1L-11 has been shown to reduce cardiac fibrosis, thereby
attenuating cardiac dysfunction, in a myocardial infarc-
tion model by coronayy ligation in mice {Obana et al.,
2010). The authors showed that a cardiac-specific knock-

ut of STAT3 resulted in a complete loss of 1L-11-benefi-
cial effects, and conversely that this could be mimicked
through a cardiac-specific transgenic expression of a con-
stitutively active STAT3 mutani (Obana et al., 2010). They
further show that 1L-11 mRNA is 60-fold up-regulated one
day after myocardial infarction, suggesting an endoge-
nous role of IL-11 in the heart besides its heneficial effects
when administered intravenously (Obana et al., 2010).
Within the ischemia/reperfusion model, IL-11 prevented
not only cardiac damage when administered in advance
of the IR, but was still effective when injected af the start
of the reperfusion, thereby reducing cardiac injury and
preserving cardiac function (Obana et al., 2012). This post-
conditioning effect was mediated by activation of STAT3,
as mice with a cardiac-specific STAT3 knock-out were not
protected in an [L-11-dependent manner against I/R injury
{Obana et al., 2012}, Also in hindlimb ischemia, a mouse
model for peripheral vascular disease, therapeutic admin-
istration of recombinant 1111 has been shown to be ben-
eficial, as it leads to an increase in recovery after femoral
artery ligation and enhanced collateral vessel growth
(Aitsebaomo et al., 2011},

In humans, increased [L-6 and s1L-6R level were found
in acute myocardial infarction {Kanda et al., 2000), Inter-
leukin-6 is produced by hypoxic myocytes and plays an
irnportant role in neutrophil-mediated reperfusion injury
in the myocardium (Yamauchi-Takihara et al., 1995; Sawa
ot al., 1998). Transgenic mice overexpressing IL-6 and
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membrane-bound 1L-6R {actin promoter} develop cardiac
hypertrophy, whereas either transgenic mice for IL-6 or
[L-6R alone did not show detectable myocardial abnor-
malities (Hirota et al., 1995). In rats, 1L-6 trans-signaling
leads to myocardial fibrosis, hypertension, and diastolic
dysfunction (Meléndez et al., 2010). Moreovery, 11.-6 neu-
tralization partially reduced cardiac hypertrophy as well
as collagen synthesis in rat heart in a STAT3-dependent
manner {Mir et al., 2012}. In ischemia/reperfusion, infarct
size in IL-6 deficient mice was similar to wild-type mice.
However, preconditioning reduced infarct size in wild-
type but not in 1L-6 deficient mice (Dawn et al., 2004},

Treatment with a neuiralizing anti-IL-6R antibody,
tested in a murine model of myocardial infarction, also
did not reduce initial infarct size, but reduced neutrophil
and macrophage infiltration, matriz-metalloproteinase 2
activity, and led to an improvement of contractile func-
tion, which resulted in improved survival 28 days after
surgery {Kobara et al., 2010).

These results suggested that production of IL-6 in
the heart and in particular IL-6 trans-signaling may be a
pathophysiological response that contributes {o hypertro-
phy and progresses into heart failure, Therefore, inhibi-
tion of IL-6 trans-signaling was suggested as a potential
therapy for hypertension and cardiac hypertrophy {Coles
et al., 2007). The importance of IL-6 in cardiovascular dis-
cases was further supported by a recent study, showing
that in murdne experimeental auwtoimmune myocarditis
IL-6 and IL-6R expression was up-regulated and disease
development was prevented by neutralizing anti-IL-6R
antibodies and pharmacological inhibition of STAT3
{Caraporeale et al., 2013). Specific inhibition of IL-6 trans-
signaling by sgp130 was, however, sufficient to effectively
block the development of atherosclerosis in mice under-
lining the pro-inflammatory role of [1-6 trans-signaling
(Schuett et al., 2012}, The recently described conditional
IL-6R deficient mice have not been studied so far in car
diovascular disease models (McFarland-Mancini et al.,
2010). As IL-6R can also transmit signals of p28 {cytokine
subunit of 1L-27} and CNTF {(Schuster et al., 2003; Garbers
et al., 2013), it would be interesting to see f IL-6 and 1L-6R
deficient mice have the same phenotype in cardiovascular
disease models.

Furthermore, the coding IL-6R rs2228145 SNP leads
to reduced production of acute-phase proteins such as
C-reactive protein and fibrdnogen and a lower risk of
coronary heart disease (Collaboration, 2012; Consortium,
2012). This is caused by a reduced level of membrane-
hound IL-6R and/or an increased sohible (L-6R level
Mechanistically, the decveased risk of coronary heart
disease for homozygous carriers of the 32228145 SNP
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might be caused by reduced 11-6 classic signaling on
target cells, such as hepatocytes, monocytes and mac-
rophages and/or an increased buffering of secreted [L-6
by the sil-6R and sgpi30 proteins (Ferreira et al,, 2013;
Scheller & Rose-John, 2012}, Both modes would reduce the
overall [L-6 activity.

To date it is not completely understood, why IL-11
and 11-6 have opposing functions in cardiovascular dis-
eases. IL-6 but not 1L-11 contributes to the activation and
attraction of immune cells, e.g., neutrophils’ attraction
to the damaged heart. Inhibition of neutrophil invasion
after heart damage has been shown to be beneficial (Litt
et al., 1989). Unlike IL-11R, IL-6R is not expressed on car-
diomyocytes (Meléndez et al., 2010), which might explain
different biological outcomes. However, stimulation of
cardiomyocytes with IL-6 trans-signaling via the sIL-6R
or 1111 induces STAT3 phosphorylation, but detrimental
effects are only ohserved for IL-6 trans-signaling. There
are, however, at least two possible explanations for these
phenomenon: firstly, signal transduction might be differ-
ent in terms of signal kinetics (duration and intensity),
even though 1L-6 and IL-11 use the same signal transduc-
ing gpi30 receptors. Secondly, IL-6 trans-signaling unse-
lectively activates all cells within the heart, which may
cause the overall negative outcome in comparison to 1111,
which specifically activates only cardiomyocytes and car-
diofibroblasts. These issues might be addressed by activa-
tion of [L-11 trans-signaling in all heart cells via an IL-11/
sIL-11R fusion protein, as [L-6 and IL11 trans-signaling
would not be restrdcted to IL-6R and ILAIR expressing
cells, respectively. We would expect that the net result of
IL-6/sIL-6R and JL-11/s0L-11R during ischemia/reperfusion
injury would be the same. However, this has to be shown
in side-by-side experiments. Alternatively, IL-6 might be
madified in a way, that it selectively targets only cardio-
myocytes/fibroblasts in vivo. This might be achieved by an
1L-6 variant that uses IL-11R but not [L-6R as an ¢-receptor.
Here, we would expect that this [L-11R-specific IL-6 variant
would act like 1L-11. However, if these predictions are not
true, than the signal kinetics of IL-6 and 1111 must be
different. It is not clear how different signal kinetics are
regulated on the molecular level.

Similarities and dissimilarities of
iL-6 and IL-11 in asthma

IL-11 mRNA and protein is largely absent from normal lung
tissue and primary lung cells and lung cell lines. Howevey,
several stimuli have been shown to induce [L-11 expression
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in these cells (Elias et al., 1994a,b, 1997). Furthermore,
IL-11 is present in secretions from patients with viral res-
piratory infections {Einarsson et al,, 1996}, Specific over-
expression of [L-11 in the lung using the CCI10 promoter
(Clara cell 10 kDa protein}, resulted in airway obstruction,
remodeling of the bronchial space through fibrosis of the
subephithelium, and lymphocytic inflammation through
accumulation of peribronchiclar mononuclear cells {Tang
et al., 1996). Interestingly, the phenotype of transgenic
mice for IL-6 under the control of the CC10 promoter was
very similar to IL-11 transgenic mice (DiCosmo et al., 1994;
Doganci et al., 2005h). In mice, 50-60% of the airway cells
are Clara celis (Pack et al., 1981), ensuring a local, lung-
restricted distribution of ¥L-6 and 1L-11.

This phenotype observed in mice mimicked in several
aspects the pathophysiclogical situation in human asth-
matic patients. Furthermore, [L-11 is highly expressed in
patients with moderate and severe forms of asthma, but
not in mild forms of asthmatic or healthy humans, 1111
was expressed in eosinophils as well as epithelial cells,
and the amount of IL-11 expression correlated with the
severity of the disease (Minshall et al., 2000). However,
1L-11 was also shown to selectively block pulmonary eosin-
ophilia caused by aercallergens and the accompanying
TH2-type inflammation (Wang et al., 2000},

Increased levels of IL-6 are found in blood (Vokoyama
ot al., 1995}, bronchoalveclar lavage fluid (BALF) (Broide
et al., 1992), and lung tissues (Marini et al., 1992) of asth-
matic patients, Moreover, increased levels of sIL-6R have
been ohserved in the alrways of patients with allexgic
asthma (Dogandi et al., 2005a,b). THZ cells are critical
aliergic driver cells. {1-6 trans-signaling via siL-6R sup-
ports expansion of TH2 effector cells and cytokine produc-
tion in the lung. At the same time, 1L-6 classic signaling
suppresses the activity of regulatory T cells (Treg) leading
to reduced peripheral tolerance (Pasare and Medzhitoy,
2003; Doganci et al., 2005a).

Consequently, administration of anti-IL-6R antibod-
ies that block classic and trans-signaling in experimen-
tal asthma leads to cell death of hung effector T cells via
activation of regulatory T cells {Finotio et al., 2007). More-
over, a combination of extracellular matrix deposition,
inflammation, angiogenesis, and airway smooth muscle
(ASM)} mass results in airway wall thickening during
asthma. Because ASM cells did not express membrane-
bound IL-6R, IL-6 trans-signaling may contribute to vessel
expansion in airway walls of asthmatic subjects (Ararnit
et al., 2007).

The IL-6R SNF 152228145 is a potential modifier of ung
function in subjects with asthma and might identify sub-
jects at risk for more severe asthma (Hawkins et al., 2012).
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Whereas 1L-6 promotes expansion of TH2 cells, IL-11
restricts TH2-driven inflammation in allergic lung dis-
eases. A role of IL-11 on the development of regulatory
T cells was not inwvestigated so far. Again on the cellular
and molecular level, opposing functions of IL-6 and IL-11
are not understood. A recent study showed that depending
on the cell type, IL-11 is able to activate STAT1 and STAT3
or sclely STAT1 {(Onnis et al., 2013), and differential acti-
vation of signal transduction pathways might contribute
to divergent outcomes of 1L-6 and 1L-11 signaling. Again,
a detailed analysis of cellular IL-6R and IL-1IR expression
profiles and cell type specific signal transduction analysis
in allergic asthma and other diseases is mandatory.

Regenerative and inflammatory
potential of IL-6 and IL-11 in the
colon

The TLA1R is expressed in human colonic epithelial cells
{Kiessling et al., 2004}, alse making the colon a target for
IL-11 in vivo. The pathogen Cifrobacter rodentium induces
barrier disruption of the colon and infiltration of immune
cells such as macrophages and neutrophils, which makes
it a well-established model for infectious colitis (Eckmann,
2006). Application of recombinant 111 to C. rodentium-
caused colifis in TLR2-deficient mice prevented lethal-
ity. IL-11 led to activation of STAT3 in and regeneration of
intestinal epithelial cells. In line with this, signaling via
TLRZ induced IL-11 expression, which in turn helped to
maintain the barrier funciion of the intestinal epithelium
(Gibson et al., 2010}. The human lewcocyte antigen A
variant HLA-B27 is associated with a class of inflammatory
diseases known as spondyloarthropathies (Brown et al.,
1996}. Transgenic ratfs, which overexpress the human f2-
microglobulin together with HLA-B27 have been shown
to be a good model of inflammatory diseases, including
inflammatory bowel disease (Hammer et al., 1990). These
rats showed down-regulation of [FNy, TNForand IL-13 when
treated with recombinant IL-11 and an overall reduced
clinical disease severity score compared to control animals
{Peterson et al., 1998). First clinical trials with recombi-
nant L1 for the treatment of Croho’s disease have also
shown promising results (Sands et al., 1999, 2002).

Levels of IL-6 in sera correlate with disease severity in
inflammatory bowel disease (Hosokawa et al., 1999). Mainly
lamina propria mononuckear cells and T cells secrete 116
and sIL-6R in Crohn’s disease patienis. In a T cell transfer
colitis mouse model, anti-IL-6R monoclonal antibodies
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prevented the development of signs and symptoms of colitis
{Yamamoto et al., 2000} and the humanized anti-[L-6R
monocional antibody tocilizumab may be a promising drug
for Crohn’s disease (lto et al., 2004). [1-6 trans-signaling
but not classic signaling caused detrimental anti-apoptosis
of T cells and tissue damage. Consequently, blockage of [L-6
trans-signaling with sgp130Fc suppressed T cell responses
in experimental colitis and improved the clinical severity
score (Atreya et al., 2000). Blockade of IL-6 trans-signaling
also prevented the development of spontaneous ileitis in
SAMP1/Yit mice via reduction of STAT3 phosphorylation
{(Mitsuyama ot al., 2006). in addition, like IL11, IL-6 sig-
naling can stimulate survival and proliferation of intestinal
epithelial cells, Abrogation of regenerative pathways in the
intestine may explain why [1-6 deficient mice displayed a
widespread damage of the colonic mucosain the non-T cell-
dependent D3S-colitis model {Grivennikov et al., 2009). it is
not clear if epithelial regeneration is induced by classic or
trans-signaling, since intestinal epithelial cells largely lack
mentbrane-bound IL-6R.

Increased expression of pro-inflammatory cytokines,
including [1-6, were found in colitis-associated cancer
(CAC) patents (Mitsuyama et al., 1991). In a murine model
of CAC, 11-6 deficient mice had a decreased tumor load
suggesting that 1L-6 was necessary for tumor development
and growth (Grivennikov et al., 2009). Among others,
TGF-B signaling is considered to be a tumor-suppressive
pathway, and therefore inactivating mutations within
the TGF-§ signaling play an imporiant role in CAC devel-
opraent. TGEF-§ is secreted by twmor infilivating T cells.
Expression of a dominant-negative form of the TGF-BRII
{dnTGF-BRID chain in murine T cells resulted in signifi-
cantly higher [L-6 levels in the colonic tissue, suggesting a
negative regulatory circuit between TGF-8 and IL-6 produc-
tion (Becker et al., 2004, 2005). Consequently, TGF-B sup-
pressed colon cancer tumor progression through the inhi-
bition of IL-6 irans-signaling {Becker et al., 2004). When
crossed on an [L-6 deficient background, daTGF-BRI/IL-6
deficient mice showed reduced signs of colitis but autoim-
mune cholangitis was exaggerated, It was suggested that
therapeutic blockade of [L-6 in autoimmune diseases such
as colitis might be undertaken with caution in patients
who have accompanying liver diseases {(Zhang et al., 2010).

Recently, an unexpected role of IL-11 in CAC-associ-
ated metastasis has been described (Calon et al., 2012).
Secreted TGF-§ from the cancer cells stimulates 1111
secyaetion from cancer-associated fibroblasts, which in
turn activates STAT3 signaling via gpi30 in tumor cells.
This circuit increases the survival rate of metastatic cells,
thereby enhancing metastasis foumation {(Calon et al.,
2012). In line with this, expression of the IL-11R was shown
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to correlate with tumor invasion and lymphatic infiltra-
tion of human colorectal adenocarcinomas (Yoshizaki
ot al., 2006).

Taken tfogether, murine colitis models, which are
based on the detrimental activity of the acquired immune
response, appear to benefit from the blockade of 11-6 sig
naling, However, in DSS-induced colitis, which is character-
ized by a massive destabilization of the intestinal barder
and mainly activates the innate immune system, [L-6 con-
tributes to regeneration of the epithelial barrier and has
protective functions. It remains o be seen how both func-
tions of [L-6 contribute to human forms of inflammatory
bowel disease, e.g., Crohir’s disease and ulcerative colitis,
The role of IL-11 may be restricted to the maintenance of the
intestinal barder. However, data from IL-11 deficient mice or
blockade of 1141 are still missing. TGF-B appears to block
11-6 but stimulate IL-11 production, suggesting that I1-6 and
IL-11 have in part opposing roles in colitis and CAC.

Requirement of IL-11 but not of IL-6
in gastric tumors

Cytokine signaling is tightly regulated by negative feed-
back loops. Both the phosphatase SHP2 and SOCS3 bind
to the phosphorylated tyrosine residue pY75% (human} /
pY757 (mouse) of the IL-6 cytokine family signal transducer
gp130. Whereas SHP2 is constantly expressed in the cell
and gets phosphorylated and therefore dissociates from the
receptor after ligand binding (Lu et al,, 2001, 2003}, SOCS3
is usually absent, but is synthesized after cytokine binding
to terminate signaling. Homozygous gp130-7577F knock-in
mice, where this critical tyrosine is replaced by a phenyl-
alanine, develop gastric hvperplasia and tumors within
certain regions of the stomach (Tebbutt et al., 2002). The
lack of negative signal regulation in gp130-757""F knock-in
mnice leads to hyper-activation of STAT1 and STAT3 signal-
ing and was solely dependent on IL-11. gp130-7577F mice
showed a more than 30-fold up-regulation of IL-11 mRNA
within the gastric tumors. Interestingly, gpi30-757"F mice
crossed onto an 1L-6 deficient background showed o
reduction in tumor burden, whereas gpl30-7577%1L-11Ra
deficient mice developed no gastric tumors and were indis-
tinguishable from wild-type animals (Ernst et al., 2008).
In another study, four different gastric cancer mouse
models were compared. In addition to the gpi30-757%F
mice, mice with a specific knock-out for the H*/K* adeno-
sine {riphosphatase (ATPase}$ subunit (HES, develop
gross fundic hyperplasia), transgenic mice overexpress-
ing cyclooxygenase-2 and microsomal prostaglandin E
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(Ki3-C2mE, develop hyperplastic fundic tumors) as well
as these mice crossed on a K19-Wnt1 background (K19-
Wnt1/C2mE, develop dysplastic fundic tumors) were
analyzed for 1111 expression. [n all mouse models, 1L-11
mRNA was drastically up-regulated within the tumor
tissue. The same was found in biopsies from human
gastric cancer patients. Gastric tumor size was dimin-
ished in gpi30-7577F and HKS” mice when crossed onto
an IL-11R7 background. Furthermore, the authors show
that chronic treatment with [1-11 induces pre-tumorigenic
changes in fundus and antrum of wild-tvpe mice (Howlett
et al., 2009). These data emphasize an important role of
L1 in the development and maintenance of gastric tum-
origenesis in mice and men.

Recently, it has been shown that STAT3 phosphoryla-
tion is significantly increased in biopsies from human
patients with H. pylori-dependent gastritis (Jackson et al.,
2007). This was accompanied by elevated expression of
11-6 and IL-11 in the biopsies, and the authors concluded
that the STAT3 activation is driven by IL-11, which causes
gastric cancer progression and leads to enhanced cellular
proliferation (Jackson et al., 2007}. In another analysis of
human gastric adenocarcinomas, the expression of [L-11R
correlated with vessel infilivation as well as tumor inva-
sion (Nakayama et al., 2007). Taken together, these results
clearly show that gastric tumor formation is critically
dependent on IL-11.

Even though IL-6 has not been shown to play a role
in gastric tumor development, IL-6 expression is found in
the human storaach, and elevated in precancerous lesions
(Jackson et al., 2007) as well as in gastric adenocarcinoma
{Kabir and Daar, 1995; Jackson et al., 2007}, siL-6R had
not been analyzed thus far. Moreover, serum IL-6 levels
are positively correlated with stage, lymphatic invasion
and metastasis (Wu et al., 1996; Tang et al., 2006} and
negatively with gastric cancer survival (Tang et al., 2006},
Interestingly, 1L-6 and IL-11 were increased in gastric
mucosa, correlating with staging but only [L-6 and not
1111 showed a significant correlation with patient’s sur-
vival fime (Necula et al., 2012). The role of IL-6 in H. pylori-
induced chronic gastritis and other pre-neoplastic lesions
in human gastric cancer development was, however, not
investigated thus far.

Funtionalrole of IL-6 and IL-11 in
bone homeostasis

Cytokines of the IL-6 family are involved in bone homeo-
stasis and contribute to osteopenia and osteoporosis.
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Furthermore, they play a role in bone tumor formation.
The human breast cancer cell line MDA-MB-231 is known
to form osteolytic bone metastasis in mice, and this activ-
ity is increased by TGER (Yin et al., 1999). When the gene
expression signature that was associated with the osteo-
Iytic bone metastatic activity was analyzed, one of the
genes whose expression correlates with strong metastatic
aciivity was [L-11 (Kang et al., 2003).

Furthermore, IL-11R was shown to be highly expressed
in osteosarcoma cell Bnes (Lewis et al., 2009). In an ortho-
topic metastatic mouse model of osteosarcoma, where
osteosarcoma cells are injected directly into the tibia,
IL-11R expression was localized to the intratibial lesion,
whereas it was absent from normal bone, IL-11R was also
detectable in metastatic lesions in the lung. In line with
this, high IL-11R expression was found in patient samples
of primary osteosarcoma and lung metastatic turaors
derived from there {Lewis et al., 2009).

Bone metabolism and maintenance critically depends
on the balanced activity of osteoblasts and osteoclasts.
Transgernic overexpression of IL-11 in mice led to increased
osteoblastogenesis, which resulted in the prevention of
bone mass loss during aging (Takeuchi et al., 2002). in
contrast, transgenic mice overexpressing 1L-6 showed in
an insulin-like growth factor (IGF-)1 dependent growth
defect, mimicking the retarded growth accompanying
human chronic inflammatory discases (Do Benedatti
et al., 1997). Moreover during pre-puberty, these mice
exhibit accelerated bone resorption, reduced bone for-
maticn, and defective ossificaticn caused by increased
and reduced osteoblast activity
{De Benedetti et al,, 2006). Surprisingly, this phenoctype
vanishes in adulthood (Kitamura et al., 1995; De Benedetti
ot al., 2006}, which suggests thai the influence of IL-6 on
bone homeostasis depends on the stage of development.
Estrogen hlocks osteoclast differentiation via interfering
with RANKL activity. IL-6 appears to be a crucial factor
for osteoclast differentiation, whenever estrogen-induced
blockade of osteoclast differentiation is abrogated because
1L-6 deficient mice are protected from bone loss caused by
estrogen depletion {ovariectomy) (Poli et al., 1994). Under
inflammatory conditions of experimental arthritis, 1L-6
deficient mice have reduced osteoclastogenesis and osteo-
clast recruitment to the inflamed joint and reduced joint
destruction {Wong et al., 2006). Consequently, blockade
of IL-6 signaling has been approved for treatment of RA
and also irthibits local bone resorption in RA (Hashimoto
et al., 2011), indicating that IL-6 contributes to bone loss
and joint erosions in RA. Osteoclasts were identified as the
key cell type-mediating erosions in inflammatory arthritis
{Walsh et al., 2005). Mechanistically, IL-6 trans-signaling

osteoclastogenesis,
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via the slL-6R promotes RANKL expression/secretion
from stromal/osteoblastic cells, which subsequently
causes osteoclastogenesis (Pabmauist et al,, 2002). RANKL
is expressed by synovial fibroblasts (Gravallese et al.,
2000), osteoblasts (Kong et al., 1999), and activated T
lymphocytes {Kotake et al., 2001), which lack reasonable
expression of membrane-bound IL-6R and are therefore
unresponsive to classic signaling. T cells lose their IL-6R
expression during activation via ectodomain shedding
(Briso et al., 2008). Controversely, IL-6 classic signal-
ing via the membrane-bound IL-6R can directly activate
ostecclast progenitor cells and inhibit osteoclastogenesis
{Yoshitake et al., 2008). The authors speculate that under
physiological conditions, which are characterized by low
concentrations of sIL-6R, IL-6 classic signaling suppresses
bone resorption by inhibiting the differentiation of osteo-
clast progenitors. Under inflammatory conditions, charac-
terized by increased concentrations of sIL-6R, IL-6 trans-
signaling can activate osteoblasts to support bone loss,
whereas IL-6 classic signaling still activates osteoblasts to
block bone loss (Yoshitake et al., 2008}. Depending on the
ratio of 1L-6 and sIL-6R classic or trans-signaling domi-
nates {Garbers et al., 2011), leading to hone loss {(more
IL-6 trans-signaling) or bone formation {more IL-6 classic
signaling}. The situation might be even more complicated,
as IL-6R expressing osteoclasts can also respond to 1L-6
trans-signaling. However, if the hypothesis is correct, that
IL-6 trans-signaling promotes bone loss and [1-6 classic
signaling inhibits bone loss, than IL-6 transgenic mice,
crossed to sgpl30Fc expressing mice, which should stijl
aflow IL-6 classic but not IL-6 trans-signaling, should
not develop the pre-puberty bone loss phenotype of 1L-6
transgenic niice.

Concluding remarks

IL-6 and IL-11 are the only IL-6 type cytokines that signal
via a homodimeric gp130 receptor. Therefore, one might
expect similar or even identical biological cutcomes of
IL-6 and IL-11. However, it appears that only limited func-
tional overlap or redundancy exists between iL-6 and
1L-11. In contrast, we have illustrated examples of appar-
ently opposing functions of [L-6 and IL-11, This might be
explained by the restricted and af least in part different
expression patterns of 1L-6R and IL-11R (Figure 2}, On
cells that express both receptors, such as hepatocytes,
IL-6 and IL-11 can induce the same biological outcome,
e.g., the induction of the acute-phase response (Benigni
et al., 1996). It remains to be seen whether the chserved
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biological differences of IL-6 and IL-11 are simply caused
by different IL-6R and IL-11R expression patterns, or if
more sophisticated differences exist in signal dynamics
and kinetics. Some data might alsc point to the latter
and both cytokines play important roles in vivo and have
made their way into the clinic. 11.-6 is one of the major
novel targets for treatment of patients with chronic
inflaminatory diseases, Therapiles with tailor-imade
monoclonal antibodies specifically targeting 1L-6 did,
however, not consider the pro- and anti-inflammatory/
regenerative properties of IL-6. IL-6 {rans-signaling
appears to be specifically activated under immuno-
logical stress conditions such as chronic inflammation
andl cancer, Selective inhibition of IL-6 trans-signaling,
which leaves intact essential parts of innate immunity,
such as the acute-phase response, emerges as an alter-
native therapeutic strategy. In contrast, application of
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Airway remodeling in asthma

Rabih Halwani'®, Saleh Al-Muhsen'?

Asthrnatic airway remodeling is the pathophysiclogical
modifications of the normal airway wall structure which include
changes in the composition and organization of its celiular and
molecular constituents. These modifications ars the major
cause of the symptoms associated with decreased pulmonary
function. Airway remodeling is partiaity reversible in mild
asthma but mostly irreversible in chronic severe asthma. it is
initiated as a repair process in response 1o alrway wall injuries
caused by inflammation; however, dysregulation of this
process leads to airway remodeling. In this review, we will
surmmarize the most recent findings about the different
structural changes in arways of asthrmatics as well as
rediators involved in this process.

Addresses

jAsthma Research Chair; King Saud University, Riyadh, Saudi Arabia
“Departrment of Pediatrics Collags of Madisine, King Saud University,
Rivadh, Saudi Arabia

®Prince Naif Center for immunology Research, King Saud University,
Riyadh, Saudi Arabia

4Meakins-Christie Laboratories, MGl University, 3628 St. Urbain,
Montreal, Quebec, Canada

Corresponding author: Hamid, Quisyba {gutayba. hamid@megill.ca)

Introduction

Tissues and cells are usually able to adapt chemselves to
tujuey and reechanicad demands and remodel by chaoging
georactry, srtucture und properdies. Tissue remodeling s
the modification of the noimal properties of the tissue and
involves changes in its composition and soructursl organ-
ization. Remodeling occurs in a wide range of tissues and
organs incinding the skin (1], vessels {2], beart tissue (3],
gastrointestioal ract [4,5) arways aond luag vssoes, and
could be observed in almost all dssues susceptible o
repeated chronte infiry. ko this review, we will foous on
sirway remodeling io asthma.

Aathraa, a chrovde joflarereatory disorder manifest as aire-
way hvperresponsiveness and inflammation, is often
charactevized by pathological modifications of the won-
chial sirway swuctures. These structural changes are
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termed wirway remodeling, Structural changes of the ar-
way include cpithelisl changes, subepithelial fibrosts,
increased airway smooth pwscle {ASM) mass, decreased
distance between ASM and the epitheliom, mucous gland
ared goblet cell hyperplasia, vascular changes and cdema
[6-94. Alrway remodeling is believed tw starr as a repaix
process in response o alrway injunies resuling from
susizioed inflammation or mechanical sirerch. 1 addition
o the role of inflaromarory cells in reraadeling, structural
cells, including ASM ocils, epithelial cells and fibroblasts
may participate in enhancing inflammation and remodel
ing through the release of eytokines, chemokines and
ECM proteins f10-12].

Tissue remoedeling is believed to start ut an early age and
o develop with asthoa pogression [131 Several groups
investigating airway remodshing in asthmatic children
reported evidence of incressed collagen deposition and
thickening of the lamina redeularis, increased smooth
muscle mass and angiogenesis [14,15%,16] However there
are no fong-teow stadies that examine the natural history
of this process in asthma.

Physiciogical evidence of airway remodeling
it is beconmuing widely sccepted thar airway remodeling
contribures sigeificantly 1o lung physiological dysfusction
and hence o clinical symproms [17,18] A low post-
bronchodilator FEV/VC ratio as well as reduced girway
dispensability was suggested o be das 10 loeversible
airway remodeling [19-21} In addition, the thickness of
the rericular basement merabmoe has been correlared 1o
airflow obstruction and increased airway hyperresponmve-
wess (22,237 suggesting a direer correlation botwesn gl
way remodeling and asthma. Patients with severe asthma
develop progressive persistent aieflow limitarion with
ionger disease durations providing farher evideace that
airway remodeiing plays a role in the impairment of lung
funcuon [24]. Although remoedeling is believed w0 be
corrglated with airway narcowing, the rhickering and
stiffness of the inner wall {the laver between the ASM
cells and the basement membiane) could protect agains
excessive atrway narrowing by awenuating the abilisy of
the smooth muscles laver to shorten [Z5)

Fatholegical changes in alirway remodsling
Fearores of airway remodeling bave been desceibed using
fma 2od bronehial bicpsics

wasue obtaioed from fatal asth
. i} . . .
from mild, moderste and severe asthmatic patients. Epi-
theliad detachment, sobepithelial fibrosis, lnereased
smooth muscle mass, gobler cell hyperplasia and angio-
genesis are common features of asthmatic bronchial tissue
[26°1. Although it i3 nor uncommon to sec bronchial

Current Opinion in Pharmacology 2010, 18:236-245
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epithelial detachmens in healthy individuals, the level of
detachment increases with asthoa development In fact,
the rate of apoptosis in broochial epirthelial cells from
asthreatic patients has been shown ro be significantly
higher than that from bhealthy sebjecrs [27] This process
is raainly drven by TNF-x [28]

Subepithelial fibrosis is another festure of vissue remo-
deling associated with asthma. In normal subjeers, a loose
array of collagen fibrils wesides beneath the basal wmem-
brane. In asthmarics, bowever, this layer is replaced by a
dense nerwork of collagen fibiils {29}, The deposition of
ECM protein is driven by the secretion of 2 sumber of
cviokines gnd the mechanical stress thar is characteristic
of asthma [29]. Epithelis] fibroblast interaction could alse
play o major rele in this process.

ASM celi proliferation (wyperplasa), inorease in ASM cell
size {hvpertrophy), migration of ASM cells rowards the
epithelium, and deciessed e of ASM cellular apoptosis
eould all conuibute to the increase in alrway smooth
muscle mass, a hallmark feature of ussue remodeling.

Figure 1

Alrway remodeling in asthma Halwani, Al-Muhsen and Hamid 237

This increase in ASM mass has been reported to comrelaie
with the saverity of asthma [30-32L

Goblet cell hypertrophy and hyperplasia are also greatly
involved in airway reroodeling leading o excessive mucus
production. FL-9 and 1L.-13 may play a role in miggering
he induction of mucus hyper-secreting, which eventually
teads ro airflow obstruction {33,341

An abbormal jocrease {0 the numbec and size of micro-
vessels within the bronchial dssue of asthmaric patients
has alse becn reported {35] An umbalance between
VEGF and augiopoitin-l {Aog-1) is believed o be
mvelved in the progress of these abnormaliries {38].
In face, VEGF acts on incroasing the permcabilivy of
these abnormal blood vessels [37} resulting in vessel
dilation and formarion of edems, which contributes 1o
ajitway narrowing. These vessels are also the source of
inflammatory cells and of plasma-derived mediators and
cyrokines [35] In addivion, struciural and blochemical
changes in airway cartilage, an important determinant
of wall stiffness and integrivy, conuibute o tissue

Bronchial tissue remodeling in severe asthrna, Endobronchial biopsies stained with hematoxyiin and eosin of subjects with severe asthima. (A}
nfiliration of inflammatory celis into bronchial tissue with mild subepithelial fibrosis in mild astha. B) Extensive subepithelial fibrosis in bronchial
biopsy of severe asthmatics. () Extensive increass in muscle mass in biopsy of severe asthmatics. (I} Small airways showing severs remodsling

process. ASM: alrway smooth muscle,

waww scigncedirect. com
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rernodeling {38] and may "‘u'is' in increased broncho-
constriction in asthmatic subjects.

Cells contributing to alnway remodealing

Many cells have been implicated in the regulation and
dysregulation of the tissue injury and repair process.
These include inflammmatory  and  suwucoiral  cells
{Figure 1L

T-helper cells

Besides irs role in inidating and maintzining airway
inflarnmasion in asthma, T-helper cells, pacdiculasly
Th-Z rype cells, play a role in the development of alrway
semodeliog in asthmatics. Studies of sirway remodeling in
GATA-3 trarsgenic mice {a model for The2 inflam-
mation) showed a significance enhancement of airway
remodeling, upon dlergen exposure, including sube-
pithelial fibresis and ASM hvperplasia £39%°L In fecy,
bronchial biopsies from ssthmatic patients with remo-
deied airways had increased expression level of Th-2 and
GATA-3
T-bet (favoring Thil response) 401 This suggests an
association berween bigh levels of Th-Z cells and dssue
remodeling in asthma. Several studiss suggested 3 key
role of Th-Z derived cyrokines {ex IL-5, IL-13 and -4}
in tissue rermodeling [41°42) Although the role of Th-1
cells in airway inflammation o asthma is nocclear [43], it
has been shown that mice with increased nuraber of Th-1
cells {Tobet transgenic mice} had lower tevel of remodel-
ing compared o GATA-3 mansgenic mice 391

ﬁeguia’targ T {Treg} cells

Treg cells might play sn tmportant rede i aieway remao-
deling. Z\.-Lturai Tregs (CE4+CD23+) develop in the
thymus and may expand in the peripberal blood apon
antigen exposure. Thev suppress neighboring T cells by
celi-to-cell contact via membrane-bound molecuies {441,
In contrast, Adaptive Tregs (CD4+C1325-) exhibir eyio-
kine-dependent suppressive mechanism via the secretion
of T~ 10 and TGF B [45-48]. The role of Trepgs i asthina
development and progression is not yet clear. However
the capacity of natural Tregs, wolawed from bronchoal-
veolar lavage (BAL) of asthraatic paricnts, to suppress T
cell probfersuion and Th- cywkine production was
shown o be impatred {497], Fuether studies ate required
to unravel rhe roie of Tregs in asthma and their contri-
bution to tissue remodeling.

Th-17

Following antigenic stimulation, naive CD4+ T cells
probifeme and differentiate into various effectors subsers
such as Th-1 and Th-2 ceils and the recenily identified
subset, Th-17 [50™). These IL-17 producing cells are
implicated in inducing tissue inflammaton and autoin-
munity {St], Th-17 celi are characterized by the pro-
duction of H-17A and 1L-17F 20d, 0 a lesser extent, L6
and tumor necrosis factor {TNF-a)} {30°°L In addition o

{favoring Th-2 response} and reduced levels of

theit pro-inflamsatory properties, Th-17 related Y-
kines have been suggested o plav a role in airway
semodeling {52%.53%] Thev have been shown 1o induce
the production of ECM proweins and regulate smooth
muscle function §52°,54]. HL-6 has been shown ro be a
remodeling-associated eytokine. Its over-expression leads
to subendothelial fibrosis, coliagen deposition and
increased accumulation of w-actin-contaioing smonth
maoscle celis [55] TNF-a is also a powerful proinflam-
raatory eyviokine thar can induce fibroblast, epithelial cclls
and ABM cells to-produce excessive amounts of ECM
roteins (527L

Eosinophils

The role of sosinophils in airway remodeling s well
documented and widely acespt red [36-581 Eosinophil
accumnulation in the airwavs is reguolated by local pro-
duction  of  proinflammatory  chemokines such  as
RANTES and Eowxin. Several medistors were reported
to be prodoced by eosinophils including the profibrotic
cytokine, TGF-8 [591 Our group has shown that 65% of
the TGE-B1 mRNA positive cells io brenchial blopsies of
severe asthmatics were cosinophils [56), Eosinophils are
suggested to play 3 crucial role in the pathogenssis of
airway remodeling {41°,57]. This has been firther sup-
porred by knocking cut 11.-5 {using 1L-3 deficient mice)
{417} or by weatng asthmatic patients with ang-1E-3
antibodies [537] [L-5 deficient mice had significantdy
{ower levels of subepithelial fibrosis as well as significant
reduction o smooth muscle mass, Trearment of asth-
maric patients with angi-1L-5 reduced the level of BAL
cosinephils, and tissoe remoedeling by significandy
deoreasing ECM protein  deposition. More  efficient
approach used o eliminate cosinophils is via rargeting
CLR3 chemokine receptar highly expressed on eosino-
phils. Targeting CCR3 using a low roolecular weight
antagomist of anti-COR3 antibodies in an asthma mouse
model demonstrared sigaificant reduction in subepithe-
lial fibrosis, goblet cell hvperplasia, eoliagen deposition
and ASM mass [60,617]. All these studies suppoit the role
of ecsinophils and associated TGF-§ in the development
of tissue remodeling. Eosinophils were also shown tobea
site for the produstion of other proinflammarery/remedel-
ing cywokines including -6, IL-11 and IL-17 {8264}

Epithelial cells

Epirhelial cell attachment to the basement membrane and
oiher cells have been reported to he loose in asthma, It is
believed that bjury to the epithelisl laver during asthm
together with the impaired repair process drives the inflam-
matory and remodeling respoases in the underlying sub-
mucosa  [65]. In response 1o pathogens, allergens,
polivtants, or cigarette smoke, epithelial cells produce
cyiokines and chemokines, which can then drive tissue
remedeling [66] Ensu’}port of therole ofairway epithelium
in tissue remodeliog, it has been shown that biocking
the NK-KB-regulated cyokines and chemokines in mice

Curvent Opinion in Pharmacology 2010, 10:236-245
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airway epithelium resulted in @ significant decrease in
subepirhelial fibrosis, alrway mucus, airway eosinophils
and bronchiad D4+ T celis [67]. In addidon, vansgenie
overexpression of 1L-25 (1L-17E} in mice lung epithelivm
resuited in enhanced mucus production and cosinophil
infiltration. Blocking IL-Z5 also reduced tissue remodeling
ir rocuse model {681

{L-4 and 1L-13 produced by infilvating T tympbhocytes of
the asthraatic airways were shown o induce epithelial
cells, through the activation of STAT-6, o produce 2
number of chemokines. These include IL-8 (neurrophil
chemaoartractant} [6%], RANTES and eotaxin involved in
inflammatory as well as sieuctoral celi chemeoattraction
and modulation [70] Furthermore, damaged epithelial
cells in asthrna relegse a nomber of growth factors in-
cluding epidenmal growth factor (EGF), plareler-derived
growth factor (PDGE), TGF-§ and VEGF «ll of which
contsibute 1o aieway rerandeling by increasiog ASM pro-
iiferation, BOM deposition and angiogenesis {7171

w

ASM cells

The physiological and pathological contribution of ASM
cells ig critical to the process of alrway tissue remodeling
[72,73]. ASM cell hyperplasia and hyperrophy wers
iy demonstrated ju faral asthowa {74]. Evidence of
t hyperiraphy, hyperplasia, or both was also reported
i mild, moderate, or severe asthma and correlated with
the severity of the disease [8]. The increase in ASM mass
couid also be attributed o the increase in suevival rate of
ASM cells {731 Wea have recently alse reported thatr
mugration of ASM cells towards the epitheliign, upon
the stimulation of epithelium-derived chemakines, could
he an additional reechanism for increased ASM mass in
asthrnatic airways {70] ASM celfs ate kaown e proliferate
in response to vumerons growth facrors and mediators
that are released in asthiatic sitways |76 Notooly
vells themselves can cemodel {proliferate, increase in size
and shape, migrate, et} but also they participae in the
inflammatory and remscdeliog process through  theic
release of pro-inflammatory eviokines {e.g. TGF-8), che-
mokines and ECM protetos [18,77]

Alrway ASM cells suapress cellnlar adhesion molecoles
(CAMSs), in addidon o receprors for cyokines (mainly
TNF-a} and chermokines {(RANTES, Eotaxin, MiP-1u
and FL-8). Many studies have clearly suggested that
interactions of ASM cells with inflavunatory cells, in-
cludiog cosinopbils and T cells, via CAMs can directly
contribute to tissue atrway remedeiing i asthma [78.79]
Inaddition o CAMs, TNF-a, [L~1f and INF-yhave also
been shown to induce the expression of TLRs on ASM
cells {80°]. Tn facy, LPS of gram-negarive bacteria was
suggested (0 PIOMOLe AIrway hyperresponsivencss vig 1s
interaction with TLRs oo ASM ceils {81 Activarion of
TLER recoptors, sither through infection or contami-
nation with viralfbacredal components, may, therefore,

Alrway remodeling in asthma Hahwani, Al-Muhsen and Hamid 239

play an important vole in ASM activation and ussue
remodeling,.

Fibroblasts

Fiorobilasts form a sheath of large, flat siellare cells in
close proximity to the epitheliom, These fibroblasts
differentiate, in response to varions st inte myof-
broblases thar secrete ECM proteios as well as proinflame-
matory medistors. Subepithelind fhrosis cccurs due to the
increased depasition of ECM proteins, including col~
fagens |, III, V, proteoglyean, renascin and fibronectin,
ECM proteins infloence stroctral ocll bohavior and s
composition determines the elasticity of the airway tissue
{82} Matrix meraiioprotinease {(MMP-9), which degrades
collagen 4, and its inhibitor, tissue inhibiwer of rosuix
meralioproreinase {TIMP-1), are both secrered by fibro-
blasts o regrdate ECM protein deposition. Tsbalapce
berween MMP-9 and TIMP-1 results in the accumulation
of ECM proteins and hence fibrosis {831

Gaoblet cells

The increase in mucus hyper-secretion due to-goblet cell
profiferacion is a commen feature of asthreatic airwavs.
Their srimulation by various inflamematory mediators
results in ag increass in mucus production and seoretion,
predisposing to occhusion of the atrway and thus, Impaic
ment of lung fonction [84]. Sevenl mucous-related genes
were reported to be dysregulsted in asthma including
MUCH, Ifand V. These genes are induced by 3 aumber of
cyrokines including {L-4, 1L-% and IL~-13. Goblet eceli
hyperplasia and increased seeretion of mucus are not &
consistent feature of chronic severe asthma and eould be
idenrified only in a subgroup of patients,

Mediators associated with alrway remodeling
Many studies on airway remodeling in asthma have
focused on deteomining the cytokines, chernokines and
growth factors involved in this process. Several mediatoes
of rernadeling have been identfied including TGF-8, IL-
4, $1.-9, 1L-11, T1-13, IL-17 and VEGF {85}

Profibrotic oytokines

TGE-E is known to moedulate different testures of airway
remodeling. Depending on the pathway acrivated, TGF-
£ can induce an apopiotic or anti-zpoptotie effect on
airway epithelial cells [86]. TOF-§ can alse promoie
rhe differcntiation of fibroblast precussers 10 myofibro-
blast cells us well as wiggering their prolifesation {871 |
induces the reiease of fibroblast growth factor-2 (FGF-2)
88} as well as the connective tissue growth facror
{CPGE) [89] which enhances migration of mescochymal
vells and synthesis of BUM peoteins [88,85] TGF-8 also
mduces the expression of the counterbaluncing regulators
of ECM proteins rumover, MMPs and TIMPs [90L

Moreover, i has been shown to enbance ASM prolifer-

ation viz the MAPK pathway or by upregulanog the
mregrin receptor a5, essential for ASM proliferation

wyaw soisnoedivest.cort
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[211. We have recently shown a ole of TGF-§ in enban-

cing ASM cell migration towards the epithelial laver, 2
mechacism that contributes o ossue cemodeling 1921 On
the other hand, TGEF-B2 was suggested w enbance pro-
duction of rpocin in bronchiad epithelial cells {931 Tn fucr,
reatrsent with antibody o TGF-B reduced the number
of mucuvsccrem“g gobler cells in an asthmatic mouse
model (947 TOF-8 was alse shown to contribute to
gHerovascar Congestion rh'ﬂugh he enhanceraent of
the preduction and secretion of seversl pro-angiogenic
factors incloding VEGF [95], All these diverse praperties
of TGF-B support is role in atrway remodelin

FL-11 is corsidered as a profibrotic cytokine, Overexpros-
sion of TL-11 was shown o be associated with subepithe-
Ha! fbrosis, airway wall thickeming, and increased
mvofibroblasts and smooth muscle cell numbers. 111
{ramg»mc mice were shown o have asthma-ike syrap-

ms and hyporesponsiveness (o methacholine [96] We
i)ave shown that the expression of IL-11 is corcelated w
asthina severity and to the extent of subepithelial fibrosis
and suggested a role of this eyioking in girway remodeling
621

ADAM33
Another newly explored role of TGF-§ is irs effect on the
asthwa suscepubility gene, 3 disintegrin and merallopro-
tease ‘ADAM3Y, wihich has been implicated as an aathros
remodeling gene. ADAMA33 was the first asthrna suscept-
bility gene to be identificd by positional cloning, showing
associations with usthma and bronchial hvperresponsive-
ness {BHR) but not aropy [9777°] Asthma-elated single
nucleotide polymorphisms (SNPs) in ADAM33 predicr
reduced fung fonction in adules as well as young children
(98], suggesting thar the influcnce of ADAM3A3 begios
garly in life. The fonctional contribution of ADAMA332 o
asthra pathogenesis and reracdeling is ver 1o be con-
firmed. In fact, a soluble form of ADAMS33 SATDIAM2Z
has been reported i BAL of subjects with asthina, but not
healthy subjects, and levels of sSADAM33 were invers
correlated with huog funciion [99] This seluble form of
ADARMI3 was also shown recently 1o promore angiogen-
esis, further reinforeing its role in airway remodellng
[100]. This has provided the first clue of o disease-reated
etfect of ADAMSI3 in asthma. In the same study, TGF-8
was shown to be involved in the shedding of SALIAM33 in
z time-dependent and dose-dependent fashion [100]

Other oylokines and chemokines

increased ievels of the pro-angiogenic cytokine VEGF
have been very well documented in asthimatic aioways
and suggested 10 be responsible for enhanced angiogen-
eais in airway tissuss [ 1O1E Ir was shown 1o be elevated in
BAL, sputom, and bronchial biopsies of asthmatic
patiecnts (1011 Sredies with VEGF lung transgenic mice
suggested thar VEGF induces tissug remodeling and
enbances Th-Z-roediared sensitization and inHamumation

in the lungs {162]. Nioic oxide (INO) has also been shown
to regulate the remodeling effecrs of VEGF {1031

Th-2 eveokines, including 14, 1L-5, IL-%and 1L-13 play
important woles in the airway remodeling in asthma. Their
role in euhancing eosinophilic ivﬂammation in the air-
Ways vig recruiting us«:m-sphl, s 0 the lungs is very well
dogumented [104]. Th-2 cyrokines have been reported to
nduce mucos gene expression in airway epithelial cells.
In fact, overenpression of [L-4, 1L-5, TL-9 and 1L-13, &
associzted with increased mucus pmuucawm subepithe-
Bl fibrosis as well as hypertrophy of the epitheliom {1651

Recent reports have uncovered a central role for chemo-
kines, inclodiug cotaxin, regulated on activation of nor-
mal T-cell cxpressed and secreted (RANTES), MIP-la
and menocyte chemoctic proteins (MCPs), 1n the de-
Yt:h)pr!k nt of airway rernodeling. Thisds mainly achieved
via the recruttment and rafficking of inflammarory as well
as structural ceils to the site of inflammation. The apre-
guiation of CO chemokines during on-golng inflammation
ot following exacerbadon of asthrea is conwrolied by a
variety of cytokines. Inflammatory oytolines, including
{L-1f and TNF-g, can induce the synthesis of various
chernokines, such as eoraxin [106] and RANTES {167}
frora human lung epithelial cells. Using a rurine model
of airway hyperresponsiveness, Gonzalo o of [10%]
showed that seuvslizing chemoekines such as eotaxin,
RANTES and MUOPs significantly redoced bronchiat
hypeaesponsiveness as well as leukocyte migra
Although epithelial cells constitute the roain scuree of
chemokines within the bronchisl airways, many evi-
dences suggest thar ASM could alse be a prominent
source of chemokines in these tssues. RANTE
MCP-1 and, CXCL10 wete shown to be expressed in
ASM bundles of bronchial biopsy spechmens in asthraatic
subjects FLO9]. Moreover, ASM cells possess receptors for
epitheliai~-derived OO and CXC chemaokine such as
CCR3, CCR1, CCRS, CXCLI and 2 [110,1313° 1121
Using these weeptors, chemohines diive the migration
of those cells towards the epithelivm [70]. In additon, we
hiave also cbserved that chemokines act on enhancing the
profiferation as well as suevival of ASM cells {unpublished
data}.

Andmal model of airway remodeling

Animal models of asthmas have been very helpful
examirung the mechanisms of the discase, the activity
of a variery of genes and cel Euia pathways, and ia 1:&*
icting the safery of new drugs before being used &
clinical studies [113] A wide variety of animal madc:ls
of asthma including oice, rats, guinea pigs, ferrets, dogs,
sheep, monkeys and horses have been emploved to study
the ioflammarory pocesses and alterstions in alrway
functions and fssue remodeling (114115} However,
the majority of studies of allergic sioway discases are
now carried on using mice and rat mude . Asthma mouse

Currerst Opinion in Pharmacology 2010, 10:236-24
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mode! has several imitations including the facts that their
lungs are more fully developed at birth and hence
environmental influences have different cffects, The
structure of the mouse lungs is also differcnt from those
of humans {1 16]. Nevertheless, although no mouse moded
fully mimics the full range of clinical manifesutions of
asthrma, many do reproduce a collecdon of s fearures,
including tissue remodeling {116-118]. The various com-
ponents of airway remodeling deserbed o human asthma
bave been successtully reproduced in mice and rar animal
maodels. Most of the data have been contributed by micef
rat models of allergic sensitization and repeated chal-
lenge, transgenie mouse moedels of eviokine oversupres-
sion localized to the lvog and, more receatly, allergen-
driven mouse models using wild-type inbred strains
{119,120}, Therefore, asthma amimal models should be
seen as 4n importent OPpPOrTUNity o geaorate and resy
hvporheses in simple, easy o manipulate, conerolled
RYSEES,

Therapeutic implications of asirway remodeling
Corticosteroids are ourrently the most effective aot-
inflaramatory therspy of persistent asthraa. Thelr efficacy
in controlling airway inflammarion in asthma has been
well documented [121): however, its effect on alrway
remodeling 8 still debutable. Although some studies
sugpested a modest effect of cordeostersids on airway
remadeling, the majority of hterature showed that corti-
costeroids have lintle or no effect oo tssue remodeling
(63,122}, In particular, human studies have failed to show
any effeet of corticostercids on TGF-8 exprossion or the
deposition of ECM proteins {63}

The effect of leukoriens 1‘1b ibitors on atrway remodeling
h-as also been investigared LysLi receptor 1 inbibitor

has been demonstrated 1o reverse features of airway
remodeling in an asthma mouse model [123] Moreover,
rrestment of asthmatic patients wirh & UysL.'T receptor |
antagonist reduced the number of myohbroblasts in the
airway [124]. However, fmtherinthigqtioms are 'equimd
o confirm the effecr of leukotriene inhibitors on tissue
remodeling.

Tt conclusion, since anti-inflammatory medications have
Himited impact on airway remodeling [63,122), clucidatiog
the mechanisms involved in remodeling, including the
role of structural cells 1o asthma might (Jpen aew horizons

for more effective therapeuric nerveneions.

Remodeling is not restricted to airways and
asthma

Airways of paticnts with chronic obsiructive pulmonary
disease (COPD) share most of airway remodeling featores
with asthma including loss of epithelial cilia, goblet cell
hyperplasis, mocus gland enlugement, smooth muscle
hypertrophy [125] and angiogenesis [126]. Tissue fibrosis,
which has been implicered in the developraent of emphy-
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serng, s also observed in the small ainways of COPD hungs
mostly due te imbalance between profibrotic proteases
and protective araiproteases [125] Basoment membrane
thickening could be observed in COPD patients’ large,
but not small, airways [125) Bronchiectasis and oystic
fitkiwosis are other lung discases that ave characrerized by
extensive remodeling and fibresis.

Tissue remodeling is observed in all atopic discases sup-
porting the hypothesis that remodeling  an tnflaramatony-
deven process. Allergen exposure of parients with allergic
rhinitis, atopic dermatins and asthma triggens @ vers simila
profile of inflammartion, mediators, and adhesion molecules
and ultroately remodeling. Although inflammatory reac-
ton indoced by sliergens is similar in upper and lower
atrwave, tissue stroctuml modifications slighdly differ. For
cxample, subepithehial fibrosls is wsually observed in
gsthina bot sot in allergic thintus {127]

Unmet needs In airway remodeling research
The relatinnship berween inflammarnion and remodeling
is still highly debarable and incompletely understood.
The presence of altway dflamaston in parients with
asthma does nor sbwavs wansiate o airway remodeling in
maany cases; and the correlation berween the degree of
inflammation aod the degree of remaodeling is nor always
positive 8] The detection of airway remedeling very
early in asthma developrenr in pediatic population
raises further quesrions shout the association between
inflamration and remodeling and suggests 3 genetic
susceptibifity thar needs to be explored [12]. Further-
more, i a marine model, although atrway inflammation
can be resolved upon allergen avoidance, remedeling
persists, suggesting that ongong inflammation is oot
required for the persistence of remodeled aipway [128]1
It is alse important to perform long-term studies to study
the natnal bistory of remodebing and o provide strong
evidence for the association between remodeling and
physiciogical chaoges io asthma. Fioally, identificanion
of biomarkers for remndeling is essential to seudy a large
numbet of patients and 1o clarify the effect of varous
ETeREINCTS,
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Introduction

IL-11 is multifunctional cytokine with hematopoietic, immuno-
modulatory, and epithelial cell protective activities [1]. It is a
member of the IL-6 cytokine family which includes cytokines that
share the use of the gpl30 molecule in their receptor complexes
[2,3]. In several clinical and experimental studies, IL-11 displayed
anti-inflammatory activity [4-7], although its over-expression may
have a significant pro-inflammatory effect [8]. IL-11 augmented
bone marrow recovery and platelet production, down-regulated
pro-inflammatory type 1 cytokines, and has been approved for the
human use for corresponding indications [1,9,10]. In the lungs,
IL-11 was shown to be produced by epithelial cells, fibroblasts,
smooth muscle cells and antigen-presenting cells in response to
different stimuli, including respiratory viruses [11-14]. Using the
ovalbumin-induced asthma model in transgenic and IL-11Ra-
disrupted mice, it was demonstrated that IL-11 is involved in
regulation of such Th2-type pulmonary responses as eosinophilic
inflammation, mucus metaplasia and IL-13 production, without
shifting the response towards Thl inflammation [15-17].

The role of IL-11 during pulmonary tuberculosis (TB) and
accompanying lung inflammation is poorly understood. In witro
studies from our laboratory demonstrated that the important
producers of IL-11 are interstitial lung macrophages, and that the
level of mRNA for IL-11 in these cells differs substantially between
mouse strains, being higher in TB-susceptible 1/St compared to
TB-resistant A/Sn mice [18]. More recently, using infected (I/
StxA/Sn) F2 hybrids segregating for the level of TB severity, it
was demonstrated that the individual levels of IL-11 mRNA in the

@ PLoS ONE | www.plosone.org

lung tissue correlated inversely with rapid body weight loss, the
phenotype characteristic for AMpycobacterium  tuberculosis-triggered
disease [19]. However, there was no direct physiologic evidence
that disease progression and immune responses in the lungs could
be altered by manipulating IL-11 production  zwo. Here, we
show that blocking endogenous IL-11 with specific antibodies
viwo attenuates the severity of TB in genetically susceptible 1/St
mice. Moreover, we demonstrate that antibody treatment not only
decreases the lung IL-11 content, but also down-regulates its
mRNA expression, suggesting the existence of a positive feed-bhack
loop at the transcriptional level, which is supported by i vt
experiments.

Results and Discussion

Rapid IL-11 response in the lungs of genetically
susceptible mice after TB challenge and therapeutic
effect of the anti-IL-11 treatment

Earlier we found that isolated and cultured interstitial lung
macrophages from TB-susceptible 1/S5t mice produced significant-
ly more IL-11 than their counterparts from TB-resistant A/Sn
mice [18]. Since numerous cell types are capable of producing this
cytokine in the lungs [11-14,18], it was useful to evaluate whether
or not TB-susceptible and resistant mice differed in the expression
of IL-11 i wvivo at the whole-organ level before and after TB
infection. Assessment of mRNA extracted from the whole lungs of
mice of the two strains by DNA microarray provided a ~5-fold
increase (2= 9.3) in i1/ expression in TB-infected compared to
naive 1/St mice, whereas its expression in A/Sn mice did not

July 2011 | Volume 6 | Issue 7 | €21878
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change after TB challenge (2= 0.7). To address this issue more
precisely, we compared the expression level of the ¢//7 gene in the
lungs before and after TB challenge using qrt-PCR. At the whole-
organ level, naive A/Sn mice produced slightly more IL-11
mRNA compared to naive I/St mice, which may reflect its
production by cells other than lung macrophages and/or the
difference between i vivo and #n vitro systems. However, at 2 weeks
post challenge, the levels of IL-11 mRNA remained the same in
the lungs of A/Sn mice, but increased ~10-fold (P<<0.01) in I/St
mice (Fig. 1), suggesting an altered control of the infection-induced
early IL-11 production in genetically susceptible animals.
Importantly, the different kinetics of ¢/// expression in the two
mouse strains can not be explained by a more rapid accumulation
of mycobacteria (stimulus) in the lungs of I/St mice, since there is
no difference in mycobacterial growth between I/St and A/Sn
mice until 3 weeks post challenge ([20], confirmed in this study,
data not shown). It is also unlikely that a rapid increase in I1L-11
response is due to some specific features of I/St genetic
background: a reverse correlation between the level of IL-11
expression in the lungs and severity of early TB was demonstrated
in a big segregating population of (I/StxA/Sn) F2 mice with
highly diverse individual genetic compositions [19]. These
observations prompted us to perform blocking experiments in an
attempt to diminish the severity of the TB course in I/St mice.
Groups of I/St mice were infected and treated with either anti-
IL-11 antibodies or pre-immune globulin as described in Materials
& Methods, and mycobacterial loads in the lungs were compared
between groups at day 24 post challenge. As shown in Fig. 2A,
significantly fewer CFU were recovered from the lungs of anti-IL-
l1-treated mice, indicating a beneficial effect of treatment. We
also compared the severity of lung pathology between experimen-
tal and control groups and found that anti-IL-11-treated animals
did not develop necrotizing and/or coalescing TB foci (Fig. 2C),
which were readily detected in a proportion of control animals
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Figure 1. Two weeks after TB challenge the level of IL-11 mRNA
increases ~1 log in the lungs of TB-susceptible 1/St but does
not change in TB-resistant A/Sn mice. Mean * SEM expression
level plotted against that of GABDT in 4 individual mice per group is
displayed (P<<0.01, ANOVA, between naive and infected 1/St mice).
doi:10.1371/journal.pone.0021878.g001
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(Fig. 2B). This is an important observation, since both in humans
and animals areas of necrosis and surrounding acellular matrix
(rim structure) are primary sites for production of large numbers of
bacteria [21,22], which provides a good explanation for the
difference in CFU counts. A quantitative evaluation of pathology
demonstrated that significantly smaller areas of the lung tissue
were affected by inflammation in the experimental compared to
the control group (Fig. 2D).

Taken together, these results clearly demonstrate a detrimental
effect of the early IL-11 hyper-production in response to
mycobacteria and suggest its causative role in pathogenesis of M.
tuberculosis-triggered lung disease in mice.

Cellular infiltration and immune responses in the lungs

To find out how anti-IL-11 treatment alters infection-induced
cellular infiltration, we assessed the content of major immune cell
types in the lungs of infected mice. As shown in Table 1, the only
statistically significant difference between mice that received non-
immune rabbit globulin and anti-IL-11 antibodies was a reduced
neutrophil content in the latter group. There is ample evidence
that neutrophilic inflammation plays a detrimental role in
mycobacteria-induced pathology. We and others, using genetic
approaches, demonstrated deleterious rather than beneficial effects
of these early inflammatory cells in the course of chronic
mycobacterial infections [23-26]. The data presented herein add
to this line of evidence, demonstrating the role of IL-11 in
neutrophilia and providing an explanation for an early appearance
of necrotic zones in the lungs of control mice displayed in Fig. 1B.
As the granulomata mature, lung-infiltrating neutrophils die
rapidly and the sites of their accumulation are replaced by
necrotic zones [24].

We also assessed how the blocking of IL-11 influences the
production of major cytokines in the lungs of infected mice.
Treatment with anti-IL-11 antibodies significantly decreased the
level of IL-11 itself, as well as the levels of key pro-inflammatory
and immunoregulatory molecules — IL-6, TNF-o and MIP-2. On
the other hand, the Th1-shifted immune response was not affected
by the antibody administration: the prominent production of IL-
12 and IFN-y and the marginal to un-measurable production of
IL-10 and IL-4 (not shown) was equal in antibody-treated and
control mice (Fig. 3).

The question about IL-11 involvement in Th1/Th2 modulation
remains unresolved. For example, there is evidence in cell culture
systems that IL-11 can down-regulate IL-12 and IFN-y production
[27,28], but n vive studies in gene knock-out and transgenic mice
demonstrated its capacity to down-regulate Th2 cytokine produc-
tion [11,17]. It is difficult to judge which activity, if any, might
predominate during natural, un-manipulated @ o conditions.
The results of our blocking experiments in the mouse model of
pulmonary TB clearly demonstrate that IL-11 substantially
promotes lung inflammation but does not inhibit the Thl
response. It is quite possible that there is no general physiological
pattern of immune response regulation by IL-11, and that it is
dependent upon the biological context within which the effects of
IL-11 are assessed.

Autocrine regulation of IL-11 production at the
transcriptional level

Our data demonstrate that elevated lung IL-11 production
starts very early after infection, and that neutralization of IL-11
diminishes both lung pathology and production of key regulatory
cytokines. To find out whether a decrease in pulmonary IL-11, IL-
6, TNF-o0 and MIP-2 protein production at day 24 post challenge
was due to down-regulation of the expression of the corresponding
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Figure 2. Treatment with anti-IL-11 antibodies significantly attenuates the severity of TB in I/St mice. (A) ~3-fold decrease in lung CFU
counts compared to control animals. (B and C) Lung pathology in individual animals. None of anti-IL-11-treated mice developed necrotic TB foci
evident in control mice g, d and g (circled). (D) Statistical evaluation of the proportion of inflamed lung tissue. CFU counts and morphometry were
performed in all mice included in 2 independent experiments (total N=16 and 17 for experimental and control groups, respectively). Histology is

displayed for individual mice analyzed in one experiment (N=7 for each group).

doi:10.1371/journal.pone.0021878.g002

genes, we assessed the levels of 271, 116, tafa and mip2 mRNA in the
lung tissue of mice treated with either anti-IL-11 antibodies or
control globulin. To our surprise, the only factor whose lung
mRNA expression significantly decreased in anti-IL-11 treated
mice was IL-11 itself (Fig. 4A). This result suggested that IL-11
expression is regulated post-infection in an autocrine manner at
the translational level. On the other hand, no significant changes
at the mRINA expression level were observed for IL-6, TNF-a and
MIP-2, indicating that their decreased production in anti-IL-11-
treated mice may well be due to reduced inflammation compared
to control animals. To test the existence of a positive feed back
loop, we assessed the level of IL-11 mRNA in lung cells cultured in
the presence or absence of recombinant murine IL-11. As shown
in Fig. 4B, 12-h incubation of lung cells in the presence of 100 ng/
ml of rmIL-11 resulted in a significant increase in the 77 mRNA
levels compared to control cells, supporting our hypothesis.

Overall, our findings suggest that IL-11 production is rapidly
elevated and self-supported in the lungs of genetically susceptible
TB-infected mice. This promotes the development of early
inflammation with a substantial contribution by neutrophils
which, in turn, biases the response towards necrotic granuloma
formation, accompanied by accelerated mycobacterial multiplica-
tion and a “cytokine storm’ [29], thus, exacerbating pulmonary
TB pathology.

Materials and Methods

Animals

Female mice of the 1/S5tSnEgYCit strain (hereafter — I/St) aged
9-10 weeks were used. Compared to several inbred mouse strains,
including A/SnEgCit (A/Sn) also used in this study, these mice
display an extremely high level of susceptibility to TB, severity of
lung pathology and prominent infiltration of M. tuberculosis-infected
lung tissue with neutrophils, regardless to the dose and route of
challenge [23,24,30,31]. Mice were bred under conventional
conditions at the Animal Facilities of the Central Institute for
Tuberculosis (CIT, Moscow, Russia), in accordance with the

guidelines from the Russian Ministry of Health # 755, NIH Office
of Laboratory Animal Welfare (OLAW) Assurance #A5502.
Water and food were provided ad lbitum. All experimental
procedures were approved by the CIT animal care committee
(IACUC protocols #2, 7, 8, 11, 13 approved on September 20,
2009).

Anti-IL-11 antibodies

Two conventional white rabbits were immunized with 0.05 pg
of recombinant murine (rm) IL-11 (Sigma, St-Louis, MA) in
incomplete Freund’s adjuvant (Sigma), thrice, subcutaneously,
with a 3-wk interval between injections. Before the first
immunization, animals were bled and their serum immunoglob-
ulin was affinity purified and depleted of anti-mycobacterial
activity using procedures identical to those described below for
immune sera. The mixed globulin preparation obtained from two
non-immune rabbits served as the autologous control for = o
administration. One month after the third immunization, animals
were bled, and the level of anti-IL-11 antibodies in their mixed
sera was assessed by indirect ELISA using rmIL-11 and immune
anti-rabbit IgG conjugate (Bio-Rad, Richmond, CA). Serum IgG
was isolated using Sepharose CL4B-protein A adsorbent (Phar-
macia, Uppsala, Sweden).

Normal rabbit immunoglobulin possesses an intrinsic anti-
mycobacterial activity which, after i zwo administration, could
modulate the course of mycobacterial infection [32]. To avoid
interference with their specific anti-IL-11 activity, immune and
non-immune preparations were depleted of anti-mycobacterial
activity using affinity chromatography. To this end, we prepared
an immune adsorbent of Mycobacterium tuberculosis H37Rv sonicate
bound to BrCN-activated Sepharose CL6B (Pharmacia, Uppsala,
Sweden), as described [33], and repeatedly absorbed immuno-
globulin preparations until the activity against mycobacterial
sonicate assessed by immune blotting was completely lost (data not
shown). Reactivity of the control and anti-IL-11 immunoglobulin
preparations was assessed in the ELISA format and by immune
blotting using rmIL-11 (Fig. 5A, B).

Table 1. Administration of anti-IL-11 antibodies decreases neutrophil influx in the lungs of TB-infected mice*.

Group

Cellular composition®

10%/lobe

10%/lobe

Per cent Per cent

Per cent

10%/lobe

10%/lobe

10%/lobe  Per cent Per cent

Anti-IL-11 128+13 40.7*23 52+0.5 194+1.2 25+04

199426

26*+03 9.1:06 1.2+01 8.4+1.2 1.1+£0.2

presented as summarized mean = SD for all animals.

infiltration in the latter group.
doi:10.1371/journal.pone.0021878.t001

@ PLoS ONE | www.plosone.org

*Middle right lobes were individually isolated from two groups of mice (two independent experiments, exp. 1: N=7 and 7; exp. 2 N=9 and 10; total N=16cntro and
N=17.,.), enzymatically disrupted, and single-cell suspensions analyzed by flow cytometry using FITC- or PE-labeled mAbs to the indicated surface markers. Results are

“For F4/80" macrophages and Ly-6G* PMN: per cent of the total cell count; for B- and T-lymphocytes: per cent of the population gated for the lymphocyte size.
Significant (Student'’s t-test) difference in the neutrophil content between experimental and control groups is highlighted in bold.
°The only statistically significant difference between mice that received control rabbit globulin and anti-IL-11 antibodies was a decrease in the lung neutrophil
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Figure 3. Anti-IL-11 antibody therapy decreases levels of IL-11
and pro-inflammatory factors in the lung tissue without
shifting the IL-12 - IFN-y/IL-10 balance. Cytokine contents in lung
homogenates were assessed by ELISA for 4 mice in each group. The
results of one of two similar experiments are displayed as mean = SEM.
doi:10.1371/journal.pone.0021878.g003

Administration of antibodies and infection

At day 0, mice were infected with 10° CFU Mycobacterium
tuberculosis H37Rv (Pasteur) via intra-tracheal route exactly as
described previously [31]. At days —1, +2, +14, +17, +20 and +22
mice were injected peritoneally with 50 pg/mouse of either anti-IL-
11 (experiment) or pre-immune (control) purified rabbit immuno-
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globulin preparation. Two independent experiments in groups of 7—
10 control and experimental animals each provided almost identical
results, which were combined for the statistical analysis of the major
phenotypes.

CFU counts

Mice were sacrificed at day 24 post-challenge. Apical right lobes
from individual mice (in two experiments total N =17 .. and
N = 18.,.) were homogenized in 1 ml of sterile saline, and 0.1 ml
of serial 10-fold dilutions of homogenates were plated onto Dubos

agar. Colonies were counted after 18-20 days of incubation at
37°C.

Histopathology

Left lungs of individual mice were removed, inflated with 4%
formalin in PBS (pH=7.2) via the bronchus, and fixed in 4%
formalin for 24 h. The samples were processed, embedded in
paraffin, sectioned and stained with hematoxylin and eosin.
Morphometry was performed at the X37.5 magnification using
Axioskop 40 microscope and AxioVision 4.8.1.0 software (Carl
Zeiss, Berlin, Germany). The area of inflamed lung parenchyma,
excluding vessels and airways, was measured and calculated as a
percentage of the area of total lung parenchyma.

Cytokine mRNA gquantification

Total RNA from the lower right lung lobes of individual mice
was isolated using the commercial SV Total RNA Isolation
System, and reverse transcription of mRNA was performed using
reagents and protocols from Promega, Madison, WI. To detect the
mRNA levels for a number of inflammation-related genes,
quantitative real-time RT-PCR (qrt-PCR) with c¢DNA was
performed using the iCycler iQ) Multicolor Real-Time PCR
Detection System (BioRad, Hercules, CA), and specific primers,
TagMan probes and reagents from Applied Biosystems (Foster
City, CA). Gene expression levels in the lung tissue of individual
mice were normalized to those of GAPDH. To quantify the results
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Figure 4. Protein levels of IL-11 affect IL-11 mRNA expression. (A) In vivo administration of anti-IL-11 antibodies leads to a selective down-
regulation of IL-11 mRNA. The level of expression was quantified in 5 individual mice per group, using qrt-PCR and normalization against the level of
GAPDH expression. Results obtained in 1 of 2 similar experiments are expressed as mean = SEM (for IL-11 expression P=0.021, for other cytokines
P>0.05). (B) Introduction of 100 ng/ml riL-11 in cultures of lung cells up-regulates the expression of IL-11 mRNA. Results of two similar experiments
are expressed as mean of 3 wells = SEM (P<<0.01, ANOVA, compared to negative controls and cultures stimulated with 10 ng/ml IL-11).

doi:10.1371/journal.pone.0021878.g004
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Figure 5. Properties of anti-IL-11 polyclonal antibodies. (A) Reactivity of affinity purified rabbit globulin preparation against mIL-11 assessed
in ELISA format. No reactivity was found in pre-immune globulin (diamonds); immunoglobulin from rabbits immunized thrice with rmiL-11 showed
very strong reactivity (squares); after exhaustion on mycobacterial sonicate adsorbent, specific anti-IL-11 reactivity dropped but was readily detected
(triangles). (B) Immune blotting with rmIL-11 with polyclonal rabbit anti-mIL-11 antibodies (preparation identical to one displayed as triangles in (A).
Tracks: 1, 2 — immune rabbits 1 and 2; 3, 4 - pre-immune rabbits 1 and 2; 5 - conjugate-free control.

doi:10.1371/journal.pone.0021878.g005

obtained by real-time PCR, the comparative threshold method
was used exactly as described in [34], with the expression of the
results as mean fold increase = SEM for groups of 4 mice each.

To assess the ability of rIL-11 to up-regulate its own mRNA
production, lung cell suspensions were prepared as described in
[31], and cultured in RPMI-1640 medium containing 5% FCS
and standard supplements (all components — HiClone, HiClone,
Logan, UT, USA). Lung cells were cultured in 6-well plates
(Costar, Badhoevedorp, The Netherlands) at 1.5x10° cells/ml in
the absence or presence of 10 ng/ml and 100 ng/ml rmlIL-11
(ImmunoTools, Friesoythe, Germany) for 12 h before RNA was
isolated, reversely transcribed, and /7] expression was assessed
with normalization to that of GAPDH. Two independent
experiments, performed with mixtures of RNA from 3 1/St mice
each, provided similar results.

Flow cytometry and cytokine ELISA

Middle right lobes were individually isolated, enzymatically
disrupted as described in [31], and single-cell suspensions analyzed
by flow cytometry using FITC- or PE-labeled mAbs to the
indicated surface markers (Table 1). Results are presented as
summarized mean = SEM for all animals.
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Introduction

Summary

The importance of fibrosis in organ pathology and dysfunction appears to
be increasingly relevant to a variety of distinct diseases. In particular, a
number of different cardiac pathologies seem to be caused by a common
fibrotic process. Within the heart, this fibrosis is thought to be partially
mediated by transforming growth factor-B, (TGF-f,), a potent stimulator
of collagen-producing cardiac fibroblasts. Previously, TGF-B; had been
implicated solely as a modulator of the myocardial remodelling seen after
infarction. However, recent studies indicate that dilated, ischaemic and
hypertrophic cardiomyopathies are all associated with raised levels of
TGF-f,;. In fact, the pathogenic effects of TGF-;, have now been sugges-
ted to play a major role in valvular disease and arrhythmia, particularly
atrial fibrillation. Thus far, medical therapy targeting TGF-f; has shown
promise in a multitude of heart diseases. These therapies provide great
hope, not only for treatment of symptoms but also for prevention of car-
diac pathology as well. As is stated in the introduction, most reviews have
focused on the effects of cytokines in remodelling after myocardial infarc-
tion. This article attempts to underline the significance of TGF-f;, not
only in the post-ischaemic setting, but also in dilated and hypertrophic
cardiomyopathies, valvular diseases and arrhythmias (focusing on atrial
fibrillation). It also aims to show that TGF-f; is an appropriate target for
therapy in a variety of cardiovascular diseases.

Keywords: anti-fibrotic treatment; atrial fibrillation; remodelling; Smad;
transforming growth factor-f3,

proteins within the myocardium results in an alteration
of ventricular properties that causes both systolic and dia-

Transforming growth factor-B, (TGF-B,) is a profibrotic
cytokine that stimulates the production of extracellular
matrix proteins in a number of different organ systems.
However, overexpression of TGF-pB,; results in tissue fibro-
sis and organ dysfunction. TGF-f; has been implicated in
the development of diabetic nephropathy, ulcerative coli-
tis, hepatic fibrosis and congenital disease.'™

Similarly, in the heart, TGF-B, appears to be one of
several factors that cause disease by inducing cardiac
fibrosis, as evidenced by overexpression and knockout
models.>™® The increased presence of extracellular matrix

stolic dysfunction.” TGE-P,-associated fibrosis also results
in an inhomogeneous milien for electrical propagation.
This environment impedes anisotropic or linear conduc-
tion leading to the development of arrhythmia.'® Simi-
larly, excessive production of extracellular proteins within
heart valves results in leaflet thickening and impaired
motion with associated valvular dysfunction.'!

The significant pathology correlated with TGF-B, over-
expression has led to an increasing amount of research
examining treatment for TGF-B,-induced fibrosis. Thus
far, TGF-B, inhibition has been shown to reverse the

Abbreviations: ACE, angiotensin-converting enzyme; ATF-2, activated transcription factor-2; CTGF, connective tissue growth
factor; MAPKKK, mitogen-activated protein kinase kinase kinase; MMP, matrix metalloproteinases; MT-MMP, membrane
type-MMP; TAK]1, transforming growth factor-B-activated kinase; TGF-f;, transforming growth factor-p;.
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fibrotic effects of the cytokine in animal models.'* In
addition, the promise of gene therapy used to promote
the expression of TGF-B inhibitors offers hope for pre-
venting fibrosis rather than merely treating it."?

Until recently most reviews have focused on the effects
of TGF-B, in postmyocardial infarction remodelling.
However, this study attempts to create a new paradigm
emphasizing the significance of TGF-B, in a variety of
heart diseases.

Examining TGF-f; and its physiological role

In mammals, TGF-B is found in three isoforms: TGF-B,,
TGF-B, and TGF-B;5. TGF-B, is expressed in myofibro-
blasts, vascular smooth muscle cells, endothelial cells and
macrophages.'* The human TGF-B, gene is found on
chromosome 19, and can be transcribed and translated to
form a 390 amino acid propeptide. This propeptide is
cleaved intracellularly, producing two identical 112 amino
acid peptide subunits joined together by a disulphide
bond."”” TGE-B, is secreted initially as a biologically in-
active molecule bound to latent associated peptides.'®
Latent TGF-B, is then activated by cell-cell interaction,
acidification, and enzymatic cleavage.'

TGE-B, plays a significant physiological role within the
body. In the brain, TGF-B, acts synergistically with glial-
derived neurotrophic factor in promoting the survival of
both peripheral and central nervous system neurons.'”
TGF-B, acts primarily as a powerful immunosuppressant,
inhibiting lymphocyte proliferation in the presence of
interleukin-2, as well as modulating differentiation and
apoptosis of T cells.'"®'® Studies have also suggested that
TGF-B, may be important in the stabilization of athero-
sclerotic plaques through inhibition of local inflam-
mation.?>?! Finally, TGF-B,; is released at wound sites
initially stimulating the migration of neutrophils, mono-
cytes and fibroblasts to injury zomes. It subsequently
enhances expression of extracellular matrix proteins from
fibroblasts.*?

Unfortunately, the overexpression of TGF-p,; is thought
to result in increased extracellular matrix protein synthe-
sis. It is this excess of extracellular matrix proteins that
defines fibrosis.

Molecular mechanisms of TGF-$, action

Up-regulation of TGF-f, via angiotensin II

The link between angiotensin II and TGF-B, was first
noted in the kidney. Angiotensin IT was shown to raise
TGF-B, levels in the kidney, resulting in the development
and progression of nephritic glomerular disease.”> Simi-
larly, Fukuda established that angiotensin II stimulated
the expression of TGF-B, in vascular smooth muscle cells
and led to cellular proliferation.**

© 2006 Blackwell Publishing Ltd, /mmunology, 118, 10-24

Understanding the role of TGF-B4 and cardiac fibrosis

Regarding the heart, there have been a number of
in vitro and in vivo studies which have indicated that
TGF-B; is up-regulated by angiotensin II in myofibro-
blasts and cardiac fibroblasts.”>*® Administration of
angiotensin II to cardiocytes has been shown to be
associated with increased TGF-B, expression.”” Using
human atrial myocardial tissue, Kupfahl et al. noted that
angiotensin II did not directly stimulate collagen expres-
sion, but rather caused TGF-f, up-regulation, which then
altered collagen production.”® Kim et al. found that angio-
tensin IT antagonists inhibited the expression of the TGF-
B, gene in cardiac and vascular tissue in rats.”® Similarly,
in hypertensive rat models, the use of angiotensin II
receptor blockers has been shown to suppress the induc-
tion of TGF-B, and prevent myocardial fibrosis. Finally,
Schultz et al. demonstrated that angiotensin IT could not
induce hypertrophy in mice lacking the TGE-pB, gene.®

In clinical trials, a number of studies have indicated
that angiotensin-converting enzyme (ACE) inhibitors and
angiotensin II receptor antagonists may decrease produc-
tion of TGF-B,.>>! In patients with cardiorenal damage
and associated increased angiotensin II serum levels,
Laviades et al. noted elevated serum concentrations of
TGF-B,and C-terminal propeptide of procollagen type I
(a marker of collagen type I synthesis) when compared to
controls.”® Administration of losartan reduced serum lev-
els of TGF-B, and C-terminal propeptide of procollagen
type L.

The ameliorative effects of ACE inhibitors and angio-
tensin IT receptor blockers on the heart are partially
attributable to the inhibition of extracellular protein pro-
duction. Both animal and clinical studies indicate that
these effects are most likely mediated through antagonism
of TGF-B, and its downstream proteins.

Following the TGF-f,-Smad pathway

After synthesis and release into the extracellular space,
TGF-B; binds to a dimerized complex, which is com-
prised of two serine-threonine kinase receptors known
as TGF-B, receptor 1 and 2. Ligand-receptor binding
eventually leads to phosphorylation of Smad proteins,
conserved transcriptional proteins that act as second
messengers for the TGF-B, superfamily, and the forma-
tion of a heteromeric complex that regulates expression
of DNA. Smad proteins can be categorized into three
groups: receptor-activated Smads (Smadl, Smad2, Smad3,
Smad5 and Smad8), co-mediator Smads (Smad4 and
Smad10) and inhibitory Smads (Smadé and Smad7).**

In the heart, it has been postulated that the effects of
TGF-B, are primarily mediated through Smad2 phos-
phorylation.”> Once phosphorylated, Smad2 forms a
complex with Smad3 and Smad4. This complex then
translocates into the nucleus and binds to Smad-binding
oligonucleotides present in the regulatory regions of

1
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Figure 1. The TGF-f;—Smad pathway. (1) Initiation of the pathway begins after TGF-J, is up-regulated by angiotensin II. (2) Once in the extra-
cellular space, TGF-f; binds to a dimerized receptor, consisting of TGF-Bireceptor 1 (TGF-B;R1) and TGF-B; receptor 2 (TGF-B;R2), found on
the surface of fibroblasts and myofibroblasts. (3) Ligand-receptor binding results in the phosphorylation of Smad2. Smadé, an inhibitory protein

in the Smad family, impedes this phosphorylation. (4) Once phosphorylated, Smad2 combines with Smad 3 and Smad 4 to form a Smad com-

plex that translocates across the nuclear membrane. Smad7, another inhibitory Smad protein, interrupts Smad complex formation. (5) Within

the nucleus, the Smad complex binds to Smad-binding elements found in the regulatory regions of genes encoding extracellular matrix proteins.

This final step promotes the expression of collagen type I and type III in the heart and results in fibrosis.

specific genes, resulting in the alteration of gene expres-
sion levels.’® Smad6 and Smad7 inhibit the action of
TGF-B, by preventing Smad2 phosphorylation and dis-
rupting Smad complex formation, respectively (Fig. 1).%

The TGF-B,—Smad pathway appears to be involved in
the activation of collagen-gene promoter sites, primarily
enhancing DNA translation of collagen type 1. Evidence
from transfected mesangial cell lines indicates that COL1A1
(encoding one component of collagen type I) is a primary
site for Smad binding.*® Verrecchia et al. found that the
TGF-B,—Smad pathway in dermal fibroblasts caused the
induction of COLIAI, along with COL1A2 (encoding a
second component of collagen type I), COL3A1 (encoding
a component of collagen type 3), COL6A1 (encoding a
component of collagen type VI) and COL6A3 (encoding
another component of collagen type VI).*

12

Alternative pathways for TGF-f3;-induced fibrosis

Recently, an alternative pathway for TGF-B,-induced
fibrosis involving TGF-B-activated kinase (TAKI) has
been suggested. TAKI, a member of the mitogen-activa-
ted protein kinase kinase kinase (MAPKKK) family, is
thought to be a significant downstream modulator for the
TGF-B, superfamily.*® Zhang et al. found that the admin-
istration of TGF-B, to cardiac fibroblasts resulted in a
200—400% increase in TAK1.*' The study also noted that
constitutive TAKI activity in transgenic mice led to a
46% increase in cardiac mass, with significant worsening
of both systolic and diastolic cardiac functioning. Histo-
logical specimens of the myocardium in these mice
revealed increased interstitial fibrosis and myocyte hyper-
trophy.
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Figure 2. The TGF-TAKI pathway. (1) Initiation of the pathway
begins when TGF- [, binds to the dimerized TGF- B, receptor 1
(TGF- B1R1) — TGF- B receptor 2 (TGF- B;R2) complex. (2) Ligand-
receptor binding results in the intracellular activation of TAKI.
(3) Activated TAK1 mediates p38 phosphorylation. (4) After being
phosphorylated, p38 promotes phosphorylation of ATF-2. (5) The
Smad complex then combines with ATF-2 resulting in augmented pro-
tein synthesis.

Hanafusa et al. also found that TAKI, once activated by
TGF-B;, phosphorylated activated transcription factor-2
(ATF-2), which then combined with the Smad proteins 2,
3 and 4 to form a transcription complex (Fig. 2).** Over-
expression of non-phosphorylated ATF-2 resulted in inhi-
bition of TGF-P, transcriptional activity. The study noted
that coexpression of cells with Smad2 and Smad4 along
with TAKI resulted in synergistic activation of promoter
sites. Similarly, Sano et al. showed that Smad3/Smad4
complex binding to ATF-2 increased the latter’s trams-
activating capacity.” Monzen et al. have also found that
Smad proteins and TAK1 work together in cardiomyocyte
differentiation.** Although few studies have quantified the
importance of the TAKI pathway on collagen expression
and distribution within the heart, overexpression of TAK1
in articular chondrocytes has been shown to increase cel-
lular collagen type II expression more than threefold,
approximating the effects of TGF-p; stimulation.*®

TGF-f, induction of connective tissue growth factor
TGF-B, is thought to up-regulate pro-fibrotic proteins

that further stimulate extracellular matrix protein expres-
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sion. In particular, TGF-f; has been shown to increase
connective tissue growth factor (CTGF) synthesis within
different fibroblast subtypes, including cardiac fibroblasts,
most probably by acting on TGF-B, response elements
localized in CTGF promoter site.***” Chen et al. found
that rises in myocardial CTGF after infarction paralleled
elevations in TGF-B, and collagen expression in rats.*®
Furthermore, the use of CTGF antibodies has been shown
to partially attenuate TGF-B,-induced collagen synthesis
from fibroblasts.*’

Interaction between TGF-3; and matrix
metalloproteinases

Until very recently, the extracellular matrix was consid-
ered to be a static network of proteins. However,
research now indicates that this network is constantly
changing in both structure and composition. Proteolytic
enzymes, such as matrix metalloproteinases (MMPs),
play an integral role in promoting change and remodel-
ling. Examining left ventricular failure in animal mod-
els, Spinale etal. showed that MMP expression
increased in a time-dependent manner with left ventric-
ular dysfunction and dilatation.”® Activation of the
MMPs led to disruption of the extracellular network
surrounding myocytes. Kim et al. noted that overexpres-
sion of MMP-1 (collagenase) in mice led to compensa-
tory hypertrophy and increased collagen concentration
within the myocardium, resulting in eventual ventricular
impairment.”® In addition, targeted deletion of MMP-2
prevented early and late left ventricular remodelling in
mouse models.*

The roles of TGF-B; and MMPs in cardiac remodelling
may be intertwined. In fact, both proteins may be part
of one complex pathway for fibrosis. It has been noted
that levels of both MMP-2 and membrane type-MMP
(MT-MMP) are higher in terminally failing hearts, in
concordance with when TGF-B; expression is also
increased.” Similarly, Shimizu et al. found that TGF-B,
and MMP-2 concentrations were both elevated in the
myocardium of infarcted rats.>*

Increasing evidence points towards the possibility that
TGF-B,; increases MMP activity within the myocardium.
TGF-B, appears to up-regulate MMP-2 and membrane-
bound MT-MMP in fibroblasts.®® Briest et al. found
norepinephrine-induced myocardial TGF-B, expression
caused elevations in MMP-2 levels.*® In addition, collagen
type I, whose production is regulated by TGF-B,, has
been shown to increase MMP-2 activity.”

Stawowy et al. noted that TGF-f,-induced expression
of MMP-2 facilitates migration and motility of cardiac
fibroblasts.”® This, in turn, allows for the local production
of extracellular proteins and increased fibrosis within
the myocardium of the heart associated with cardiac
remodelling.
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Sources for TGF-B; in the myocardium

In the heart, TGF-B, is primarily secreted by cardiac
fibroblasts. In turn, TGF-B, induces the differentiation of
cardiac fibroblasts to more active connective tissue cells
known as myofibroblasts.” Petrov et al. found that myo-
fibroblasts can produce up to twice as much collagen as
their fibroblast precursors.®® TGE-B, is also involved in
raising the production of cellular adhesion molecules,
which are thought to increase myofibroblast survival and
activity.®!

Along with fibroblasts, Riemann et al. showed that
macrophages may be another source of TGF-f, produc-
tion.** Macrophages have been shown to colocalize with
myofibroblasts in areas of fibrosis within the heart during
cardiac hypertrophy.®® It has been proposed that macro-
phages may serve as an initial or additional source of
TGF-B, in the heart.%* Kagitani et al. noted that adminis-
tration of anti-inflammatory medication to hypertensive
rats led to reduced infiltration of macrophages into the
myocardium and prevented collagen accumulation when
compared to controls.®®

The TGF-B,—Smad pathway appears to be an integral
component of fibrosis within the heart. However, the
pathway and its regulation have yet to be fully elucidated.
Furthermore, more research is required to understand
cell-signalling overlap between the TGF-B,—Smad pathway
and other extracelullar matrix protein up-regulators, such
as osteopontin, to create a global model for pathological
fibrosis within the myocardium.

TGF-p,-induced fibrosis as a cause of
cardiomyopathy

Alteration of ventricular properties caused by excess
extracellular matrix production

For many years the heart was assumed to be a homogen-
eous organ, consisting solely of muscle cells. However,
current evidence suggests that fibroblasts actually out-
number cardiac myocytes within the heart.° These con-
nective tissue cells help to produce an extracellular matrix
which allows for fibrosis within the myocardium.

The function of this fibrosis is still not completely
known. Yet, more recently, it has come to be understood
that networks of elastic tissue within the heart may allow
for maintenance of myocardial architecture. Collagen net-
works are also thought to be involved in the transmission
of force generated in muscle tissue.

Unfortunately, excessive deposition of fibrotic tissue in
the heart results in cardiac pathology. Most notably,
raised levels of collagen within the myocardium cause
reduced ventricular compliance. This change can be
attributed to the inherent stiffness of collagen type I
which, as measured by Young’s modulus of elasticity, is
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~30-fold greater than that of a cardioctye.”” Concord-
antly, Jalil ef al. noted that passive ventricular stiffness
correlated well with collagen volume fraction.®® Generally,
a two- to threefold rise in collagen volume fraction causes
notable ventricular stiffening.®® Increasing chamber stiff-
ness is accompanied by impaired myocyte relengthening
during relaxation. Improper myocyte relaxation results
in aberrant ventricular filling and is associated with
increased filling pressures. Consequential decreases in
stroke volume and increases in myocardial demand for
oxygen lead to eventual cardiac dysfunction. While exam-
ining the role of fibrosis in cardiac pathology, MacKenna
et al. showed that administration of intra-arteriolar bac-
terial collagenase into the myocardium of rats resulted in
local degradation of collagen, which, in turn, caused
increased chamber compliance and reduced diastolic dys-
function.”®

Systolic dysfunction is also marked by the presence
of increased myocardial collagen concentrations. The
increased extracellular matrix generally serves as a replace-
ment for necrosed or apoptotic myocytes. Unfortunately,
the reduction in muscle tissue associated with this fibrosis
results in poor ventricular contraction and reduced car-
diac output. In addition, Wu et al. have noted that the
increase in collagen concentration causes alterations to
ventricular geometry, resulting in impaired sarcomere
extension.”' As the force of ventricular contraction is
directly related to sarcomere length, the fibrosed heart has
a greatly reduced ability to produce adequate pressures
for systemic perfusion.

The changes in ventricle size and shape induced by the
up-regulation of fibrotic proteins greatly compromise the
ability of the heart to function. In fact, studies indicate
that fibrosis may contribute greatly to cardiac dysfunction
in ischaemic, dilated and hypertrophic cardiomyopathy.

Involvement of TGF-J; in ventricular remodelling
and the development of ischaemic injury

After infarction, the myocardium undergoes a reparative
process where necrotic cardiac tissue is replaced by extra-
cellular matrix proteins, in an effort to protect the integ-
rity of the heart wall. This ‘scarred tissue’ is dynamic,
constantly producing and resorbing collagen. Function-
ally, the remainder of the heart makes up for the lost
muscle tissue by increasing levels of fibrosis and inducing
myocyte hypertrophy, allowing for initial compensation
of ventricular function. Based on evidence from animal-
based and in vitro studies, TGF-P, is thought to be
responsible for this reparative fibrosis. Deten et al.
showed that TGF-B, expression in rats was increased
within the first day after infarct.”” Increased myocardial
concentrations of collagen I and collagen III occurred
3 days post-infarction, and coincided with the rise in
TGF-B, expression. In fact, TGF-B, remained elevated for
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82 days after infarction and was proposed to be involved
in ongoing, rather than just acute, ventricular remodel-
ling. Similarly, Hao et al. noted that TGF-B,, Smadl,
Smad2 and Smad3 were all elevated even 8 weeks postin-
farction in rats.” Wang et al. found that levels of Smad7,
an inhibitor in the TGF-B;-Smad pathway, were greatly
reduced in rats 2 weeks after myocardial infarction.”* This
reduction was associated with a greater amount of fibro-
sis. Most importantly, the degree of TGF-B, expression in
structural remodelling has been shown to correlate with
the degree of fibrosis.””

Up-regulation of TGF-B, receptors also contributes
to increased activity of TGF-B, signalling. After pro-
longed ischaemia (4 weeks), TGF-B, receptor density has
been shown to be raised threefold within the left ventricle
and twofold within the right ventricle in rat models.”®
Sites of receptor up-regulation were associated with
increased levels of fibrosis.

There is an increasing body of evidence indicating that
higher levels of TGF-B, are not only produced after an
ischaemic myocardial event, but they may also predis-
pose to one as well. Studies, using rabbit models, indi-
cate that TGF-B, overexpression in vascular smooth
muscle may lead to increased extracellular matrix protein
production contributing to artery narrowing.””>”® Lindner
found that injection of soluble TGF-f, receptor II, acting
as a TGF-B, inhibitor, into the carotid arteries of rats
resulted in a 65% decrease in intimal lesion formation
and an 88% increase in luminal size.”® Friedl ef al. noted
that intimal hyperplasia in the saphenous vein and inter-
nal mammary artery may be attributable to TGF-B,, as
both hyperplastic vein and artery had greater levels of
TGF-B, expression when compared to patent vessels in
patients.®

Genetic studies also indicate that TGF-B; polymor-
phisms may predispose individuals to ischaemic heart dis-
ease. In their examination of patients with end-stage renal
failure, Rao et al. discovered that over 52% of patients
with TGF-B; coding region G—C (915) polymorphisms
had associated ischaemic heart disease.®! Similarly, Yokota
et al. found that TGF-B;, T—C (29) polymorphisms were
correlated with a greater susceptibility to myocardial
infarctions.®* Not surprisingly, individuals with such poly-
morphisms exhibit higher levels of serum TGF-,.

Single-nucleotide changes in genes encoding down-
stream proteins in the TGF-B,—-Smad pathway have also
been correlated with ischaemic disease. Blom et al. have
found polymorphisms within the CTGF promoter
region that are associated with ischaemic heart dis-
ease.” These genetic variances caused increased CTGF
expression and are thought to result in neointimal pro-
liferation within blood vessels. Both Smad3 and Smad4
proteins within the TGF-P, cascade are thought to be
the most important regulators of CTGF promoter
activity.®*
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TGF-B, appears to play a significant role in the pre-
and post-infarction environment, although human studies
are currently lacking. In both, TGF stimulates extracellu-
lar protein production leading to vascular or ventricular
dysfunction. Therefore, understanding the regulation,
as well as dysregulation, of the TGF-B,—Smad pathway
becomes paramount for prevention of ischaemic heart
disease and attenuation of remodelling.

Fibrosis as a pathological process in hypertrophic
cardiomyopathy

Hypertrophic cardiomyopathy is characterized by inter-
ventricular septum or left ventricular hypertrophy, inter-
stitial fibrosis and arterial wall thickening.®> The most
significant consequence of this hypertrophy is decreased
compliance of the ventricles and eventual diastolic dys-
function. Shirani et al. found that the collagen network
within the hearts of patients with hypertrophic cardio-
myopathy was significantly greater than that seen in the
hearts of patients without cardiovascular disease.*® Colla-
gen levels were independent of both structural and
clinical disease variables and therefore the increased col-
lagen network size was thought to be the result of a pri-
mary pathological process rather than simply serving as
a consequence of other factors. In fact, it has been sug-
gested that increased fibrosis, not myocardial hypertro-
phy, may be the most significant cause of diastolic
dysfunction in hypertrophic cardiac disease.*® Mund-
henke et al. noted that increased collagen type I within
the myocardium was a predictor of both diastolic and
systolic dysfunction during exercise in hypertrophic
cardiomyopathic patients who underwent transvalvular
myectomy.®’

TGF-B; is thought to be an important trigger of fibro-
sis in the hypertrophied heart. Expression levels of TGF-
By in hypertrophic obstructive cardiomyopathy were 2-5
times higher than in non-hypertrophied hearts.®® Li et al.
have found that the maximal binding affinity of TGF-§,
to its receptor was higher in individuals with idiopathic
hypertrophic cardiomyopathy.*® Di Nardo et al. noted
that early embryonic gene expression, rather than severity
of haemodynamic overload, was the trigger for structural
changes in the myocardium of hamsters with hereditary
hypertrophic cardiomyopathy.”® In this study, activation
and regulation of embryonic gene expression were
thought to be caused by TGF-B,, as a threefold increase
in TGF-B, gene expression was closely associated with a
rise in myocardial early embryonic gene expression.

The involvement of fibrosis in the pathogenesis of
hypertrophic cardiomyopathy has altered its perception as
a disease consisting solely of myocyte disarray and dys-
function. However, efforts must be made to quantify
the role of TGF-B, and fibrosis in this disorder. Should
myocardial TGF-B, levels correlate with heart function
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(or dysfunction), these proteins may serve as prognostic
markers and obvious targets for disease prevention.

Dilated cardiomyopathy as a consequence of
TGF-B, overexpression

Dilated cardiomyopathy is characterized by ventricular
dilatation of the heart and is associated with very little
hypertrophy. In dilated cardiomyopathy, diffuse myocyte
damage may arise as a result of known (infections, drugs,
etc.) or unknown causes. In this disorder, muscle fibres
are replaced by extracellular matrix proteins, resulting in
expansion of heart size. Such fibrotic changes are inde-
pendent of other cardiovascular disease. Brooks et al
found that the interstitial levels of collagen were increased
in dilated left ventricles that failed to display any patholo-
gical signs of ischaemia.”’ Marijianowski er al. demonstra-
ted that collagen type I and III, as well as the collagen
type I/type III ratio, were all elevated in patients with
dilated cardiomyopathy.”> The presence of increased
fibrosis implies a possible role for TGF-B, in dilated car-
diac pathology.

Sanderson et al. noted that the plasma levels of TGF-B,;
were twice as high in patients who had developed idio-
pathic dilated cardiomyopathy when compared to con-
trols.” Levels of TGF-B, were also increased in
macrophages present within the myocardial tissue of the
dilated heart. This becomes increasingly important as
Kuhl et al. have noted that there are an increased number
of macrophages in the heart of individuals with dilated
cardiomyopathy.”*

Thus far, genetic studies have also hinted at the poss-
ible involvement of TGF-B, in dilated cardiomyopathy.
Holweg et al. showed that the codon (10) Leu—Pro
TGF-PB, gene polymorphism, which correlates with eleva-
ted circulating levels of TGF-P,, is associated with dilated
cardiomyopathy.”>*® These changes occur within the
signal sequence of the TGF-B; gene, which is extremely
important, as protein synthesis and activity are post-
translationally regulated by such sequences.

Alterations in downstream modulators of TGF-B,
may also predispose to dilated cardiomyopathy. Dixon
et al. have documented that altered Smad2 and Smad4
expression in rats are associated with increased levels of
cardiac fibrosis, elevated collagen turnover and the
development of dilated cardiomyopathy.”” In patients
with HIV, up-regulation of TGF-Bl effector molecules
such as ATF-2 have also been shown to cause dilated
cardiomyopathy.”®

The importance of fibrosis in dilated cardiomyopathy
makes TGF-B,1 an apt choice for inducing pathogenesis.
If causality between TGF-P; overexpression and cardio-
myopathy can be proven, the use of antifibrotics such as
TGF-PB, antagonists may provide a means for reversing
dilatation of the heart and systolic dysfunction.
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Correlation between valvular dysfunction and
TGF-f, expression

TGF-B, appears to play a significant role in valvular
pathogenesis. Valves primarily consist of interstitial cells,
which secrete typical extracellular matrix proteins such as
collagen.”® These cells are precursors to myofibroblasts,
which, as in the myocardium, are known for their ability
to produce matrix proteins. The emergence of myofibro-
blasts in valvular tissue is strongly associated with dis-
ease.'® The presence of these cells has been closely
correlated to degenerative lesions and fibrosis of valves.'*!
Walker et al. noted that TGE-P, is extremely important
in inducing the differentiation of valvular interstitial cells
to myofibroblasts, similar to what is seen in the
ventricle."!

The local concentration of TGF-f; within cardiac valves
may also be important because TGF-B,appears to directly
stimulate extracellular matrix protein expression from val-
vular interstitial cells even before their differentiation.'®*
Surrounding ventricular biopsies of patients with both
aortic stenosis and regurgitation showed a 1-5- to 2-fold
increase in TGF-B, levels as compared with controls.'®®
Increased valvular expression of TGF-B, has been noted
in patients with carcinoid syndrome and it has been cor-
related with greater collagen deposition, extracellular mat-
rix disorganization and calcification of valves in this
population.*®*

The remodelling paradigm created for ischaemic
cardiomyopathy may be apt for valvular disease as well.
Initial damage to cardiac valves appears to raise local
TGF-f, expression in a manner similar to that seen in
the myocardium after infarction. This overexpression of
TGF-B,, in turn, could result in pathological repair of
diseased areas. Inappropriate repair to initial injury may
lead to progressive malfunctioning of the valves.

The role of TGF-f, in valvular disease is not limited to
its overexpression in response to injury. As in ischaemic
cardiomyopathy, TGF-B; polymorphisms may predispose
to valvular disease. Chou et al. found that patients with
rheumatic heart disease have a lower frequency of TGF-B,
C—T (509) genotype and a higher frequency of the
T—C (869) allele.'® The inherent raised TGF-B, expres-
sion associated with the latter polymorphism may allow
for increased fibrosis in patients with leaflet infection, cre-
ating a link between disease and valvular dysfunction.

In looking at animal models of connective tissue dis-
ease, Ng et al. found that mice with Marfan syndrome
had increased activation of TGF-B,.'° This increased
activity was associated with raised endothelial cell prolif-
eration and myxomatous changes surrounding the aortic
valve. Administration of TGF-f, antibodies prevented any
such changes from occurring. Although a clear link
between Marfan syndrome and TGF-B, does not exist,
TGF-B, is known to play an integral part in the
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development of endovascular cushions, the embryonic
precursors to cardiac valves. Expression of TGF-f; within
this tissue is usually limited to the fetal development per-
iod. However, persistent expression of TGF-B; in this tis-
sue at even a minute level could predispose individuals to
valvular disease. This process may occur in Marfan
patients because fibrillin, the protein generally deficient in
the syndrome, is thought to suppress TGE-P, activity.'%

Although, cardiac surgery is the most common treat-
ment for valvular dysfunction, medical therapy directed at
limiting the effects of TGF-f, appears to be a viable alter-
native. Limiting myxomatous changes seen prior to valvu-
lar dysfunction will hopefully lessen the need for surgical
intervention. This is of particular importance in the
elderly where numerous comorbidities often make valvu-
lar surgery impossible.

Electrical conduction disturbances associated
with TGF-B, overexpression

Research involving atrial fibrillation has shown that myo-
cardial fibrosis plays an important role in predisposing to
arrhythmia.'®” In fact, the arrhythmogenic activity of the
pulmonary veins is partially attributed to the fact that
myocardial tissue within these vessels is significantly
fibrotic (Fig. 3)."°® Fibrosis is thought to disturb aniso-
tropic conduction and thereby induce slowing of electrical
conduction velocities, allowing for the generation of
re-entry circuits. In addition, impaired anisotropic
conduction leads to chaotic rather than linear electrical
propagation which also promotes arrhythmia.'®® Nakaj-
ima et al. noted that mice with constitutive expression of
TGF-B, developed selective fibrosis within the atria and
not in the ventricles, suggesting that atrial fibroblasts may
be particularly sensitive to the actions of TGF-B..° In a
similar study, mice with increased expression of TGF-p,
were prone to atrial fibrillation development as a result of

Figure 3. A histological section of the pulmonary veins at the region
of the ostium. Disorganized bundles of the myocardial sleeve extend-
ing from the left atrium are surrounded by fibrotic connective tissue.
Provided by courtesy of Ivana Kholova, MD.
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raised levels of atrial fibrosis.'” Hanna et al. noted that
TGF-B; levels were increased in the atria after the devel-
opment of congestive heart failure in dogs.'*® This corre-
lation may help to explain the presence of arrhythmia
seen after the onset of ventricular dysfunction. TGF-§,
polymorphisms are also thought to be involved in indu-
cing congenital heart block as a result of fibrosis, leading
to the predisposition of atrial fibrillation."***'? The aim
of new research should be to determine which TGF-§,
polymorphisms (if any) enhance the likelihood of atrial
fibrillation development. In addition, expression levels of
TGF-B, in the pulmonary veins must be studied as a
possible explanation for the arrhythmogenicity of these
vessels.

Regarding treatment, the use of antifibrotics as a pre-
ventive measure for atrial fibrillation is intriguing. Using
canine models, Shi et al. noted that ACE inhibitors pre-
vented the fibrosis that normally arose after heart failure,
leading to the reduced development of atrial fibrilla-
tion.""” Similarly, clinical trials show increasing benefits
in using ACE and angiotensin II receptor inhibitors for
atrial fibrillation in patients with and without underlying
cardiopathologies.'"*™"'” The inhibition of TGF-B, may
produce similar antiarrhythmic effects.

Treatment directed at TGF-f;-induced fibrosis

There are a number of strategies that have aimed to
reduce fibrosis in cardiovascular pathology. Most recent
research has focused on the effectiveness of ACE inhibi-
tors and angiotensin II receptor antagonists in attenuating
extracellular matrix production within the heart. How-
ever, in a recent clinical trial, Hallberg et al. compared
the benefits of irbesartan treatment on the ventricular
properties of hypertensive groups with two separate TGF-
B; polymorphisms. Patients with the GG genotype,
associated with greater TGF-P; expression, were shown to
have a greater left ventricular mass index when compared
to patients with the GC genotype.''® This suggests that
drugs inhibiting angiotensin may not be able to fully
impede the cardiopathological effects of TGF-B,. It also
implies that targeting the TGF-PB,—Smad pathway directly
may be more effective in attenuating fibrosis and hyper-
trophy in the heart.

Thus far, most research has used animal models to
examine the effects of TGF-B; antagonism. Kuwahara
et al. were able to induce increased TGF-P, expression
within the rat heart resulting in progressive myocardial
fibrosis and eventual diastolic dysfunction (gauged by
immunohistochemistry and echocardiography).'? Admin-
istration of TGF-B, monoclonal antibodies to rats, simi-
larly overexpressing TGF-pB,, prevented both fibrosis and
diastolic dysfunction. More specifically, these antibodies
did not allow for left ventricular hypertrophy and subse-
quent raised left ventricular end-diastolic pressure, which
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normally precedes dysfunction. Koyanagi et al. found that
TGF-P, antagonism blocks the migration of rat mono-
cytes and the production of local myofibroblasts, two cell
types that serve as the primary sources for TGF-B, pro-
duction within the myocardium.'*® Tomita et al. noted
that TGF-B, neutralization via polyclonal antibodies
resulted in the down-regulation of extracellular matrix
gene expression in rats.’ Tranilast, a novel drug already
sold in Japan, serves to inhibit transcription of
TGF-B,."%° It has been shown to reduce the secretion
of TGF-B; in fibroblast cell cultures. Much like TGF-f,
antibodies, tranilast prevents the migration of monocytes
to myocardial tissue in hypertensive mice.®> In addition,
it serves to attenuate left ventricular fibrosis in rats with
renovascular hypertension.'*! Martin et al. have recently
shown that tranilast lowers the deposition of cardiac mat-
rix proteins in diabetic rats despite the presence of per-
sistent hyperglycaemia and hypertension.'** The ongoing
PRESTO PCI clinical study is attempting to use an oral
regimen of tranilast to reduce restenosis of coronary
arteries postintervention.'*’

Regulation of inherent TGF-P, inhibitors within the
body may also help to prevent fibrosis in the heart. For
example, Mujumdar and Tyagi noted that levels of one
such physiological inhibitor, decorin, are reduced during
the transition of the heart from compensated to decom-
pensated failure in hypertensive rats.'** In addition, in
early myocardial ischaemia, gene expression of decorin is
reduced prior to remodelling.'*® Decorin gene transfer to
skeletal muscle results in its overexpression. This over-
expression is associated with reduced fibrosis levels in
many tissues, primarily via a decrease in extracellular
matrix protein production through TGF-B; inhibition.'*®
Another protein, betaglycan, often referred to as TGF-,
receptor III, is thought to be a molecule that modulates
the binding of TGF-B,to TGF-p,; receptor II in the cardio-
myocyte membrane. However, soluble betaglycan, like
decorin, has been shown to be a potent physiological
inhibitor of TGF-B,.'*” Administration of betaglycan has
been noted to reduce hepatic fibrosis in chronic liver
injury.'*® The effects of betaglycan on cardiac fibrosis
have not yet been studied.

Recent trends in endocrinology indicate that hormones
play a prominent role in the regulation of collagen levels
within the heart. Hsu et al. report that both ventricular
and atrial cells possess receptors for relaxin, a peptide
hormone with antifibrotic properties.'*® Du et al. noted
that relaxin-deficient mice have increased levels of myo-
cardial collagen and develop subsequent ventricular dia-
stolic dysfunction.’”® Dschietzig et al. found that plasma
concentration and myocardial expression of relaxin was
associated with the preservation of cardiac function in
patients with heart failure.'”’ Samuel et al. showed that
relaxin, through a currently unknown mechanism, inhib-
ited fibroblast activation and collagen synthesis in cul-
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tured cell lines treated with TGE-B,.**? Therefore, relaxin
holds promise as an important therapeutic tool for
patients with heart disease.

Finally, the role of genetics in the development of
cardiac remodelling seems to be ever increasing. For this
reason, the potential for gene therapy as a means for pre-
venting fibrosis is great. Thus far, very little gene therapy
research has focused on the treatment of cardiopathology.
However, in a recent animal model study, Okada et al.
showed that TGF-B, receptor II gene therapy begun
3 days after infarction (subacute stage) resulted in the
attenuation of remodelling in rats, with marked reduction
in cardiac fibrosis and prevention of left ventricular
enlargement noted after 4 weeks (chronic stage).'”
Importantly, at this time, left ventricular function and
survival were also found to be significantly greater than
in non-treated controls. These findings offer great hope
for obtaining similar results with TGF-f, inhibition in
the human heart.

The initial hesitancy to use TGF-P,antagonists in the
post-infarct state was based on the cardioprotective effects
of fibrosis immediately following myocardial necrosis.
However, currently, evidence from in vivo and animal
studies indicates that inhibiting the actions of TGF-B,
after the acute phase of infarction may prevent or attenu-
ate remodelling and therefore it must be a target for
future therapies. These benefits may not be limited to
ventricular remodelling, as mechanisms of pathogenesis in
the post-infarct state appear to overlap with those seen in
arrhythmia and valvular disease.

Potential adverse consequences of TGF-f3,
inhibition
The use of TGF-B; antagonists to combat myocardial
fibrosis does not come without risks. Knockout model
studies have helped to outline the potential dangers of
TGF-pB, inhibition. Most obviously, knockout mice lack-
ing TGF-B, are usually unable to survive beyond a few
weeks because of aberrant immune regulation, primarily
manifested as lethal cardiac and pulmonary inflamma-
tion."** Deletion of the TGE-, gene is associated with
exacerbation of asthma pathology, with notable eisonophil
infiltration and mucus secretion.'>>™*” Knockout models
have also shown the importance of TGF-B, in hair fol-
licle, pulmonary and bone development.'*$*4

TGEF-B, appears to be able to both suppress and stimu-
late the proliferation of cells, further complicating treat-
ment regimens aimed at TGF-B; inhibition. TGF-B; is
thought to mediate growth arrest by up-regulating cyclin-
dependent kinase inhibitors and down-regulating c-myc
and cell division cycle 25A.'*' Reduced expression or
mutational inactivation of the TGF-B;—Smad pathway is
associated with uncontrolled cellular growth, particularly
in endothelial cell lines.!** Studies indicate that TGF-p,
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heterozygous null mice have increased hepatocyte and
mammary epithelial cell proliferation potential, as well as
decreased levels of apoptosis within the lung and liver.'*?
Additionally, loss of TGF-B; receptor function has been
associated with progression of malignancy and increased
tumour growth.'**!*>

Cells whose growth is no longer inhibited by TGF-,,
but where the TGF-B,—Smad pathway is still maintained,
show increased migration and invasion in response to
TGF-B, administration.**® In addition, the increased
expression of TGF-P, is associated with increased tumour
potential. Massagué et al. have proposed that TGF-B,
enhances tumour progression through suppression of the
immune system, as well as promotion of angiogenesis.'*'

TGEF-B, is also thought to cause the proliferation of
mesenchymal cells such as fibroblasts, necessary for
stroma formation in many organs.'*” Rosenbaum et al.
noted that administration of TGF-f; produces a dose and
time-dependent increase in the proliferation of human
liver fibroblasts.'*® Although the signalling pathways for
these effects are not well known, TGF-B; may down-regu-
late expression of cyclin-dependent kinase inhibitors, faci-
litating cellular entry into the S-phase of its cycle.*®
Other theories have proposed the TGF-f,-induced up-
regulation of platelet-derived growth factor and fibro
blast growth factor are responsible for cellular prolifer-
ation.150_153

The potential consequences of TGF-B, inhibition must
be looked at carefully before its clinical use. In particular,
the important physiological roles of TGF-B, in organ
development, immune system regulation and cellular pro-
liferation suggest the possibility of serious side-effects for
treatments targeting the actions of TGF-f,. Further study
examining TGF-B, inhibition would help to identify
patient groups at risk for adverse consequences. In addi-
tion, efforts must be made to localize TGF-B, inhibition
within the heart to prevent systemic side-effects.

Conclusion

Fibrosis appears to be an integral component of most car-
diac pathologies. In fibrosis, the excess production of
extracellular matrix proteins alters the structure, architec-
ture and shape of the heart. Such changes have marked
effects on ventricular contractility, valvular functioning
and electrical conduction. In particular, TGF-B, has been
implicated in the pathogenesis of each of these three fac-
ets of cardiac functioning. Although TGF-f, is known to
promote local collagen production, many details regard-
ing the mechanisms of TGF-f,-induced fibrosis remain
unclear. For example, circulating levels of ACE and angio-
tensin II are not elevated in valvular disease as they are
after infarction. Rather, ACE levels are raised solely within
the valvular tissue itself.'”® This may imply that a ‘local
remodelling’ process occurs within the endocardium of
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valves rather than the diffuse myocardial changes that
arise in the post-ischaemic state.

The concept of remodelling can be applied to the
atrium as well. Generally, this remodelling refers to chan-
ges in ion current flow following persistent atrial fibrilla-
tion.'® However, structural alterations have also been
reported with recurrent atrial tachycardias. Patients with
chronic atrial fibrillation were shown to have higher levels
of myocardial interstitial fibrosis as compared to controls,
particularly within the region of the pulmonary veins,
which are known to be arrhythmogenic.'**™**® An effort
must be made to understand whether TGF-B, plays a
prominent role within the ‘atrial fibrillation begets atrial
fibrillation’ remodelling paradigm.

As TGF-PB, appears to be involved in different cardio-
pathological processes, it is an apt target for future ther-
apy. Thus far, animal studies have shown that inhibiting
the actions of TGF-f; may attenuate fibrosis in the heart.
Also, with increasing evidence indicating that TGF-B,
gene polymorphism and dysregulation predisposes to
heart conditions, drug regimens and gene therapy may
act to prevent rather than merely treat disease.

At this time the potential for therapy targeting TGF-$,
seems unlimited. However, before TGF-$, inhibition can
be used in a clinical setting, more in vivo and animal-
based studies are required to understand the potential
side-effects of treatment, as well as to provide more than
the circumstantial correlation between TGF-B; and car-
diac fibrosis that exists currently.
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Abstract

Interleukin (IL)-6 family cytokines, which share glycoprotein 130 (gp130) as a signal-transducing receptor component, play important
roles in the maintenance of cardiac homeostasis. IL-11, a member of IL-6 family cytokines, is expressed in cardiac myocytes, though it
remains to be elucidated how IL-11 functions in the hearts. In the present study, first, we showed that IL-11 administration reduced the
ischemia/reperfusion injury in the hearts. IL-11 receptor o was expressed in cardiomyocytes. IL-11 treatment rapidly activated signal
transducer and activator of transcription 3 (STAT3) and extracellular signal-regulated kinase (ERK) 1/2 in cardiac myocytes. IL-11 stim-
ulation resulted in the translocation of phosphorylated STATS3 into nuclei. Immunofluorescence microscopic analyses revealed that IL-11
treatment led to the cell elongation, as is the case with other cardiotrophic members of IL-6 family, such as leukemia inhibitory factor.
Finally we showed that IL-11 treatment conferred the resistance to cell death induced by hydrogen peroxide, which was abrogated by
adenoviral transfer of dominant negative STAT3, but not by the inhibition of ERK1/2 with U0126. These findings indicate that IL-11
mediates cytoprotective signals in cardiomyocytes, proposing that IL-11 has the potential to exhibit cardioprotection as a novel biolog-
ical function.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction ure in response to pressure overload [2], suggesting that

signals through gp130 transduce the cardioprotective sig-

Cardiac homeostasis is maintained by various kinds of
neurohumoral factors. Among them, Interleukin-6 (IL-6)
family cytokines play critical roles in cardiac functions.
IL-6 family cytokines bind their specific a-receptors and
glycoprotein 130 (gp130), a common B-receptor subunit,
followed by the activation of signaling molecules [1]. Car-
diac specific ablation of gp/30 gene results in the heart fail-
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nals in cardiac myocytes. So far, it has been demonstrated
that stimulation of gp130 leads to the activation of signal
transducer and activator of transcription (STAT) proteins
and extracellular signal-regulated kinase (ERK) 1/2 in
cardiomyocytes [3]. By using the cardiac specific transgenic
mice with the expression of constitutively active STAT3, it
was revealed that the activation of STAT3 contributes to
cardiac protection and vessel formation [4-6]. Consistently,
cardiac specific ablation of STAT3 gene results in heart
failure with impaired capillary growth [7.8]. These findings
strongly suggest that activation of gp130/STAT3 system by
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IL-6 family cytokines could be a promising therapeutic
strategy against cardiovascular diseases, though it has not
been successfully achieved because of their proinflamma-
tory properties.

Interleukin-11 (IL-11) is a pleiotropic cytokine of IL-6
family [9]. IL-11 functions as a hematopoietic growth
factor and immunoregulator [10]. IL-11 exhibits anti-
inflammatory effects by regulating immune effector cell
function [11]. Importantly, IL-11 increases the platelets
in vivo and is clinically administered to the patients
with chemotherapy-induced thrombocytopenia [12], indi-
cating that IL-11 activates gpl30 system without serious
inflammation. Since IL-11 prevents reperfusion injury in
intestine [13], it could be proposed that IL-11 functions
as a cytoprotective cytokine in non-hematopoietic
systems. Recently, IL-11 is reported to be expressed
in cardiomyocytes [14], suggesting that IL-11 stimula-
tion could contribute to maintenance of homeostasis in
cardiovascular system. Interestingly IL-11 protects
microvascular endothelium from injury [15] however
its direct effects on cardiac myocytes remain to be
addressed.

In the present study, we examined the biological effects
of IL-11 as a cardioprotective cytokine. We demonstrated
that IL-11 functioned as a stimulator of STAT3 in cardiac
myocytes, mediating cytoprotective signals. Collectively,
we propose that IL-11 signaling could be a therapeutic tar-
get against cardiovascular diseases.

2. Materials and methods
2.1. Generation of ischemialreperfusion injury

Recombinant human IL-11 was purchased from Pep-
rotech EC. IL-11 (8 pg/kg) or PBS was intravenously
administered in C57BI/6 mice (10 weeks old, n=9 for
vehicle, n=38 for IL-11). Ischemia/reperfusion injury
was generated around 15h after cytokine injection and
infarct size was estimated as described previously [6].
Briefly, mice were anesthetized with ketamine (Sankyo
Yell Yakuhin, 100 mg/kg) and xylazine (Bayer, 5mg/
kg), and ventilated with 80% oxygen. After left-side tho-
racotomy, the left coronary artery was ligated with a
suture. After 60-min occlusion, the ligature was loosened
for 60 min. Ischemia/reperfusion was confirmed by ST-T
changes in ECG monitor. Areas at risk were estimated
by exclusion of Evans Blue staining. The myocardial
infarct areas were detected by staining with 2% triphenyl-
tetrazolium chloride (TTC). Surgical procedures were
performed by the researcher who was blinded to the
pretreatment.

The care of all animals was in compliance with the
Osaka University animal care guideline. The investiga-
tion conforms with the Guide for the Care and Use of
Laboratory Animals published by the US National Insti-
tutes of Health (NIH publication No. 85-23, revised
1996).

2.2. Cell culture

Rat neonatal cardiac myocytes were cultured as
described previously [16]. Briefly, cardiomyocytes were iso-
lated by collagenase and trypsin digestion from the ventri-
cles of neonatal rats. After preplating the cells on culture
dish for 60 min, floating cells were used as cardiomyocytes.
More than 95% of total cells were identified as cardiac
myocytes that were positively stained with anti-sarcomeric
a-actinin antibody (data not shown). Attached cells were
cultured for 3 passages and used as fibroblasts. Cells were
cultured in serum-free condition for 12 h, followed by the
treatment with IL-11. In the experiment concerning
gp130 blocking antibody (R&D systems), mouse neonatal
cardiac myocytes were prepared according to the same
protocol.

The generation of adenovirus vector expressing domi-
nant negative STAT3 (Ad-dnSTAT3) was described previ-
ously [17]. U0126, a specific inhibitor for MEK 1/2, was
purchased from Cell Signaling.

2.3. RT-PCR analyses

RT-PCR analyses were performed as described previ-
ously [16]. Briefly, total RNA was prepared with acid guan-
idinium thiocyanate—phenol-chloroform method [18]
Total RNA (1 pg) was subjected for first strand cDNA syn-
thesis by using the oligo (dT) first strand primer. The spe-
cific primers for IL-11 receptor are as follows; forward: 5'-T
CTGGATGCTGGCACCTGGAGCGCCTGGAGC-3/,
reverse: 5-TCAGCTGAAGTTCTCTGGGGTCCTCTG-
CAGG-3'. The PCR products were size-fractionated by
2% agarose gel electrophoresis.

2.4. Immunoblot analysis

Immunoblot analyses were performed as described pre-
viously [19]. Cells were treated with the indicated concen-
trations of IL-11. After washed with PBS twice, cell
lysates were prepared by adding SDS-PAGE sample solu-
tion. Proteins were separated by SDS-PAGE and trans-
ferred onto the PVDF membrane (Millipore). The
membranes were immunoblotted with anti-phospho-
STATS3 or anti-phospho-ERK 1/2 (Cell Signaling Technol-
ogy) antibody diluted 1:200. The membranes were
reprobed with anti-STAT3 (Santa Cruz Biotechnology)
or anti-ERK 1/2 (Cell Signaling Technology) antibody
diluted 1:200. ECL system was used for the detection.

2.5. Immunofluorescent microscopic analyses

Cells were stimulated with IL-11 (20 ng/ml), or LIF
(1000 U/ml) for the indicated time and fixed with 3.7%
formaldehyde in PBS. Permeabilized with 0.2% Triton
X-100, cells were washed with PBS twice and incubated
with anti-sarcomeric o-actinin antibody (Sigma) diluted
1:100 and/or anti-phospho-STAT3 antibody (Cell Signaling
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Technology) diluted 1:100 as a first antibody. In the case of
immunostaining for anti-IL-11 receptor, cells were incu-
bated with anti-IL-11 receptor antibody (Santa Cruz Bio-
technology) diluted 1:100 without cell permeabilization,
in order to demonstrate the existence of the receptor on cell
surface. After washed with PBS three times, cells were incu-
bated with Alexa Fluor 488- or 546-conjugated secondary
antibody (Molecular Probe) diluted 1:100. In these proce-
dures, the antibodies were diluted with 10 mg/ml of bovine
serum albumin in PBS. After washed with PBS, cells were
examined with fluorescent microscopy, Olympus IX70.
Non-immune IgG was used as a first antibody, as control.

Morphological changes were analyzed according to the
previous study [20] Sarcomeric o-actinin positive cells
(n=151-227) were examined and analyzed by the
researcher who was blinded to the assay conditions. Cell
surface area and cell length were measured by using Image
J (NIH).

2.6. Preparation of nuclear fraction of cardiac myocytes

Nuclear fraction was prepared from cardiac myocytes as
described previously [21] with minor modification. Cardio-
myocytes (5 x 10° cells per dish) were cultured on 100 mm
dish and stimulated with IL-11 (20 ng/ml) for 15 min and
washed with ice-cold PBS containing 5 mM orthosodium
vanadate twice. Cells were lysed in 500 ul of buffer A
(20 mM Hepes (pH 7.6), 20% (v/v) glycerol, 10 mM NacCl,
1.5 mM MgCl,, 0.2 mM EDTA, 1 mM DTT (dithiothrei-
tol), 0.1% (v/v) Nonidet-P40, 5 mM orthosodium vanadate
and protease inhibitor mixture) and incubated on ice for
5 min. Cell lysate was centrifuged at 2000g for 5 min. The
supernatant was used as the cytosolic fraction, while the
pellet was resuspended in 500 ul of buffer A and used as
the nuclear fraction. The proteins from the equal amount
of cytosolic and nuclear fractions were separated on
SDS-PAGE and immunoblotted with anti-STAT3
antibody.

2.7. Cell survival analysis

In order to estimate the effects of IL-11 on cell viability/
proliferation, MTS (3-(4,5-dimethylthiazol-2-1y)-5-(3-carb-
oxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazorium, inner
salt, Promega) metabolizing activities were measured. Cells
(1 x 10* cells/well) were cultured in 96-well dishes. Twenty
four hours after cultivation, culture medium was changed
to the serum free medium containing various concentrations
of IL-11. Seventy two hours later, MTS solution was added
to the cell culture. MTS metabolizing activity was estimated
by measuring the absorbance at 490 nm according to the
manufacturer’s protocol.

To detect apoptotic cells, annexin V-Alexa Fluor 488
conjugate (Molecular Probes, Inc) was used according to
the manufacture’s instruction. Briefly, cardiomyocytes cul-
tured on glass cover slips were treated with control vehicle
or IL-11 (20 ng/ml) for 3 h, and then incubated with or

without 100 pM H>O, for 24 h. After washed with cold
phosphate-buffer saline (PBS) and then with annexin-bind-
ing buffer (10 mM Hepes, 140 mM NaCl, and 2.5 mM
CaCl,, pH 7.4), cells were incubated with annexin V conju-
gate in the binding buffer for 15 min at room temperature
in the dark. After incubation, cells were washed with the
binding buffer, fixed with 3.7% formaldehyde in binding
buffer for 20 min at room temperature and then double-
stained with Hoechst dye. More than 20 fields per assay
condition (average, 39-68 cells/field) were selected at ran-
dom by the researcher who was blinded to the conditions.
The frequency of annexin V-positive cells relative to
Hoechst-positive nuclei per field was calculated.

2.8. Statistical analysis

Statistical analysis was performed by unpaired ¢-test or
ANOVA.

3. Results
3.1. IL-11 reduced ischemialreperfusion injury in hearts

IL-11 was originally identified as a hematopoietic
cytokine [22]. Accumulating evidences have revealed that
IL-11 also exhibits pleiotropic effects in non-hematopoietic
systems, such as gastrointestinal tracts [23]. Recent studies
have demonstrated that administration of IL-11 reduced
reperfusion injury in intestine [13}. Based on these findings,
in order to address the biological functions of IL-11 in
hearts, we examined the effects of IL-11 on ischemia/reper-
fusion injury in murine hearts (Fig. 1). Intravenous admin-
istration of IL-11 reduced the infarct size by 63%,
compared with control. There was no difference in area
at risk between IL-11-treated and control groups. These
findings suggest that cardiac cells are novel targets of
IL-11.

3.2. IL-11 activated STAT3 and ERK 1/2 in the cultured
cardiac myocytes

To address how IL-11 conferred the resistance to ische-
mia/reperfusion in the hearts, we examined the effects of
IL-11 in vitro. We first confirmed that IL-1lreceptor o
(IL-11Ra) was expressed both in cardiac myocytes and
fibroblasts, by RT-PCR (Fig. 2a). Immunofluorescent
microscopic analysis was performed to detect IL-11R« pro-
tein (Fig. 2b). Cells were positively stained with anti-IL-
11Ra antibody, indicating the expression of the receptor
protein. To examine whether IL-11Ra transduces the sig-
nals as a functional receptor in cardiomyocytes, cultured
cardiac myocytes were stimulated with IL-11 for the indi-
cated time and phosphorylation of STAT3 and ERK 1/2
were analyzed by immunoblotting with anti-phospho-spe-
cific antibodies (Fig. 3). STAT3 and ERK 1/2 were acti-
vated by the treatment with IL-11, as was the case with
LIF, a positive control {3]. The enhancement of STAT3
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Fig. 1. Pretreatment of IL-11 prevents ischemia/reperfusion injury in
hearts. IL-11 (8 pg/kg) or control vehicle (cont) was intravenously injected
in C57BI/6 mice (10 weeks old). Around 15 h later, mice were exposed to
60 min ischemia, followed by 60 min reperfusion. The hearts were stained
with Evans Blue and with TTC, as described in Section 2. (a) Represen-
tative images are demonstrated. (b and c) Risk area size and infarct size
were demonstrated in each condition. Data are shown as means + SD.
*p < 0.05 by unpaired t-test. n = 9 for control; # = 8 for IL-11 treatment.

and ERK 1/2 activities was detected within 5 min and their
activities were reduced to the basal level 60 min after IL-11
stimulation (Fig. 3a and b). Importantly, STAT3 was sub-
maximally phosphorylated by 20 ng/ml of IL-11 (¥ig. 3c),
indicating that IL-11 signals can be transduced in cardiac
myocytes with the similar kinetics with other cell lineages
such as macrophages, reported so far [11]. By using mouse
gp130 blocking antibody, we confirmed that gp130 block-
ing antibody inhibited the IL-11l-induced activation of
STAT3 and ERK 1/2 in mouse cardiac myocytes (data
not shown). Therefore it is suggested that IL-11 utilizes
gpl30 in its signaling pathway, as is the case with other
IL-6 family cytokines [3].

Since IL-11Ro mRNA was also detected in cardiac
fibroblasts as well as in cardiac myocytes (Fig. 2), we exam-
ined whether IL-11 activated STAT3 and ERK 1/2 in car-
diac fibroblasts (Fig. 4). Similar to cardiac myocytes, the
treatment with IL-11 resulted in the rapid phosphorylation
of STAT3 and ERK 1/2 in cardiac fibroblasts.

In order to briefly estimate the effects of IL-11 on cell
viability/proliferation, MTS (3-(4,5-dimethylthiazol-2-ly)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
rium, inner salt) metabolizing activities were measured.
Under the serum-depleted conditions, cells were cultured
in the presence or absence of IL-11 (20 ng/ml) for 72 h
and MTS assay was performed. Treatment with IL-11

Ab control anti-iL-11Ra

CMC

Fibroblast

Fig. 2. IL-11 receptor o is expressed in cardiac myocytes. (a) Total RNA
was prepared from cultured rat neonatal cardiomyocytes (CMC) and
cardiac fibroblasts. The expression of IL-11 receptor o (IL-11Ra) was
analyzed by RT-PCR. The DNA fragment of IL-11R & was amplified from
the reverse-transcribed (RT) product (+) by PCR. Total RNAs without
RT reaction (—) were used as a negative control. RT product from the
whole heart was used as a positive control. The products of & x 174
digested with Haelll were used as fragment size markers. (b) Cardiac
myocytes (CMC) and fibroblasts were stained with anti-IL-11Re anti-
body. Non-immune IgG was used as a negative control.

resulted in about 2-fold increase in MTS metabolizing
activities in cardiac myocytes, while no significant increase
was observed in cardiac fibroblasts (data not shown), sug-
gesting the functional relevance of IL-11 as a cardiomyo-
cyte survival factor. Considering the pathophysiological
importance of cardiomyocyte survival in the prevention
of cardiac dysfunction, further study was focused on the
biological effects of IL-11 in cardiac myocytes.

3.3. IL-11 treatment leads to translocation of phosphorylated
STAT3 into nuclei

To confirm that cardiac myocytes were direct target of
IL-11, we examined the location of phospho-STAT3 in car-
diac myocytes by immunofluorescent microscopy (¥Fig. Sa).
Sarcomeric o-actinin was co-stained as a cardiomyocyte
marker. In response to IL-11, the intensity of phospho-
STAT3 was increased in cardiac myocytes. Importantly,
phospho-STAT3 staining was concentrated in the nuclei
of sarcomeric a-actinin-positive cells in response to IL-11,
indicating the translocation of phospho-STAT3 into nuclei
as an evidence for STAT3 activation in cardiac myocytes.

Next we biochemically prepared the cytosolic and
nuclear fractions from the cardiac myocyte culture and
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Fig. 3. IL-11 activates STAT3 and ERK 1/2 in cultured cardiomyocytes.
(a) Cells were stimulated with IL-11 (20 ng/ml) for the indicated time. Cell
lysates were prepared and immunoblotted with anti-phospho-STAT3 or
anti-phospho-ERK 1/2 antibody. The membranes were reprobed with
anti-STAT3 or anti-ERK 1/2 antibody. LIF (1000 U/ml) was used for the
positive control. Four independent experiments were performed, and
representative data were shown. (b) Quantitative analyses of the time
course of the phosphorylation of STAT3 and ERKs. Data are presented
as means + SE from 4 independent assays. (c) Cells were stimulated with
various concentrations of IL-11 for 15 min. Cell lysates were immuno-
blotted with anti-STAT3 and STAT3 antibodies. Phosphorylation of
STATS3 was estimated. Note that IL-11 phosphorylated STAT3 in a dose-
dependent manner. Data are presented as means + SE from 4 independent
assays.
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Time
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Fig. 4. STAT3 and ERK 1/2 are activated by IL-11 in cardiac fibroblasts.
Cardiac fibroblasts were stimulated with IL-11 (20 ng/ml) for the indicated
time. LIF (1000 U/ml) was used for the positive control. Cell lysates were
prepared and immunoblotted with anti-phospho-STAT?3 or anti-phospho-
ERK 1/2 antibody. The membrane was reprobed with anti-STAT3 or
anti-ERK 1/2 antibody. Three independent assays were performed, and
representative data were shown.
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STAT3

Fig. 5. IL-11 induces the translocation of phosphorylated STAT3 into
nuclei in cultured cardiomyocytes. (a) Cultured cardiomyocytes were
stimulated with IL-11 (20 ng/ml) for 15min and stained with anti-
sarcomeric o-actinin and anti-phospho-STAT3 antibodies. Bar, 40 pm.
Note that the staining of phospho-STAT?3 is enhanced and concentrated in
nuclei of sarcomeric a-actinin-positive cardiomyocytes in response to IL-
11. (b) Cardiac myocytes were stimulated with Il-11 for 15 min. Cytosolic
(C) and nuclear (N) fractions were prepared, as described in Section 2.
Immunoblot analysis was performed for STAT3 protein. STAT3 band
intensity in nuclear fraction was increased by IL-11 stimulation.

analyzed the localization of STAT3 by immunoblotting
(Fig. 5b). In the nuclear fraction from IL-11-treated cardio-
myocytes, the significant amount of STAT3 protein was
detected, while only a low level of the protein was in that
from non-treated cells.
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3.4. IL-11 induces the increase in cell size with cell elongation
in cardiac myocytes

To address the biological effects of IL-11 in cardiac myo-
cytes, first, we examined whether IL-11 induced the mor-
phological changes in cultured cardiomyocytes (Fig. 6).
Similar to LIF, a positive control, IL-11 treatment resulted
in cardiomyocyte enlargement. We quantitatively analyzed
the effects of IL-11 on cardiomyocyte structure according to
the previous study [20]. As a result, it was revealed that
IL-11 stimulation increased the cell surface area by 22%.
Interestingly, IL-11 treatment elongated the cell length in
the direction of long axis by 43%, but not short axis, consis-
tent with other signals through gp130 [20,24].

a Cont

3.5. IL-11 suppressed H>O»-induced cell death via STAT3

Reactive oxygen species (ROS) are closely related with
the onset and progression of cardiovascular diseases. Espe-
cially under the condition of ischemia/reperfusion in the
hearts, the rapid accumulation of toxic metabolites such
as ROS occurs. Among them, H,O, exhibits serious toxic
effects in myocardium. Therefore, we analyzed the effects
of IL-11 on apoptotic cell death induced by H,O,. Pre-
treated with IL-11 for 3 h, cardiac myocytes were exposed
to H,O, for 24 h and stained with annexin V-conjugated
with Alexa Fluor 488 (Fig. 7). H,O;-treatment showed
about 3-fold increase in the frequency of annexin V-posi-
tive cells in the absence of IL-11, compared with control.
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Fig. 6. IL-11 induces the cell elongation in cultured cardiomyocytes. Cultured cardiac myocytes were stimulated with control vehicle (cont), IL-11 (20 ng/
ml) or LIF (1000 U/ml) for 24 h. Cells were stained with anti-sarcomeric o-actinin antibody. (a) Representative immunofluorescent microscopic images.
Bar, 40 pm. (b) Cell surface areas were measured. Data are shown as means + SE. (¢) Cell length of long axis or short axis was measured. Data are shown
as means + SE. The cell number observed for morphological analysis is as follows; n = 151 for control, 187 for IL-11, 227 for LIF. *p <0.05 versus

control. Experiments were repeated three times with similar results.
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Fig. 7. IL-11 suppressed the apoptotic cell death induced by H,O, through STAT3. (a) IL-11 prevented cardiomyocytes from apoptotic cell death induced
by H>0,. Cardiomyocytes were pretreated with IL-11 (20 ng/ml) for 3 h and exposed to H>O, for 24 h. Apoptotic cells were detected by staining with
annexin V and Hoechst 33342, Representative images were shown. Arrowheads show the annexin V-positive, apoptotic cells. Bar, 40 pm. (b)
Quantification of the apoptotic cell death was performed. Cells were transfected with adenovirus vector expressing dnSTAT?3 (dn) or B-galactosidase (B), a
control vector. Cells were exposed to H>O, with or without pretreatment of IL-11. In order to examine the effects of the inhibition of ERK, cells were
preincubated with 10 pM U0126, a MEK 1/2 inhibitor. Data were shown as means 4+ SD. *p <0.05 by ANOVA (Fisher’s test). NS, not significant.

IL-11 treatment significantly reduced the frequency of
annexin V-positive cells, indicating that IL-11 prevented
the cell death induced by H,0,.

To address the signaling pathways for IL-11-mediated
suppression of cell death, we examined effects of the inhibi-
tion of STAT3 and ERK 1/2 on H,O;-mediated cardiomy-
ocyte death, using dominant negative STAT3 (dnSTAT3)
and U0126, a specific inhibitor for MEKs 1/2 that function
upstream of ERK 1/2, respectively. IL-11-mediated sup-
pression of cell death was cancelled by the transfection of

Ad-dnSTATS3, but not significantly by the treatment of
U0126. These data suggest that IL-11 mediates the resis-
tance to cell death induced by H,O; through STAT3.

4. Discussion
In the present study, we demonstrated that IL-11 admin-
istration prevented reperfusion injury in hearts. STAT3

and ERKs were rapidly activated by IL-11 in the cultured
cardiac myocytes. IL-11 treatment resulted in cardiomyocyte
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elongation in vitro. Moreover, IL-11 promoted cell survival
against serum depletion in vitro. Interestingly, IL-11 pre-
vented the cell death induced by H,O, through STATS3.
This is the first demonstration that IL-11 regulates cardio-
myocyte function as a cardioprotective cytokine.

Previously it was reported that IL-11 is expressed in the
cardiac myocytes [14]. However, it remains to be elucidated
whether IL-11 transduces signals in cardiac myocytes.
Here, we demonstrated that IL-11Ra was expressed in
the cardiomyocytes and that the stimulation with IL-11
resulted in a rapid activation of STAT3 and ERK 1/2 in
cardiac myocytes. Moreover, IL-11 treatment resulted in
the rapid translocation of STAT3 into nuclei in cardiac
myocytes. These findings indicate that cardiac myocytes
are the direct targets of IL-11.

Compared with cardiac myocytes, PCR product for IL-
11Ra was detected in low level in the total RNA from car-
diac fibroblasts. However, theoretically, it is impossible to
compare the expression level of its transcript between car-
diac myocytes and cardiac fibroblasts, based on these
results, because there might be difference in the content
of total RNA per cell, the proportion of mRNA to total
RNA and the component of mRNA, between the two cell
types. Since IL-11 stimulation resulted in the activation of
STAT3 and ERK 1/2 in cardiac fibroblasts, our data dem-
onstrate that functional IL-11 receptor is expressed in car-
diac fibroblasts, though its biological significances remain
to be elucidated.

IL-11 increased the cell surface area with cell elongation
in cardiac myocytes, characteristic of gpl30-mediated car-
diotrophic effects [20]. However it is unlikely that IL-11 sig-
nals play critical roles in cardiac development, because no
cardiac abnormality is observed during development either
in IL-11R null mice [25,26] or in cardiac specific gp130 null
mice [2]. Since cardiac specific ablation of gpi30 gene
results in the susceptibility to pressure overload [2], it could
be postulated that IL-11 contributes to the resistance to
myocardial stresses, in coordination with other cardio-
trophic IL-6 family cytokines, such as LIF.

In this context, to address the biological importance
of IL-11 in cardiac functions, we examined the effects
of IL-11 on cell viability. To induce the cell death, car-
diac myocytes were exposed to reactive oxygen species,
such as H,0,, and the cell death was estimated by stain-
ing with annexin V. IL-11 reduced the cell death induced
by H,0,, through STAT3 pathway. So far, STAT3 path-
way has been proposed as the signaling pathways respon-
sible for IL-6 family cytokine-mediated cardioprotection.
Constitutive activation of STAT3 reduces the ischemia/
reperfusion injury in the hearts [6]. It has been also
reported that STAT3 contributes to ischemic precondi-
tioning in the hearts [27,28]. These findings support the
functional relevance of STAT3 in IL-11-mediated
cardioprotection.

The inhibition of ERK pathway did not significantly
affect IL-11-mediated anti-apoptotic effects against H,O,
treatment. However, this result does not exclude the possi-

bility that ERK activation is related with IL-11-mediated
cardioprotection, because it is proposed that cell elonga-
tion by signals through gpl130 is mediated by ERK path-
way and is closely related with cell viability [29]. IL-11
might differentially utilize STAT3 and/or ERKs as cyto-
protective signals, dependent on cytotoxic stimuli.

This study is the first demonstration that IL-11 targets
cardiac myocytes and mediates cardioprotective signals.
Previous studies have proposed that activation of gpl30
or its downstream signal, especially STAT3, by IL-6-family
cytokines is a promising strategy against cardiovascular
diseases [6,30]. Clinically, IL-11 is utilized for the chemo-
therapy-induced thrombocytopenia at 25-50 pg/kg. In the
preliminary experiments, we examined the phosphorylation
status of STAT3 in the hearts after injection of 0, 0.08, 0.8,
8, and 25 pg/kg of IL-11. And we confirmed the sub-max-
imal activation of STAT3 by the injection of 8 pg/kg of
IL-11 (data not shown). Thus we examined the cytoprotec-
tive effects of IL-11 injection at 8 pg/kg and demonstrated
that this dosage of IL-11 exhibited the cardioprotective
effects against ischemia/reperfusion. Considering the clini-
cal availability due to limited adverse effects, our data pre-
sented here propose that IL-11 therapy might exert
beneficial effects against cardiovascular diseases, because
clinical benefits on cardiovascular systems can be achieved
at lower dosage than clinical dosage for thrombocytopenia,
as described above.

In conclusion, we have demonstrated that IL-11 acti-
vated STAT3 and ERK pathways in cardiac myocytes,
contributing to cardioprotection. IL-11/IL-11R system
might be a promising target to preserve myocardium in car-
diovascular diseases.
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Cysteinyl leukotriene upregulates IL-11
expression in allergic airway disease of mice
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Background: Chronic airway inflammation and airway
remodeling are important features of bronchial asthma. IL-11
is one of the important mediators involved in the process of
airway inflammation and remodeling. Cysteinyl leukotrienes
(cysLTs) play roles in recruitment of inflammatory cells, airway
smooth muscle contraction, vascular leakage, increased mucus
secretion, decreased mucociliary clearance, and airway fibrosis.
Objective: An aim of the present study was to determine the
effect of the cysLTs on the regulation of IL-11 expression.
Methods: We used a C57BL/6 mouse model of allergic airway
disease and murine tracheal epithelial cells to examine the
effects of cysLTs on the regulation of IL-11 expression.
Results: Our present study with an ovalbumin-induced murine
model of allergic airway disease revealed that levels of
leukotriene C4 (LTC,) in bronchoalveolar lavage fluids were
increased and that administration of montelukast or pranlukast
reduced the increased levels of LTCy; the increased expression
of IL-11 protein and mRNA in lung tissues; airway
inflammation, bronchial hyperresponsiveness; the increased
levels of TGF-B,, IL-4, and IL-13 in bronchoalveolar lavage
fluids and lung tissues; and airway fibrosis. In addition, LTC,4
stimulates epithelial cells to produce IL-11. Our results also
showed that cysLT type 1 receptor antagonists downregulated
the activity of a transcription factor, nuclear factor kB, and
BAY 11-7085 substantially reduced the increased levels of IL-11
after ovalbumin inhalation.

Conclusion: These results suggest that cysLTs regulate the
IL-11 expression in allergic airway disease.

Clinical implications: These findings provide one of the
molecular mechanisms for the effects of cysLTs on airway
inflammation and fibrosis in allergic airway diseases. (J Allergy
Clin Immunol 2007;119:141-9.)

Key words: Cysteinyl leukotrienes, IL-11, airway, inflammation,
remodeling
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Chronic airway inflammation and airway remodeling
are important features of bronchial asthma.' The airway
obstruction observed in asthma is thought to be caused
by airway remodeling. The histopathologic features of
this process include epithelial changes, subepithelial fibro-
sis, infiltration of inflammatory cells, hyperplasia and
hypertrophy of the bronchial smooth muscle, and mucus
hypersecretion. One of the most prominent features of
airway remodeling is subepithelial fibrosis, and this char-
acteristic is reportedly a potential marker for disease se-
verity.? IL-11 is one of the important mediators involved
in the process of airway inflammation and remodeling >
IL-11 was initially discovered as an IL-6-like plasmacy-
toma proliferation stimulating activity in supernatants
from transformed marrow fibroblasts.” Studies have
shown that IL-11 acts as a hematopoietic growth factor,
stimulates the acute-phase response, augments Ig pro-
duction, induces the expression of metalloproteinase
inhibitors, regulates neural phenotype, regulates bone
metabolism, and protects against the combined effects
of radiation and chemotherapy.>'? Previous studies
have also demonstrated that human lung fibroblasts
and epithelial cells produce 1L-11 in response to cyto-
kines (IL-1 and TGF-B), histamine, and viruses that
have been epidemiologically associated with asthma ex-
acerbations.*!* Tn addition, IL-11 has been shown to
play an important role in the inflammatory and fibrotic
responses in both viral and nonviral human airway
disorders.*

Leukotrienes (LTs), lipid mediators generated from
arachidonic acid by the action of 5-lipoxygenase, play
important roles in the pathogenesis of allergic airway
inflammation. !¢ LTC,4, LTD,, and LTE,, known as cys-
teinyl leukotrienes (cysLTs), are both direct bronchocon-
strictors and proinflammatory substances. The cysLTs
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exhibit a variety of physiologic functions involving re-
cruitment of inflammatory cells, airway smooth muscle
contraction, vascular leakage, increase of mucus secretion,
decrease of mucociliary clearance, and airway fibrosis.!”!®
However, the mechanisms by which cysLTs induce air-
way inflammation and remodeling, especially airway
fibrosis, are not clearly understood.
In the present study we used a murine model of allergic
airway disease and murine tracheal epithelial cells to
\ determine the effect of the cysLTs on the regulation of
IL-11 expression.

METHODS

More detailed information about the methods used in this study
can be found in the Online Repository at www _jacionline.org.

Animals and experimental protocol

Female C57BL/6 mice, 8 to 10 weeks of age and free of murine-
specific pathogens, were obtained from the Korean Research Institute
of Chemistry Technology (Daejon, Korea), housed throughout the
experiments in a laminar flow cabinet, and maintained on standard
laboratory chow ad libitum. Mice were sensitized and challenged as
previously described,?® with some modifications.

Administration of montelukast, pranlukast,
anti-IL-11 antibody, isotype control
mAb, or BAY 11-7085

Montelukast sodium (L-706, 631; 5 mg/kg body weight per day;
Merck & Co, Inc, Rahway, NJ) dissolved in 1% methyl cellulose or
pranlukast (25 mg/kg body weight per day; Ono Pharmaceutical
Co, Ltd, Osaka, Japan) dissolved in distilled water was adminis-
tered by means of oral gavage 11 times at 24-hour intervals on days
19 to 29, beginning 1 day before the first challenge. Anti—IL-11
antibody or isotype control mAb (8 mg/kg body weight per day;
R&D systems, Inc, Minneapolis, Minn) was administered intraper-
itoneally 2 times to each animal, once on day 23 (1 hour after the
last airway challenge) and the second time on day 29 (6 days after
the last airway challenge). BAY 11-7085 (20 mg/kg body weight
per day; BIOMOL International L.P., Plymouth Meeting, Pa)
dissolved in dimethyl sulfoxide and diluted with 0.9% NaCl was
administered by means of intraperitoneal injection 2 times to each
treated animal, once on day 23 (1 hour before the last airway
challenge) and the second time on day 29 (6 days after the last
airway challenge, see Fig E1 in the Online Repository at www.
jacionline.org).”!*

Isolation and primary culture of murine
tracheal epithelial cells

Murine tracheal epithelial cells were isolated under sterile condi-
tions, as previously described.?®

LTC, or LTD, stimulation and
IL-11 production

Cells were seeded in 6-well culture inserts at a density of 1 X 10°
cells/mL and grown in culture medium. At confluence, LTC, (Sigma-
Aldrich, St Louis, Mo) or LTD, (BIOMOL International L.P.) was
added to the cells at varying concentrations (1-1000 ng/mL).

Western blot analysis

Protein expression levels were analyzed by means of Western blot
analysis, as described previously.”
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Cytosolic or nuclear protein extractions
for analysis of nuclear factor kB p65

Cytosolic or nuclear extraction was performed as described
previously. !

RNA isolation and RT-PCR

Levels of mRNA expression were analyzed by means of RT-PCR
assay, with total RNA isolated from lung tissues by using a rapid
extraction method (TRI-Reagent), as previously described.”

Quantitative real-time RT-PCR

Quantitative RT-PCR analysis was performed with the Light-
Cycler FastStart DNA Master SYBR Green I (Roche Diagnostics,
Mannheim, Germany).

Densitometric analysis and statistics

All immunoreactive signals were analyzed by means of densito-
metric scanning (Gel Doc XR; Bio-Rad, Hercules, Calif). Data were
expressed as means = SEM. Statistical comparisons were performed
by using 1-way ANOVA, followed by the Scheffe test. Significant
differences between 2 groups were determined by using the unpaired
Student ¢ test. Statistical significance was set at a P value of less
than .05.

RESULTS

IL-11 protein levels and mRNA expression
increased in ovalbumin-sensitized and
ovalbumin-challenged mice

Western blot analysis revealed that IL-11 protein levels
in lung tissues were increased approximately 4.4-, 5.7-,
6.1-, 7.0-, and 7.1-fold at )2, 1, 3, 5, and 7 days, respec-
tively, after challenge with ovalbumin (OVA) compared
with the levels in the control group (Fig 1, A and B). In
contrast, no significant changes in the IL-11 protein level
were observed after saline inhalation. Real-time RT-PCR
analysis revealed that IL-11 mRNA expression had in-
creased approximately 1.4-, 1.5-, 2.2-, 2.2-, and 2.3-fold
at 2, 1, 3, 5, and 7 days, respectively, after OVA inhala-
tion compared with the expression in the control group
(Fig 1, D). In contrast, no significant changes in the
IL-11 mRNA expression were observed after saline inha-
lation (Fig 1, C and D).

Effect of montelukast or pranlukast on IL-11
protein levels and mRNA expression

in lung tissues of OVA-sensitized and
OVA-challenged mice

Western blot analysis revealed that levels of IL-11
protein in lung tissues were increased at 7 days after OVA
inhalation compared with levels in control mice (Fig 2, A
and B). The increased IL-11 levels at 7 days after OVA
inhalation were decreased by the administration of mon-
telukast or pranlukast. RT-PCR and real-time RT-PCR
analyses showed that IL-11 mRNA expression in lung
tissues was increased at 7 days after OVA inhalation
compared with the expression after saline inhalation
(Fig 2, C and D). The increased IL-11 mRNA expression
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FIG 1. IL-11 protein and mRNA in lung tissues of OVA-sensitized and OVA-challenged mice. Sampling was
performed in lung tissues from sensitized mice challenged with OVA or saline. A, Western blot analyses of
IL-11 protein. B, Densitometric analyses are presented as the relative ratio of IL-11 to actin. The relative ratio
of IL-11 in the lung tissues of control mice is arbitrarily presented as 1. C, Representative RT-PCR analysis of
IL-11 mRNA expression. D, Quantitative analysis of IL-11 mRNA expression by means of real-time RT-PCR. Data
represent means + SEM from 8 mice per group. Time periods after the last challenge are indicated as %, 1, 3, 5,
and 7 days. Control, No treatment; Pre, 1 hour before the first challenge. #P < .05 versus Pre; *P < .05 versus
saline inhalation.
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FIG 2. Effect of montelukast or pranlukast on IL-11 protein and
mRNA in lung tissues of OVA-sensitized and OVA-challenged mice.
A, Western blot analysis of IL-11. Sampling was performed at 7
days after the last challenge in saline-challenged mice adminis-
tered saline (SAL+SAL), OVA<hallenged mice administered saline
(OVA+SAL), OVA-challenged mice administered drug vehicle
(OVA+VEH), OVA-challenged mice administered montelukast
(OVA+MONTE), and OVA-challenged mice administered pranlu-
kast (OVA+PRAN). B, Densitometric analyses are presented as
the relative ratio of IL-11 to actin. The relative ratio of IL-11 in the
lung tissues of saline-inhaled mice administered saline is arbi-
trarily presented as 1. C, Representative RT-PCR analysis of IL-11
mRNA expression. D, Quantitative analysis of IL-11 mRNA expres-
sion by means of real-time RT-PCR. Data represent means = SEM
from 8 mice per group. #P < .05 versus SAL+SAL group; *P < .05
versus OVA+SAL group.
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was reduced by the administration of montelukast or
pranlukast.

Effect of LTC4 on IL-11 protein and mRNA
expression in primary murine tracheal
epithelial cells

The effect of LTC, on the production of IL--11 from ep-
ithelial cells is shown in Fig 3. Western blot analysis re-
vealed that the maximal levels of IL-11 were detected in
the presence of LTC, (100 ng/mL) at 8 hours of incuba-
tion. The release of IL-11 was undetectable at 3 and 5
hours of incubation (data not shown). Epithelial cells
were treated with montelukast to suppress the LTC,-
induced IL-11 production. Incubation of montelukast
(100 nM) with cells treated with LTC,4 (100 ng/mL) signif-
icantly inhibited the production of IL-11 (Fig 3). Monte-
lukast alone had no effect on the IL-11 production of
unstimulated cells (data not shown).

RT-PCR analysis was used to detect the mRNA ex-
pression of IL-11 in response to stimulation of epithelial
cells with LTC,4. At stimulation of epithelial cells with
LTC,, the IL-11 mRNA expression reached a peak at
6 hours (Fig 3, C) and faded at 12 hours and 24 hours
(data not shown). Real-time PCR was applied to further
confirmthe increase of IL-11 mRNA expression. At6 hours
of incubation, the expression of IL-11 mRNA was in-
creased approximately 2.1-fold compared with that seen
in unstimulated cells (Fig 3, D). In addition, montelukast
inhibited the gene transcription for IL-11 substantially.

Effect of montelukast or pranlukast on
nuclear factor kB p65 protein levels

in lung tissues of OVA-sensitized and
OVA-challenged mice

Western blot analysis revealed that levels of nuclear
factor kB (NF-kB) p65 protein in nuclear protein extracts
from lung tissues were increased at 7 days after OVA
inhalation compared with levels in control mice (Fig 4).
The increased NF-kB p65 levels in nuclear protein ex-
tracts were decreased by the administration of montelukast
or pranlukast. In contrast, levels of NF-kB p65 protein in
cytosolic protein extracts were decreased compared with
levels in control mice. The decreased NF-kB p65 levels
in cytosolic preparations were increased by the adminis-
tration of montelukast or pranlukast. These results indicate
that montelukast and pranlukast inhibit NF-kB activity by
preventing translocation of this transcription factor into
the nucleus (Fig 4).

Effect of BAY 11-7085 on IL-11 levels
in lung tissues of OVA-sensitized
and OVA-challenged mice

Western blot analysis showed that IL-11 protein
levels in lung tissues were increased significantly at 7
days after OVA inhalation compared with levels after
saline inhalation (Fig 5). The increased IL-11 levels were
significantly reduced by the administration of BAY
11-7085.
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FIG 3. Effect of LTC, on IL-11 production by primary tracheal epithe-
lial cells. A, Western blot analysis of IL-11. B, Densitometric analy-
ses are presented as the relative ratio of IL-11 to actin. The relative
ratio of IL-11 in the epithelial cells incubated with buffer alone is
arbitrarily presented as 1. C, Representative RT-PCR analysis of
IL-11 mRNA expression. D, Quantitative analysis of IL-11 mRNA
expression by means of real-time RT-PCR. Data represent means
+ SEM from 6 independent experiments. MONTE, Montelukast.
#P < .05 versus buffer alone; *P < .05 versus 100 ng/mL LTC,.

Effect of montelukast or pranlukast on
pathologic changes of OVA-sensitized
and OVA-challenged mice

Histologic analyses revealed typical pathologic features
of allergic airway disease in the OVA-sensitized and
OVA-challenged mice. Numerous inflammatory cells,
including eosinophils, infiltrated around the bronchioles;
the airway wall was thickened; and mucus and debris had
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FIG 4. Effect of montelukast or pranlukast on NF-kB p65 protein
expression in nuclear and cytosolic protein extracts from lung
tissues. A, Western blotting of NF-xB p65 in nuclear (Nuc) and
cytosolic (Cyt) protein extracts from lung tissues. B, Densitometric
analyses are presented as the relative ratio of NF-xB p65 levels in
the OVA+SAL, OVA+VEH, OVA+MONTE, or OVA+PRAN groups
to those in the SAL+SAL group. The NF-kB p65 level in nuclear
protein extracts of the SAL+SAL group is arbitrarily presented as
1. Bars represent means + SEM from 8 mice per group. For defini-
tion of groups, see legend for Fig 3. #P < .05 versus SAL+SAL
group; *P < .05 versus OVA+SAL groups.

accumulated in the lumen of bronchioles. Mice treated
with montelukast or pranlukast showed marked reductions
in the thickening of the airway wall, the infiltration of
inflammatory cells in the peribronchiolar region, and the
amount of debris in the airway lumen. These results
indicate that montelukast and pranlukast inhibit antigen-
induced inflammation in the lungs, including the influx of
eosinophils (see Fig E2 in the Online Repository at
www.jacionline.org).

Effect of montelukast, pranlukast, or
anti-IL-11 antibody on TGF-f3, levels in lung
tissues and bronchoalveolar lavage fluids of
OVA-sensitized and OVA-challenged mice

Western blot analysis showed that TGF-3; protein
levels in lung tissues were significantly increased at 7 days
after OVA inhalation compared with levels in control mice
(see Fig E3 in the Online Repository at www.jacionline.
org). The increased TGF-f3; levels were significantly re-
duced by the administration of montelukast, pranlukast,
and anti-IL-11 antibody. Consistent with the results ob-
tained from the Western blot analysis, enzyme immunoas-
says revealed that levels of TGF-; in bronchoalveolar
lavage (BAL) fluids were significantly increased at 7 days
after OVA inhalation compared with levels in control mice
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FIG 5. Effects of BAY 11-7085 on IL-11 expression in lung tissues of
OVA-sensitized and OVA-challenged mice. A, Western blotting of
IL-11 in lung tissues. B, Densitometric analyses are presented as
the relative ratio of IL-11 to actin. The relative ratio of IL-11 in the
lung tissues of the SAL+SAL group is arbitrarily presented as 1.
Bars represent means = SEM from 8 mice per group. For definition
of groups, see legend for Fig 3. #P < .05 versus SAL+SAL group;
*P < .05 versus OVA+SAL group.

(see Fig E3 in the Online Repository). The increased TGF-
31 levels were significantly reduced by the administration
of montelukast, pranlukast, and anti-IL.-11 antibody.
No significant changes were observed in OV A-sensitized
and OV A-challenged mice administered isotype control
mADb.

Effect of montelukast, pranlukast, or
anti-IL-11 antibody on IL-4 and IL-13 levels
in lung tissues and BAL fluids of
OVA-sensitized and OVA-challenged mice

Western blot analysis showed that IL-4 and IL-13
protein levels in lung tissues were significantly increased
at 72 hours after OV A inhalation compared with levels in
control mice (see Fig E4 in the Online Repository at
www.jacionline.org). The increased IL-4 and I1.-13 levels
were significantly reduced by the administration of mon-
telukast, pranlukast, and anti—IL-11 antibody. Consistent
with the results obtained from the Western blot analysis,
enzyme immunoassays revealed that levels of IL-4 and
IL-13 in BAL fluids were significantly increased at 72
hours after OVA inhalation compared with levels in con-
trol mice (see Fig E4 in the Online Repository). The in-
creased IL-4 and IL-13 levels were significantly reduced
by the administration of montelukast, pranlukast, and anti-
IL-11 antibody. No significant changes were observed in
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OV A-sensitized and OVA-challenged mice administered
isotype control mAb.

Effect of montelukast, pranlukast, or
anti-IL-11 antibody on peribronchial
collagen deposition

OVA-sensitized and OV A-challenged mice had a sig-
nificant increase in the levels of peribronchial fibrosis
compared with levels in control mice, as assessed by
means of trichrome staining and determination of total
lung collagen content. The administration of montelukast,
pranlukast, or anti—IL-11 antibody substantially reduced
the increased levels of peribronchial fibrosis after OVA
inhalation compared with the levels seen in mice that had
no treatment after OVA inhalation (see Fig ES in the
Online Repository at www jacionline.org).

DISCUSSION

Airway inflammation and fibrosis are prominent fea-
tures of bronchial asthma and are connected by complex
signaling networks. cysLTs and IL-11 are thought to
contribute to the pathogenesis of allergic airway disease,
but interrelationship between these proteins in airway
inflammation and fibrosis has not been clarified. Our
present study with an OVA-induced murine model of
allergic airway disease has revealed that levels of LTC,
in BAL fluids were increased (see Fig E6 in Online
Repository at www.jacionline.org) and that administration
of montelukast or pranlukast reduced the increased levels
of LTC,; the increased expression of IL-11 protein and
mRNA in lung tissues; airway inflammation; bronchial
hyperresponsiveness (see Fig E7 in Online Repository at
www.jacionline.org); the increased levels of TGF-B;
II-4, and IL.-13 in BAL fluids and lung tissues; and airway
fibrosis. In addition, treatment of epithelial cells with
LTC, stimulated the expression of IL-11 protein and
mRNA. Our results have also indicated that cysLT type
1 receptor (cysLT1R) antagonists downregulated the ac-
tivity of a transcription factor, NF-kB, and that an inhibitor
of NF-kB activation, BAY 11-7085, reduced the expres-
sion of IL-11 protein. These findings suggest that
cysLTIR antagonists inhibit the NF-kB signal transduc-
tion pathway by decreasing NF-kB binding activity to
the promoter region of the IL-11 gene involved in airway
inflammation and remodeling in allergic airway disease.

A pleotropic cytokine, IL-11, is produced by many cell
types, including human lung fibroblasts, alveolar and
airway epithelial cells, human airway smooth muscle
cells, and eosinophils'* 4?27 and is classified as a mem-
ber of the IL-6 family of cytokines based on functional
similarities between IL-11 and IL-6 and the shared use
of gp130 molecules in their receptor complexes.”**
Tang et al* have demonstrated that the targeted expression
of IL-11 in the mouse airway causes a B and T cell—pre-
dominant inflammatory response; airway remodeling
with increased type III and I collagen; local accumulation
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FIG 6. A proposed signaling pathway for cysLT-induced IL-11 expression in allergic airway disease. Our data
suggest that cysLT receptor signal is involved in the regulation of IL-11 expression, and the NF-«B pathway
could be one of its various regulatory mechanisms. /-« B, Inhibitory kappa B.

of fibroblasts, myofibroblasts, and myocytes; and obstruc-
tive physiologic dysregulation. They suggest that IL-11
plays an important role in the inflammatory and fibrotic re-
sponses in airway disorders. A previous study has shown
that IL-11 expression is found to be increased in the air-
ways of patients with asthma compared with in healthy
control subjects and seems to correlate with disease sever-
ity and a reduced FEV.*” Consistent with these observa-
tions, in this study we have found that IL-11 expression
was upregulated in OV A-induced allergic airway disease.
Interestingly, cysLT1R antagonist blocked LTC,-stimu-
lated production of IL-11 from epithelial cells, and admin-
istration of montelukast or pranlukast reduced the
increased IL-11 expression, as well as the increased ex-
pression of TGF-83,, IL-4, and IL-13. In addition, the in-
creased expression of TGF-B,, IL-4, and IL-13; the
increased airway inflammation; and bronchial hyperres-
ponsiveness were decreased substantially by administra-
tion of anti-IL-11 antibody. These results suggest that
cysLT receptor signaling is associated with the regulation
of IL-11 expression and that treatment of the cysLTIR
antagonists might improve the features of allergic airway
disease through regulation of IL.-11 expression.

NF-kB is present in most cell types and is known to play
a critical role in immune and inflammatory responses,
including asthma.*®*® As expected, the NF-kB p65 pro-
tein level in nuclear protein extracts of lung tissues was
substantially increased in the OVA-induced model of
allergic airway disease used for the present study. It is
known that activation of this transcription factor induces
a variety of inflammatory genes that are abnormally ex-
pressed in asthma. These genes include cytokines (eg,
IL-4, IL-5, IL-9, IL-11, IL-15, and TNF-a), chemokines
(eg, RANTES, eotaxin, and monocyte chemotactic protein
3), and adhesion molecules (eg, intracellular adhesion

molecule 1 and vascular cell adhesion molecule 1).37"38

Previous studies have revealed that the signaling pathways
related to 1IL-11 induction are the H7-sensitive serine/
threonine kinase and protein kinase C pathway, activator
protein 1-mediated pathway, calmodulin-dependent
pathway, and mitogen-activated protein kinase—depen-
dent pathway.jl'14’15’39"43 However, the regulatory mecha-
nisms of IL-11 expression are not clear at the present time
and are complex and cell/tissue specific. In this
study expression of IL.-11 was increased significantly after
allergen challenge in a murine model of allergic airway
disease. Administration of montelukast or pranlukast re-
sulted in significant reduction of NF-kB activity, as well
as expression of IL-11. In addition, the increased IL-11
protein levels after OVA inhalation were decreased by
administration of an inhibitor of NF-kB activation, BAY
11-7085. Moreover, the administration of BAY 11-7085
decreased the increased 1L-11 protein levels in LTCy-
stimulated epithelial cells (data not shown). Therefore these
observations suggest that the NF-kB—dependent path-
way could be one of the various regulatory mechanisms
related with induction of IL-11 expression in allergic
airway disease.

There are 2 types of cysLT receptors, cysLTIR and
cysLT type 2 receptor (cysLT2R), which were originally
defined pharmacologically based on their sensitivity to
cysLT1R-specific antagonists. cysLT1R and cysLT2R are
only Ioosely homologous (38% amino acid identity)****
and also share a similar degree of identity (24% to 32%)
with the purinergic (P2Y) class of G protein—coupled
receptors that mediate cellular responses to extracellular
nucleotides.*® In the present study we have revealed that
the expression of both cysLT1R and cysL.TR2 in tracheal
epithelial cells stimulated with LTC, was increased com-
pared with that seen in unstimulated cells (see Fig E8 in

Ex. 2001 - Page1394




i

3

N

A

148 Lee et al

Online Repository at www.jacionline.org). In addition, we
have shown that the IL-11 protein levels in epithelial cells
were increased significantly after the stimulation of LTDy,
as well as LTC,, and the increased expression of IL-11
was partially inhibited by montelukast, a cysLT1R antag-
onist (see Fig E9 in the Online Repository at
www.jacionline.org).

Taken together, these findings suggest that cysLT2R,
as well as cysLTIR, signaling contributes to the LTCy4-

v\ or LTDy-induced IL-11 expression in allergic airway

disease.

In summary, we have examined the effect of the cysLTs
on the regulation of IL-11 expression in a murine model of
allergic airway disease and murine tracheal epithelial
cells. By using montelukast and pranlukast, specific
cysLT1R antagonists, we have shown the important role
of cysLTs in OV A-induced airway hyperresponsiveness,
inflammation, and fibrosis. Moreover, our results have
revealed that LTC, stimulated the expression of IL-11 pro-
tein and mRNA from epithelial cells, and administration
of montelukast and pranlukast reduced 1L-11 protein and
mRNA expression. On the basis of these observations,
we have concluded that cysLT receptor signal is involved
in regulation of IL-11 expression (Fig 6). Our findings
might also assist a strategy in the treatment of airway fibro-
sis and inflammation in allergic airway disease.

We thank Professor Mie-Jae Im for critical reading of the
manuscript.
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stimulated gene program in fibroblasts from
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Abstract
Background: interstitial lung disease is a major cause of morbidity and mortality in systemic sc lefosm
insufficiently effective treatment options. Progression of pulmonary fibrosis involves expanding popula
fibroblasts, and the accumulation of extracellular matrix proteins. Characterisation of 5S¢ lung fibroblas
n profiles underlying the fibrotic cell p“v—*r‘-o-*yp: could enable a better understanding of the processes

e the progressive build-up of scar tissue in tl"@ fungs. In this study we evaluate the transcriptomes of
fibroblasts isolated from SSc fung biopsies at the sis, cornpared with those from control lungs.
Methods: We used Affymetrix e gene ii‘i‘(prii‘SSiOﬂ pr- file of pulmonary
fibrobiasts cultured from 8 p atients with pu ﬁ"dt?g with S5¢ SC”—H.D), N Lko% frorn control
lung tissue peripheral to rey-x"'cd cancer .', =10). Fibbroblast cuitures from 3 patients with io‘f putmonary
ﬁbrosés (iPF) were included as a further comparison. Genes differentially expressed were identified using two

separate analysis programs foliowing a set of 3 sonly genes significant in both analyses were
fomdere” Microarray expression data was verified by gR /or western blot analysis.
Rasults: A total of 843 genes were identified as differenti ally expressad in pulmonary fibroblasts from SSc-ILD and/
or IPF compared to controi lL 10 with a large overlap in the expression profiles of t Oﬂ“ /
increased expression of a TGF-B response signature including ;"ibr sis associated genes 2
with marked hetercgeneity across samples. Strongly suppressed expression of H“TNLN’“F. sti =1'T ..j genes
including antiviral, chernoking, anc :1 MHC class 1 genes, was uniforrnly observed in
expression profile includes key regu! stors and mediators of the interferon response, such a
was also independent of disease group.
Conclusions: This study identified a s or‘qlv suppressed interferon-stimulated gene program in fibs
ibrotic lung. The data suggests that h repres J expression of int Ferm stimutated genes may unds
aspects of the profibrotic fibroblast phenotype, identifying an are fibrosis that requires further
investigation
Keywords: SScLD, IPF, Pulmonary ficroblasts, Interferon regulated genes
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Background

Pulmonary fibrosis, characterised by the destruction of
lung architecture leading to organ failure, is, together
with pulmonary hypertension (PH), the leading cause of
death in patients with systeroic sclerosis {S5¢) [1] Intersti-
tial lung disease is more common in 85¢ (SSc-ILD) than
in any other connective tissue disease, cocurring in > 70%
of patients [2], and is most frequently associated with a
pattern of non-specific interstitial pneumonia (NSIP) [3].
Despite intense research efforts, the underlying mecha-
nisms of SSc-ILD rernain largely unknown [4], and there
are currently limited therapeutic options for this serious
coraplication [2].

While a large number of hypothesis-driven studies
have ideutified potential profibrotic mediators [4,5], traosla-
tion of these into therapeutic targets has so far been largely
disappointing [6]. The search for more effective targets in
lung fibrosis is now being addressed using hypothesis
generating microarcay-based strategles {7,8]. The majority
of these studies have investigated gene expression in whole
lung tissue samples, mostly in the idiopathic setting {5].
Matrix metalloproteinase {MMP) 7 [9], osteopontin {10],
Twisti [11} and MMP19 {12], are among suggested media-
tors identified using this strategy in idiopathic pulmonary
fibrosis (IPF), a disease characterised by a histological pat-
tern of usual interstitial pneumonia (UIP} [13,14]. In SSc,
most microarray studies have been perforroed on skin biop-
sies and dermal fibroblasts [7]. However, a recent study
corapared whole lung tissue and fibroblasts isolated, at the
time of transplant, from 5Sc-ILD lungs with a histological
pattern of UIB, with those from IPF and idiopathic PH. The
investigators reported gene profiles of 5S¢-ILD/UIE with ei-
ther predorinant fibrosis or PH, overlapping with profiles
of IPF and idiopathic PH, respectively [1

While the initiating factors for fibrosis development
may vary between diseases, the progressive accumulation
of scar tissue in the lung is characterised by coramon
themes, incuding expanding populations of activated fi-
broblasts, and excessive accurnulation of extracellular
matrix (ECM} proteins [5]. An important strategy to iden-
tify potential therapeutic targets, therefore, is to define fi-
brotic fibroblast phenotypes so as to delineate underlying
key raechanisms for fibrosis progression.

Here we report analysis of the transcriptome of fibro-
blasts isclated frors surgical lung biopsies at the time of
diagnosis, from patients with well defined $5¢-1LD and
the histopathological pattern of NSIP. Although the main
aim of this study was to compare 35¢c-ILD/NSIP fibroblast
gene expression profiles with those of control lung fibro-
blasts, we also included a small number of 1PP-derived
fibroblast lines, as a separate fibrotic group. Our study
confirms, with a robust signature in both diseases, the ab-
errant expression of previously reported myofibroblast
markers and fibrosis mediators, and identifies a number of

novel, co-expressed putative disease targets. We also ob-
served the suppression of a large gene program, the inter-
feron stimulated genes (ISGs), reported here for the first
time. From the known function of some of these genes
[16], it is possible to hypothesise that this suppressed pro-
gram underlies key fibrotic fibroblast properties, such as
hyper-proliferation, and apoptosis resistance. This study
therefore identifies a potential new area for investigation
and possible intervention in pulmonayy fibrosis.

Methods

Patients and primary hung fibroblasts

Primary adudt pulmonary fibroblasts were cultured from
control tissue samples of unaffected lung from patients
undergoing cancer-resection surgery (n=10), and from
surgical lung biopsy samples of 11 patients with pul-
monary fibrosis (S5¢-ILD 0=8 and IPF n=3). Independ-
ent reviews of the clinical and histopathologic diagnoses
were performed and conformed to established criteria
[17,18]. All of the S8c¢-ILD biopsies were characterised
by a fibrotic NSIP pattern, and the IPF biopsies by a UIP
pattern, based on current consensus criteria for these
histological patterns [19]. The control tissue was histo-
logically normal. Median age (range) was 60 (52-78} in
rols, 48 (38-69) in 58¢-ILD, and 61 (44--67) in IPF.
The gender distribution (M/F) was as follows: controls
6/4; SSc-ILD 2/6; IPF 2/1. Four of the SSc-ILD and two
of the IPF patients were ex-smokers. Smoking status was
not available for all control cases. In SS¢-TLD patients,
median (range) percent predicted FVC was 72.5% (61—
106), median FEV1 was 79% {58-92) and median DLCO
was 50% (24-58). In IPF patients, median FVC was 70%
(6475}, median FEV1 was 66% (55-79}), and median
DLCO was 50% (35-53). Patients had not been on corti-
costeraids or other imrounosuppressants pror te surgical
biopsy, as the biopsy was performed at the time of diagno-
sis of the ILD pattermn, prior to initiation of treatment. In-
formed written consent was given by all subjects, and
authorisation given by the Royal Brompton Hospital Eth-
ics Committee, Fibroblasts were obtained from the biop-
sies by explant culture, and cell coltures maintained, as
previously described [20,21}, Experiments were performed
oo fibreblasts at passage 2--5. Only one sample (51} was
used at passage 2. There was no difference in the median
passage number between the cootrol (median: 4.5; range:
3-5), 85¢-1LD {median: 4; range: 2-5) and IFF {(median: 4;
range 3-5) groups.

o

Microarray gene exprassion and analysis

At confluence, lung fibroblasts were serum-deprived for
42 hours {roedia changed at 18 hours) in the presence of
0.1% bovine serum albumin (Sigma}). Total RNA was
harvested (Trizol, Life Technologies), quantified, and the
integrity verified by denaturing gel electrophoresis. Samples
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with 2 285:185 ratios of approximately 2:1 were accepted
for further analysis by the Genomics Laboratory, CSC-
MRC, Imperial College London, Hamroersmith. RNA
samples were prepared for chip hybridisation following
manufacturer’s guidelines (Affyroetrix). Hybridisation of
cRNA to Affymetrix human U133Av2 chips, containing
approximately 14,500 well characterised human genes,
signal amplification, and data collection were performed
using an Affymetrix fluidics station and chip reader,
according to manufacturer’s protocol. Array normalisa-
tion, using the invariant set normalisation method, and
subsequent calculation of model-based expression values,
was performed using DNA-Chip Analyzer (dChip} [22]. A
list of differentially expressed genes was generated in
dChip using fold change 22, difference in means 2100,
and p<0.05. Significance analysis of microarrays (SAM) v
4.0 [23] was also used to determine significantly differen-
tially expressed genes with fold change 22, difference in
means 21006, delta =1, and a false discovery rate <0.01.
Only genes identified as differentially expressed according
to both programs were considered as different between
groups. Microarray data has been deposited in the (Gene
Expression Omnibus database [24], accession number
(G5E40833. Although the main aim of this study was to as-
sess global gene expression profiles in SSc-ILD compared
to controls, for completeness we present the comparison
between both 5Sc-ILD and IPF and controls separately in
tables. dChip software was used for data visualisation and
hierarchical average linkage clustering using Pearson’s cor-
relation [22].

Functional category analysis

Functional categories enriched in the differentially
expressed genes were identified using the functional an-
notation and clustering tool of the Database for Annota-
tion, Visualisation, and Integrated Discovery (DAVID} v
6.7 [25.26]. The probability that a Gene Ontology {(GO)
biological process term [27] is overrepresented was de-
termined by a roodified Fisher’s exact test, comparing
the proportion of genes in the whole genome which are
part of that GO term, to the proportion of the differentially
expressed genes which are part of the same GO term, and
was expressed as an EASE score. Clusters of overrepre-
sented GO terms were then generated based on the simi-
larity of differentially expressed genes assigned to each
functional GO term. Clusters were considered significantly
overrepresented if they contained a minimum of five GO
terms with an EASE score of < 0,01, A summary descrip-
tion of each cluster was generated based on the constitu-
tive GO term names of that cluster which achieved an
EASE score <0.05 following Benjamini-Hotchberg correc-
tion of multiple comparisons. Only clusters with enrich-
ment scores >3 (minus log transformed geometric mean of
the EASE scores of the constitutive terms, equivalent to

average EASE score=0.001) were selected. The open access
database INTERFEROME [28] was used to identify differ-
entially expressed genes which bave been shown experi-
mentally to be regulated by interferons.

qRT-PCR
RNA was extracted using the RNeasy® Mird kit (Qiagen)
according to manufacturer’s instructions. Samples were
quantified and quality assessed using the NanoDrop
spectrophotometry system (Thermo Scientific). Com-
plementary DNA (cDNA) was synthesised from 500 ng
RNA in a 20 pl reaction using the QuanTitect® reverse
transcription kit {Qiagen). Expression levels were mea-
sured using a Rotor Gene 6000 (Corbett) in 10 i reac-
tions containing 2 ul ¢DNA (five-fold dilution), 1 x
SensiMix™ SYBR NO-ROX (Bioline), and 0.5 M of each
forward and reverse primer (Table 1). PCR conditions
were: 10 minutes at 95°C, followed by 40 cycles of
10 seconds at 95°C, 15 seconds at 57°C, and 5 seconds
at 72°C. All reactions were performed in duplicate and
non-template controls were included for each gene.
Standard curves were generated for each gene studied
using seven two-fold serial dilutions, high standard of
1x107 copies/yl, of primer set amplicons generated from
cDMNA, Thresheld cycle was maopually determined at a
fixed value of 107® and the template quantity calculated
using Rotor Gene 6000 Series Software 1.7 (Corbett).
Expression levels were normalised to YWHAZ and
HPRT!I {29,301

Western blot analysis

Following pre-incubation for 24 hours in serum-free
media (DMEM, 0.1% BSA, penicillin/streptomycin), pul-
monary fibroblasts from healthy controls, SSc-ILD, and

Tablie 1 gRT-PCR primers

Gene

Forward primer Reverse primer

Normalisation genes
HPRTT  TGACACTGGCAAAACAATGCA  GGTCC CACCAGCAAGCT
YWHAZ  AC GGTACATTGTGGCTTCAA  CCGCCAGGACAAACCAGTAT

Genes of interest

CXCLT10  GAAAGCAGTTAGCAAGGAAAG  ATCCTTGGAAGCACTGCATC
D1 CCAGAACCGCAAGGTGAG GGTCCCTGATGTAGTCGATGA
IFITMT  TTCTTGAACTGGTGCTGTCT ATGAGGATGCCCAGAATCAG
L1t CCTGTGGGGACATGAACTGT AGGGTCTGGGGAAACTCG
IRF1 CAGCCCAAGAAAGGTCCTC TTGAACGGTACAGACAGAGCA
NOX4  CTGCTGACGTTGCATGTTTC CGGGAGGGTGGGTATCTAA
Serpine  GGAAAGGCAACATGACCAG CAGGTTCTCTAGGGGCTTCC

!

STATT  GGATCAGCTGCAGAACTGGT TTTCTGTTCCAATTCCTCCAA

Shown are the primers, written 5’ to 3; used for measuring expression levels
by gRT-PCR for validation of the microarray results. All primer pairs except for
YWHAZ, IRF1, and D1, are intron spanning.
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IPF (n=3 for each phenotype), were cultured for a fur-
ther 24 hours in fresh serum-free media. Cells were
lysed and western blot analysis was performed using the

following primary antibodies: CTGF and STAT1 (Santa
Cruz Biotechnology); aSMA (Dake); IFITMI1-3, 1IS8G15

and GAPDH (Abcam); IRF-1 {Cell Signaling Technol-
ogyv}; horseradish peroxidise conjugated secondary anti-
bodies {Dako and Cell Signaling Technology); and ECL
detection (Amersham).

Resuits

Gene expression profilas of fibrotic lung fibroblasts:
approximately two-thirds of differentially expressed
genes are down-regulated

Using an Affymetrix platform (U133Av2), we determined
basal (serum free} global gene expression levels in fibro-
blasts prepared from lung tissue of 8 patients with SSc-
ILD and 10 control lungs. As a further comparison we
also included 3 fibroblast cultures from lung tissue of
IPF patients. Unsupervised hierarchical cluster analysis
of samples and genes resulted in an overall separation of
fibrotic samples from controls (Figure 1). Two of the
5Sc¢-ILD samples clustered among the normal controls,
demonstrating recognised fibrotic fibroblast sample
heterogeneity.

When stringent criteria were applied, as described in
the methods section, 478 and 744 probe sets (probes in
future), equivalent to 360 and 547 genes, displayed dif-
ferential expression by at least two-fold in SSc-ILD and
IPF fibroblasts, respectively, compared to contro] fibro-
biasts, In 5Sc-ILD fbroblasts, 125 probes {99 genes)
showed significantly higher, and 353 probes {261 genes)
lower expression levels compared with controls (Additional
file 1). In IPF fibroblasts, 239 and 505 probes {181 and 366
genes) had significantly higher and lower expression, re-
spectively, compared with control fibroblasts (Additional
file 2). Thus, approxiroately two thirds of differentially
expressed genes were expressed at lower levels in fibro-
blasts from the two disease groups comparsd with con-
trols. The sets of underexpressed genes in the disease
groups, compared to normal cootrols, also contained the
most significantly differentiaily expressed genes, Table 2
lists the 20 most significantly differentially expressed, and
highest ranking (fold change) genes in SSc-ILD and IPF

samples, separately, versus controls. It should be noted
here that, while 379 out of a total of 843 probes were
differentially expressed in both S5Sc-ILD and IPF vs.
controls, most genes falling outside this overlap were
very nearly significant io the other disease group, ie.
followed similar trends without meeting cut-off criteria
When the two disease groups were compared directly,
only 8 probes (7 genes) were significantly differentially
expressed (Additional file 3). The 843 probes differen-
tially expressed in SS5¢-ILD and/or IPF, which also in-
clude the genes differentially expressed between these
two groups, are listed in Additional file 4. Within the
pooled fibrotic samples (IPF and S5c¢-ILD), no significant
difference was observed in the 843 probes according to
simoking st {

s (SAM analysis, data not shown).

Expression levels of a subset of genes identified by the
present microarray analysis were verified by qRT-PCR in
the microarray RNA samples demonstrating good cor-
relation between these two techniques (Figure 2. Pro-
tein levels for six differentially expressed genes, fibrosis
related genes; connective tissue growth factor (CTGF),
and alpha-smooth muscle actin (aSMA)}, and interferon
stimulated genes (ISG) signal transducer and activator
of transcription 1 (STAT1}, IFITM1-3 (all three isoforms
are detected by this antibody), ISG15 and IRF-1, were
determined by western blot analysis in independent
preparations of additional S5¢-1LD, IPE and control fi-
broblasts (Figure 3).

Functional groups over-represented among differentially
expressed genes

As predicted from the similarities between the two disease
groups with regards to differentially expressed genes, gene
ontology analysis revealed a major overlap in overrepre-
sented functional groups. Enviched functional groups
representing six broad categories (GO clusters) were iden-
tified among the genes with higher expression in disease fi-
broblasts compared with normal controls (see Table 3 for a
surnrnary of enrviched clusters of GO terms, and Additional
file 5 for full GO analysis): anatomical structure develop-
ment, regulation of cell cycle, response to stress and
wounding, regulation of apoptosis, cell migration, and
smooth  muscle contraction. Among  underexpressed/
downregulated genes, GO clusters included: inflammatory
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Table 2 Most differentially expressed genes in S8¢-ILD and IPF compared to controls

Genes overexpressed in SSc-ILD vs. Control Probe set ID Control mean SSc-ILD mean Fold change p value
Inhibitor of DNA binding 1, dominant negative helix-loop-helix protein  208937_s_at 255 9175 36.1 0.00078
Interleukin 11 206924 _at 236 7178 304 0.015
Inhibitor of DNA binding 3, dominant negative helix-loop-helix protein  207826_s_at ~ 27.7 603.2 218 0.00051
Tetraspanin 13 217979_at 379 5339 141 0.0033
Elastin 212670_at 437 396.9 9.1 0.0021
Xylosyltransferase | 213725_x_at 290 2554 88 0.0024
Serpin peptidase inhibitor, clade E, member 1 202628_s_at 3298 24732 75 0.0022
Basic helix-loop-helix family, member e40 201170_s_at 443 256.1 58 0.0014
Connective tissue growth factor 209101 _at 467.9 2637.1 56 0.00068
Solute carrier family 7, member 5 201195_s_at 561 2942 53 0.00022
Tropomyosin 1 (alpha) 206116_s_at 3175 1619.6 5.1 0.0032
Phosphoribosyl pyrophosphate synthetase 1 208447 _s_at 590 2834 48 0.0036
Inhibin, beta A 210511_s_at 1433 688.1 48 0.0012
Growth arrest and DNA-damage-inducible, beta 207574_s_at 681 306.6 45 0.0023
Coiled-coil domain containing 99 221685_s_at 851 3733 44 0.0018
Cadherin 2, type 1, N-cadherin (neuronal) 203440_at 105.3 433.0 41 0.00095
Desmoplakin 200606_at 80.5 306.1 38 0.0016
Insulin-like growth factor binding protein 3 212143_s_at 4086 1489.1 36 0.0068
Microtubule associated monoxygenase, calponin and LIM domain 212473_s_at 1847 667.5 36 0.0039
containing 2

Prostaglandin-endoperoxide synthase 1 215813_s_at 1024 362.0 35 0.0083
Genes underexpressed in SSc-ILD vs. Control Probe set ID Control mean SSc-ILD mean Fold change p value
Chemokine (C-X-C motif) ligand 10 204533_at 771.2 19.2 —40.1 0.00034
Chemokine (C-X-C motif) ligand 11 210163_at 179.9 50 -360 0.0027
Flavin containing monooxygenase 2 (non-functional) 211726_s_at 5304 15.7 -337 0.017
Interferon-induced protein with tetratricopeptide repeats 2 217502_at 707.1 26.1 =271 0.0096
Vascular cell adhesion molecule 1 203868_s_at  835.2 322 —-260 0.0049
Bone marrow stromal cell antigen 2 201641_at 3158 125 -253 0.0081
Radical S-adenosyl methionine domain containing 2 213797_at 3338 133 —25.1 0.0039
Interferon-induced protein 44-like 204439_at 370.7 154 —241 0.00033
Interferon-induced protein with tetratricopeptide repeats 1 203153_at 1744.2 82.6 =211 0.000039
2' 5"-oligoadenylate synthetase 1, 40/46 kDa 205552_s_at 3746 183 —-205 0.0014
Complement factor B 202357_s_at 8370 426 -196 0.0036
Interferon-induced protein with tetratricopeptide repeats 3 204747 _at 985.0 61.9 -159 0.00031
Chromosome 10 open reading frame 10 209183_s_at 2088 136 -153 0.0062
Myxovirus resistance 1, interferon-inducible protein p78 (mouse) 202086_at 1361.9 91.2 -149 0.00012
Receptor (chemosensory) transporter protein 4 219684_at 196.4 133 —148 0.000091
Chemokine (C-C motif) ligand 11 210133_at 5298 36.2 -146 0.0021
Retinoic acid receptor responder (tazarotene induced) 3 204070_at 2304 17.2 -139 0.00024
Alcohol dehydrogenase 1B (class ), beta polypeptide 209613_s_at 2689 19.8 -136 0.011
Secreted and transmembrane 1 213716_s_at  285.0 220 -130 0.0012
Interferon, alpha-inducible protein 6 204415_at 1196.6 937 -128 0.00043
Genes overexpressed in IPF vs. Control Probe set ID Control mean IPF mean Fold change p value
Interleukin 11 206924 _at 236 23749 1006 0.0019
Inhibitor of DNA binding 1, dominant negative helix-loop-helix protein  208937_s_at 255 7528 296 0.011
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Table 2 Most differentially expressed genes in SSc-ILD and IPF compared to controls (Continued)

Tetraspanin 13 217979_at 379 1039.1 274 0.0052
NADPH oxidase 4 219773_at 123 3236 264 0016
Inhibitor of DNA binding 3, dominant negative helix-loop-helix protein  207826_s_at ~ 27.7 603.4 218 0.0025
Phospholamban 204939_s_at 257 460.1 179 0.035
Elastin 212670_at 437 766.9 176 0.0026
Xylosyltransferase | 213725_x_at 290 4436 153 0.034
Galanin prepropeptide 214240_at 184 2544 138 0.014
Cytokine receptor-like factor 1 206315_at 234 3193 136 0.0098
Calponin 1, basic, smooth muscle 203951_at 830 1048.0 126 0.0024
Follistatin-like 3 203592_s_at 325 404.8 124 0.0048
CTP synthase 202613_at 395 4547 15 0.000059
Endothelial cell-specific molecule 1 208394_x_at 102 116.8 114 0.031
Cadherin 6, type 2, K-cadherin (fetal kidney) 210602_s_at 262 2984 114 0.00092
Proenkephalin 213791 _at 337 366.7 109 0.00086
Adhesion molecule with Ig-like domain 2 222108_at 54.7 490.6 90 0.025
NUAK family, SNF1-like kinase, 1 204589_at 56.2 4899 87 0.001
Tropomyosin 1 (alpha) 206117_at 309 261.7 85 0.0069
Inhibin, beta A 210511_s_at 1433 11985 84 0.0023
Genes underexpressed in IPF vs. Control Probe set ID Control mean IPF mean Fold change p value
Interferon-induced protein with tetratricopeptide repeats 1 203153_at 1744.2 54 -3214 0.000033
Myxovirus resistance 1, interferon-inducible protein p78 (mouse) 202086_at 1361.9 88 —154.1 0.000096
Interferon, alpha-inducible protein 6 204415_at 1196.6 11.8 —-1012 0.00027
Chemokine (C-X-C motif) ligand 10 204533_at 771.2 9.5 -81.3 0.00031
Superoxide dismutase 2, mitochondrial 221477_s_at 21804 298 -732 <0.000001
Myxovirus resistance 2 (mouse) 204994 _at 5173 85 —-606 0.00062
Interferon induced transmembrane protein 1 (9-27) 214022_s_at 36980 614 -603 <0.000001
Interferon-induced protein with tetratricopeptide repeats 3 204747 _at 985.0 17.2 —57.2 0.00023
Pentraxin 3, long 206157_at 1415.2 352 —402 0.000016
Interferon-induced protein 44-like 204439_at 3707 11.6 -319 0.0003
Complement component 3 217767_at 4579 144 -318 0.000072
KIAAT199 212942_s_at  799.0 308 -260 0.00027
Interferon-induced protein 35 209417_s_at 4556 18.1 —251 0.000062
Chemokine (C-X-C motif) ligand 1 204470_at 637.1 263 =242 <0.000001
Growth arrest-specific 1 204457_s_at 3832 17.2 -223 0.000059
Signal transducer and activator of transcription 1, 91 kDa 209969_s_at  327.3 153 214 0.000097
Chemokine (C-C motif) ligand 2 216598 _s_at 26764 1283 -209 0.00003
Interferon-induced protein 44 214453 _s_at 3350 17.0 —-197 0.000027
Caspase 1 (interleukin 1, beta, convertase) 211367_s_at 1806 10.0 -18.1 <0.000001
Tumor necrosis factor, alpha-induced protein 2 202510_s_at 4042 226 -179 0.000003

Shown are the top 20 genes, based on fold change, over and under expressed in SSc-ILD and IPF compared to controls. Where more than one probe set
corresponding to the same gene were present in the top 20, the probe with the greatest fold change or most significant p-value, is shown.

and immune response, response to biotic stimulus, regula-
tion of apoptosis, regulation of cell migration, regulation of
cell proliferation, and regulation of I-xB/NF-«xB cascade.
By far the most enriched functional groups, compared
with control cells, in both $Sc-ILD and IPF lung

fibroblasts, are genes invelved in immune system pro-
cesses and in microbial/viral defence, which are strongly
suppressed in both disease groups. These genes are also
among the most significantly differentially expressed
genes in this study.
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a major group suppressed in fibrotic lung fibroblasts

To visualise the differential expression across samples
and to identify co-expressed genes, average linkage clus-
ter analysis was performed using expression data for the
843 probes sets which displayed differential expression
in at least ooe of the two comparisons: SSc-ILD vs. con-
rol, and IPF vs. control (Figure 4A). Within this set are

also the eight probes differentially expressed when 55¢-
ILD and IPF samples were compared directly. Parts of
identified gene clusters were selected to illustrate co-
expression among upregulated (Figure 4, Panels B-F)
and downregulated (Panels H-J} genes, and also to high-
light different patterns of sample heterogeneity. Overall,
a heterogeneous expression pattern was observed in the
upregulated genes, whereas downregulated genes had
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more uniform expression patterns across samples for the
majority of genes in both disease groups. Among
upregulated genes, a TGF-B response signature [31,32]
including genes encoding for fibrosis mediators and
myofibroblast markers, such as SERPINE! (PAII), con-
nective tissue growth factor, smoothelin, and transgelin
(SA122) is prominent {Panel B). Co-expressed with these
are strongly upregulated genes: growth arrest and DNA-
darnage inducible § (GADD4S5), xylosyltransferase 1
(XYLTI), N-cadherin, and elastin, with potential roles in
the fibrotic disease process. Groups B, C and D all con-
tain genes involved in contraction and migration, how-
ever, the degree of heterogeneity between samples differ
between these groups: in group B, the majority of fi-
brotic samples have elevated expression of smoothelin
and transgelin compared with controls; in group C,
fewer fibrotic samples, 7 out of 11, have enhanced levels
of a2 smooth muscle actin (ACTA2) expression; and in
group D, all three IPF samples, but only 3 out of 8 5Sc¢-
1ILD samples, have elevated expression of calponin 1 and
actin garoma 2 smooth muscle (ACTG2). This may indi-
cate different degrees of contractile/migratory pheno-
types among these fibrotic cell preparations. Panel E
contains ID7 and /D3, which are in the top 20 differen-
tially regulated genes in both disease groups, and are
upregulated in most of the fibrotic samples. Group F de-
picts a cluster of co-expressed cell-cycle associated genes,
including cyclins and TOPO2, which exhibit heterogeneous
expression in both disease groups. Panel G illustrates an
area with less clustering, which however includes possible
disease specific genes, eg Secreted protein, acidic,
cysteine-rich (SPARC) (IPE Table 2B} and desmoplakin
(SSc-ILD) (Additional file 4). Desmoplakio is among the
top 20 most upregulated genes in $Sc-ILD with an elevated
expression in 7 out of the 8 S5¢-ILD fibroblast lines, but
with low expression in the three IPF cell preparations and

all controls. Desmoplakin is part of the desmosome
complex which forms tight cell-cell contacts [33], and its

enhanced expression in SSc-ILD fibroblasts may define a
different pathogenesis and cell origin. Panels H-] shows the
marked suppressed expression of interferon stimulated
genes (ISGs}, such as antiviral genes {Group H), chemokine
{Group T} and MHC class T genes (Group ). This cluster
also includes key regulators of the interferon gene pro-
gramn, STATI, interferon regulatory factor 1 (JRFI) and
interferon regulatory factor 7 (IRF7), as well as chemokine
{C-X-C motif) ligand 10 (CXCLIG/IPIO), one of the most
strongly suppressed genes in the study, and the most
strongly repressed chersokine in both disease groups
{(Panel H and T,

Comparing the S5¢-ILD and IFP fibroblast gene
expression profiles with the interferome

Since we observe a clear fibrosis/TGE-§ signature to-
gether with a strongly suppressed ISG program, and
there is a well-documented antagonistic relationship be-
tween TGF-$ and interferon signalling in the fibrosis lit-
erature [34], we next interrogated the Interferome, a
database of interferon regulated genes (IRGs) reported
in the literature [28]. This database includes 1996 hu-
man IRGs, of which 1581 are induced and 415 repressed
by interferons. In our study, out of the 99 and 181
overexpressed genes in 5S¢-ILD and IPF fibroblasts, re-
spectively, 40 (40.4%) and 55 (30.1%) genes were in the
Interferome database. Among our underexpressed genes,
out of a total of 261 and 366 in 5Sc-1LD and IPF fibro-
blasts, respectively, 134 (51.3%) and 173 (74.3%) genes
were in the Interferome database. The genes overlapping
with IRGs in this database are listed in Additional file 6.
The comparison revealed that many of the TGF-§ re-
sponsive genes upregulated in our microarray data set
are indeed genes repressed by IFNs.

Discussion

Previous studies have shown that fibroblasts isolated
from SSc¢-ILD [35] and IPF [5] lungs, while displaying
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Table 3 Overrepresented functional terms

GO cluster Description Enrichment
score
Genes overexpressed in SSc-ILD vs. Control
1 Anatomical structure development 5.50
2 Regulation of cell cycle 423
3 Response to stress and wounding 333
Genes underexpressed in SSc-ILD vs. Control
1 Inflammatory response 11.53
2 Regulation of cell proliferation 5.16
3 Regulation of biological process 512
4 Inflammatory response/chemotaxis 481
5 Regulation of cell migration 433
6 Response to external stimulus 4.19
7 Regulation of apoptosis 378
8 Inflammatory and immune response 377
9 Response to biotic stimulus/ion homeostasis  3.69
10 Regulation of I-kB kinase/NF-kB cascade 3.37
Genes overexpressed in IPF vs. Control
1 Anatomical structure development/ 4.94
neurogenesis
2 Regulation of apoptosis 395
3 Cell migration/neurogenesis 381
4 Regulation of cell motion 345
5 Response to wounding/tissue development — 3.17
6 Smooth muscle contraction/Blood 3.03
circulation

Genes underexpressed in IPF vs. Control

1 Immune response 12.65

2 Response to virus, bacteria and LPS 8.66

3 Positive regulation of biological process and 529
cell death

4 Negative regulation of biological process 4.91
and cell death

5 Regulation of immune system and 408
developmental process

6 Inflammatory response/chemotaxis 3.98
Regulation of cell migration and adhesion 3.87

8 Inflammatory and humoral immune 363
response

9 Anatomical structure development 339

10 Response to stimulus and 1-kB kinase/NF-kB  3.19
cascade

1 Response to extracellular stimulus and 318

oxidative stress

Using the DAVID functional annotation tool, genes over and under expressed
in SSc-ILD and IPF compared to controls were clustered according to Gene
Ontology (GO) biological process terms. Shown are the summary descriptions
and enrichment scores of the sets of enriched GO terms within each GO
cluster with an enrichment score >3.

substantial heterogeneity, are generally more proliferative,
migratory, resistant to apoptosis, and ECM producing,
than cootrol lung fibroblasts [36]. A greater proportion
display elevated oSMA expression, also enhancing their
contractility. These features are all consistent with the
fibroblast accumulation and scar tissue formation observed
in fibrotic lung. The so called myofibroblast phenctype is
maintained over several passages in culture [37], suggesting
an underlying epigenetic regulation, whether established
and maintained in local cells within the chronic disease set-
ting, or supporting the phenotype of a specialised infiltrat-
ing wound healing cell type {38]. Regardiess of cell origin,
this feature enables i vitro studies of roechanisms under-
lying the fibrotic fibroblast phenotype.

In this study we observed a high nurober of differen-
tially expressed genes between SSc-ILD and/or IPF de-
rived fibroblasts, compared with controls. There was a
large overlap between expression profiles of 58¢-ILD and
IPF fibroblasts, suggesting several common pathways at
this stage of the two diseases. Indeed, a direct comparison
demonsteated only seven genes with significantly different
expression between the two disease groups. Caution
should be applied, bowever, when interpreting data from
this direct comparison since only three 1FF samples were
inchuded here. It is possible that more genes with differen-
tial expression between the two disease groups would be
identified with a larger nurobers of IPF fibroblasts sam-
ples. Such studies would also be required to verify the
sporadic observations made in this study, such as the
elevated expression levels of desmoplakin in SSc-ILD, but
not in IPF fibroblasts, Therefore, we stress that the roain
objective of the study presented here was to gain an over-
view of potential 5Sc-ILD target genes, and the study was
not designed to detect differences between different fi-
brotic entities.

Among significantly upregulated genes in both 5Sc-ILD
and IPF/UIP fibroblasts, we identify a recogoised fibrosis
signature, including smooth muscle actin (ACTAZ), CTGE
and PAJI (SERPINEIL), along with genes roore recenily as-
sociated with lung fibrogenesis, including D1, ID3, IL11,
and NOX4. Inhibitor of DNA binding 1 and 3 (DI and
1D33), are target genes of bone morphogenetic proteins, and
control cell differentiation by dominant negative inhibition
of helix-loop-helix transcription factors [39}. Chambers
et al. described upregulation of JDI in lung fibroblasts in
response to TGF-3, and linkage to the smooth muscle
phenotypic switch [31]. Increased D] and ID3 gene ex-
pression was also observed in lung tissue and fibroblasts
from patients with 5Sc-ILD by Hsu and colieagues, (151
The ID proteins are overexpressed in many cancers,
controlling cell growth and apoptosis, and have been sug-
gested as a therapeutic target [39,40]. In fibroproliferative
stages of fibrosis, high IDI/ID3 expression could maiotain
fibroblasts in a dedifferentiated, hyperproliferative, and
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apoptosis resistant state. Another significantly upregulated
gene, though somewhat variably in 5Sc-ILD fibroblasts, is
NOX4, encoding a member of the NADPH oxidase (NOX)
proteins which generate superoxide by electron transfer to
oxygen [41]. Through its involvement in TGF-B-induced
fibroblast differentintion into myofibroblasts, two recent
studies have suggested a role for NOX4 in IPF, where it is
found to be overexpressed [41]. Specific NOX4 inhibitors
are now being developed as possible antifibrotic agents
(42} Another potential novel target gene, GADD45E,
highly induced and coexpressed with the fibrosis related
genes in this study, is a pro-survival factor associated
with stress-resistant tumours {43}, and has been found
to be upregulated in SSc skin biopsies {441

The most striking of our observations is the strongly
and uniformly repressed ISG profile in fibrotic fibro-
blasts. Among these are genes coding for: antiviral

protein myxovirus (influenza virus) resistance 1 (MXI},
interferon gamuma inducible protein ple (JFTis), 2)5-
oligoadenylate synthetase 1 (OASI), the chemokines
chemoldne {C-X-C motif) ligand 16 (CXCLIG/IPIO) and
chemokine (C-C motit) ligand 11 (CCLIT}, and antigen
presenting MHC I molecules. Key transcriptional regula-
tors of this program, including IRFI, [RF7, and STATY
are also suppressed. To our knowledge, the reduction in
expression of a large set of immune response/interferon
related genes has not previously been described in either
S8c-ILD or IPF derived fibroblasts, or other fibrotic lung
diseases. Global gene expression was recently evaluated
in scleroderma whole skin biopsies and matched dermal
fibroblasts. While 26 genes were differentially expressed
in both scleroderma whole skin and fbroblasts com-
pared to controls, nine were found to be discordant [45].
Interestingly, the majority of the discordant genes were
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upregulated in skin biopsies but downregulated in fibro-
blasts, including the ISG genes we identify as repressed
in lung fibroblasts, such as MXJ, JFI16, intercellular ad-
hesion molecule 1 (JCAMI), and OASI. While the au-
thors argue that the discordant genes are an indication
of a scarce representativeness of skin fibroblast gene ex-
pression in vivo [45], in light of our data, it is likely that
they were in fact observing the same phenomenon
reported in the current study. As these are mainly inter-
feron regulated genes, the discordance between fibroblasts
and whele tissue gene expression could be explained by
the known increase of immune cell populations in SSc¢
skin, likely to be overexpressing im*nuns)t'eguiatow genes.
The upregulation of AMXI, IRF7 and STATI in PBMC
from S5¢ patients would support this notion [46,47]. The
downregulation of the ISG program both in S8¢-1LD and
in IPF fibroblasts sugge%ﬂ‘s that this phenomenon relates
to a local fibroblast specific, rather than systemic, pro-
fibrotic process, perhaps lmderpmned by a general suscep-
tibility for tissue fibrosis, common to both diseases.
Additional support for our finding of an aberrantly
regulated ISG program in fibrotic hung fibroblasts, comes
from work on two of the signature genes from this group,
CXCL10 (IP10) and STATI. IP10 levels were found to be
downregulated in IPF tung fibroblasts by Keane et al. [48].
More recently, Coward et al. have shown, again in 1PF fi-
broblasts, that epigenetic dysregulation invelving both his-
tone deacetylation and hypermethylation is responsible for
targeted repression of IPI0 [49]. By contrast, Hsu et al
did not report a significant difference in expression in iso-
lated lung fibroblasts [15], a difference which may relate
to experimental design, as discussed below. Purther sup-
port of a role of suppressed ISGs in pulmonary fibrosis
comes from two animal models. Mice deficient in P10
(501, and in STATI [51], displayed enhanced suscepti
ity to pulmonary fibrosis. Based on these studies, the
suppressed ISG program indentified in fibroblasts iso-
lated from SSc-ILD and [PF lung, as presented here,
waoudd  support enhanced lung fibrosis progression
through promoting fibroblast proliferation, migration,
and apoptosis resistance. Interestingly, IFN-y treatiment
in IPF has failed to show a benefit ['7"], and there was a
suggestion of worse pulmonary outcomes in a study in-
vestigating treatment of 5Sc patients wrth IFN-a com-
pared with placebo (53], with the latter providing
indirect support for IFN-related mechanisms involved
in organ-specific S8¢ complications. There could be
several possible explanations for these disappointing re-
sults, including unexpected adverse effects through
circulating cell populations. Activation of pathways
downstrears of systemically administered interferons is
likely to have different direct and indirect effects de-
pending on the cell type and tissue location. The find-
ings shown here add important information to this
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complexity, and need to be investigated in future de-
tailed mechanistic cell and animal studies.

The signatures observed in our study are reroarkably
str(ma, both in terms of fold difference and statistical
significance. One possible reason for this is that jung tis-
site samples were obtained from biopsies at the time of
diagnosis, when the disease roay be at a relatively early
or active wound healing stage, and when perhaps fibro-
blast proliferation {(sccumulation) and elastin synthesis,
rather than contraction and collagen remodelling, dom-
inate. This is in contrast to the study by Hsu et al, in
which gene expression profiles were investigated in 5Sc
lung tissue and fibroblasts from transpiant, and therefore
possible end-stage, material, also noted by the authors as
a potential limitation [15]. Another possibility relates to
differences in in vitro culture condition as we employed
serum free media before harvest, similarly to others, in-
cluding Coward et al. [49], as opposed to in low serum
{0.5%) as applied by eg Hsu et al. [15]. Serum with-
drawal, a form of cellular stress, may evoke the clear
differential expression profiles observed in our study.
Whereas in the fibrotic fibroblasts an anti-apoptotic sur-
vival gene program is maintained, which may be a result
of the suppressed 18Gs, this gene program may not be
subject to repression in the normal fibroblasts.

While an accepted source of control tissue in studies
of TLD [10,12], the use of control fibroblasts from cancer
resected specimens, rather than from healthy control
subjects (not available for this study), represents a po-
tential limitation. Althot.gh obtained from areas of lung
with normal histological appearance, differential gene
expression in fibroblasts derived from lungs in which
cancer has developed cannot be excluded. However, sig-
nificant gene expression differences were observed in
lung cancer associated fibroblasts compared to matched
fibroblasts from areas of normal lung from the same
patient, suggesting that the cancer associated phenotype
of lung fibroblasts is regionally limited to the cancer
strorna [54]. A further possible source of bias in gene ex-
pression is smoking history. Smoking has been shown to
be associated with interstitial fibrotic changes {55}, and
is itself likely to cause changes in the expression of
certain genes, We observed no significant differences
among differentially expressed genes according to smok-
ing status in the pooled fibrotic samples, suggesting that
the observed changes were related to the fibrotic lung
disease itself rather than to smoking. However, as sub-
group numbers were small, and it was not possible to
separately analyse the two fibrotic lung diseases, further
studies are needed to carefully assess the contribution of
smoking to gene expression changes in the context of fi-
brotic lung disease.

While the general hypothesis, that a repressed inter-
feron stimulated gene program at least in part underpin

i
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the fibrotic fibroblast phenotype, will be tested in future
studies, it is interesting to note the same phenomenon
in several other clinical settings where hyperplasia and
apoptosis resistance are key features; certain viruses, in-
cluding high-risk human papillomaviruses (HPV), have
evolved a mechanism to down-regulate 15Gs in host
cells as an Immunoevasive strategy [56], and persistent
HPV infection may lead to cervical cancer development;
breast cancer metastasis is promoted by JRF? silencing
[57); fibroblasts from patients with Li-Fraumeni syn-
drome become spontanecusly immortalised through the
downregulation of interferon pathway genes [58], Con-
versely, IRFI expression reverts the phenotype of
oncogenically transformed fibroblasts {59], and IRF-1
enhancing drugs with tumour suppressing properties
are currently being developed {60]. Many similar exam-
ples in the literature lead to questions about whether fi-
brosis is a pre-cancerous state [61]. The repressed, or
aberrantly regulated, fibroblast specific interferon re-
sponse network may therefore be a common necessary
determinant allowing lung fibrosis progression to occur.
In summary, in this study comparing gene expression
profiles of fibroblasts explanted from fibrotic lung tissue
(SS¢-ILD and IPF), with control fibroblasts from areas of
normal luog, we observe: an overall elevated expression
of previously reported fibrosis associated genes, with
marked heterogeneity across samples; differentially regu-
lated myofibroblast markers which correlate with the ex-
pression heterogeneity between samples; and a strongly
suppressed interferon stimulated gene program, uni-
formly present across fibrotic samples. This suppressed
gene program displays both the greatest significance and
largest fold differences in expression in our data set. Simi-
larly to functional findings in parallel fields, particularly
cancey, this group of genes, and the suppression of their
expression, cowld explain essential aspects of the
profibrotic fibroblast phenotype. This hypothesis will need
to be tested by future studies, with particidar focus on epi-
genetic silencing as a potential underlying mechanism.
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in Brief

Lokau et al. show that the IL-11R can be
cleaved from cells by the metalloprotease
ADAM10, but not by its close relative
ADAM17. The soluble IL-11R ectodomain
is able to perform trans-signaling, which
can be specifically inhibited by the anti-
inflammatory therapeutic compound
sgp130Fc.
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Proteolytic Cleavage Governs
Interleukin-11 Trans-signaling

Juliane Lokau,* Rebecca Nitz,” Maria Agthe,* Niloufar Monhasery,” Samadhi Aparicio-Siegmund,® Neele Schumacher,*
Janina Wolf,* Katja Méller-Hackbarth,* Georg H. Waetzig,* Joachim Grétzinger,* Gerhard Miiller-Newen,?
Stefan Rose-John,* Jiirgen Scheller,** and Christoph Garbers®-*

TInstitute of Biochemistry, Kiel University, 24098 Kiel, Germany
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3Institute of Biochemistry and Molecular Biology, RWTH Aachen, 52074 Aachen, Germany

4CONARIS Research Institute AG, 24118 Kiel, Germany
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Interleukin (IL)-11 has been shown to be a crucial
factor for intestinal tumorigenesis, lung carcinomas,
and asthma. IL-11 is thought to exclusively mediate
its biological functions through cell-type-specific
expression of the membrane-bound IL-11 receptor
(IL-11R). Here, we show that the metalloprotease
ADAM10, but not ADAM17, can release the IL-11R
ectodomain. Chimeric proteins of the IL-11R and
the IL-6 receptor (IL-6R) revealed that a small juxta-
membrane portion is responsible for this substrate
specificity of ADAM17. Furthermore, we show that
the serine proteases neutrophil elastase and protein-
ase 3 can also cleave the IL-11R. The resulting solu-
ble IL-11R (slL-11R) is biologically active and binds
IL-11 to activate cells. This IL-11 trans-signaling
pathway can be inhibited specifically by the anti-
inflammatory therapeutic compound sgp130Fc. In
conclusion, proteolysis of the IL-11R represents a
molecular switch that controls the IL-11 trans-
signaling pathway and widens the number of cells
that can be activated by IL-11.

1N

o

RODUCTION

Cytokines of the interleukin (IL)-6 family are critically involved in
health and disease, fulfilling pro as weII as antl |nflammatory
functions (Zarbears and Qo 2 : 14).
IL-11, one of its members can be secreted upon stlmulatlon
by a variety of cells, including epithelial cells of the Iung and
the gastromtestmal tract, or fibroblasts of skin and lung (P
and § ). Upon secretion, IL-11 binds to a membrane-
bound IL- 11 R, which is expressed in a cell-type-specific manner
and has been detected in many organs, e.g., bone, heart Iung,
spleen, gastromtestmal tract and uterus (i At TORT

(3 : W ) Afterfor-
mation of the IL- 11/IL 11 receptor (IL-11R) complex signaling is
initiated through recruitment of two molecules of the common

CmssMark

B-receptor gp130, which leads to the activation of the Janus ki-
nase/signal transducer and activator of transcription (Jak/STAT)
pathway and the mitogen-activated protein kinase (MAPK)
cascade.
Overshooting activities of IL-11 have been shown to be
cr|t|cally mvolved in the development of epithelial cancers (N
al, 2047 espemallym gastrointestinal tumorlgene5|s

\\\

in mice and humans (%

24 ). Genetic depletion of
the IL-11R or treatment with an inhibitory IL-11 mutein was suf-
f|C|ent to prevent IL-11-dependent tumor formation (Ernst &t ai,

3 Furthermore IL-11 has a profound
i&). Transgenic expres-
sion of IL-11 under a lung-specific promoter led to lung fibrosis
and airway obstruction (¥ tal, 1888), mimicking the pathol-
ogy found in human asthma pat|ents where IL-11 expression
correlates with disease severity (Vins ).

Besides IL-11, IL-6 is the only other cytokine of the family
that signals via a gp130 homodimer. Signaling can be initi-
ated through membrane-bound IL-6 receptor (IL-6R) (classic
signaling), which is mainly found on hepatocytes and several
leukocyte subsets, and soluble forms of the IL-6R (trans-
signaling). IL-6 binds to the soluble and the membrane-bound
IL-6R with similar affinity, and both complexes actlvate cells
via gp130 homodimerization (instoo E: 1T -

198%). Due to the ubiquitous expressmn of gp1 30 IL 6 trans-
signaling can activate virtually all cells of the body, and this
mainly accounts for the pro-inflammatory properties of the cyto-
kine (Ross 2). Consequently, the specific inhibition of
IL-6 trans S|gnalmg via a dimerized variant of soluble gp130
(sgp130Fc) has been shown to be sufficient to block IL-6-driven
inflammatory diseases (iones at & 111). Selective blockade of
IL-6 trans-signaling might be even superior compared to global
IL-6 inhibition, and an optimized sgp130Fc variant is currently
in clinical development.

Soluble forms of the IL-6R are found in human serum at high
concentrations of about 30-70 ng/ml and are either generated
by alternative splicing of the IL-6R mRNA (~10%) or by limited
proteolysis of membrane-bound protem precursors (~90%),
also known as ectodomain shedding (- at al,, 2011). Ma-
jor proteases of the IL-6R are the two metalloproteases ADAM10

Cell Reports 714, 1761-1773, February 23, 2016 ©2016 The Authors 1761
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Figare 1. The TR s No Substrate for ARDAMAT

(A) HEK293 cells were transiently transfected with a plasmid encoding the human IL-6R and treated with 100 nM PMA for 2 hr. Soluble receptors in the cell-culture
supernatant were analyzed by ELISA. The amount of soluble receptor without stimulation was set to 1, and the increase after PMA stimulation was calculated
accordingly {n = 3, mean z SD). *p < 0.05.

(B) The experiment was performed as described in (A), but the cells were pre-treated for 30 min with the metalloprotease inhibitors Gl and GW where indicated.
Soluble IL-6R was precipitated from cell-culture supernatant and visualized by western blot. Cells were lysed, and IL-6R expression was also determined via
western blot. GAPDH served as loading control. Western blots from three independent experiments were quantified {(mean = SD). *p < 0.05.

(C and D) HEK293 cells were transiently transfected with a plasmid encoding the human IL-11R, and experiments were performed as described for (A) and (B).
Error bars indicate mean + SD. ns, not significant.

(legend continued on next page)
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and ADAM17 WhICh release the IL-6R ectodomaln from

b ar al
13; Garbers et all

§ However the neutroph|l -derived serine protease
oathepsm G (CQG) is also capable of cleaving the IL-6R (Barik
& 2). Despite the detection of an mRNA that encodes a
soluble IL-11R (sIL-11R) (Robsiy at al| 1 , no natural soluble
forms of the IL-11R have been described. In vitro experimehts
with recombinant proteins have shown, however, that IL-11,
combination with sIL-11R, is an agonistic cytokine that |nduces
signaling in cells that do not respond to IL-11 alone (&

In th|s report we show that the IL 11R is a substrate for
ADAM10, but cannot be cleaved by the related protease
ADAM17, and we identify structural traits for this substrate
specificity. The cleaved slL-11R binds IL-11 and induces cellular
proliferation via gp130 in a STAT3-dependent manner, which
can be completely and specifically blocked by the IL-6 trans-
signaling inhibitor sgp130Fc. Finally, we identify the neutrophil
serine proteases neutrophil elastase (NE) and proteinase 3
(PR3) as additional sheddases of the IL-11R. In conclusion, we
describe a protease regulation of the IL-11 trans-signaling
pathway that widens the spectrum of cells that can be activated
by IL-11.

e He11R s Not e
\\Qe‘\\‘:\
It is weII established that IL-6 can signal through membrane-
bound as well as soluble forms of the IL-6R and that these two
modes of signaling possess strlklhg differences with regard to
pathophysiology (& ). Surprisingly, no natural
soluble forms of the IL-11 receptor « have been described to
date; thus, IL-11 is thought to act solely via its membrane-bound
IL-11R. To elucidate whether an sIL-11R could be generated, we
investigated the proteolysis of the membrane-bound IL-11R by
members of the ADAM family of proteases. We focused on
ADAM17, which is the major protease of the IL-6R. To compare
the proteolyses of IL-6R to that of IL-11R, we first expressed
IL-6R in HEK293 cells and stimulated them with the phorbolester
phorbol 12-myristate 13-acetate (PMA), the strongest known
activator of ADAM17. We detected a significant 4.3- + 1.3-fold
increase in sIL-6R generation after PMA stimulation, using an
IL-6R-specific ELISA (Figuss 1A), which was confirmed by west-
ern blotting of precipitated receptor from the cell supernatant
(Fggrs 1B). Pre-incubation with the ADAM10-specific inhibitor
G1254023X (Gl) did not block IL-6R proteolysis, but the com-
bined ADAM10/17-specific inhibitor GW280264X (GW) was
able to completely abolish PMA-induced shedding, thus con-
firming ADAM17 as the PMA-induced protease of the IL-6R (Fig
ure 1B) (€ it 1 .
HEK293 cells trahsfected W|th an IL 11R expression plasmld

phatrate fo

%
%

e Matalloprotoass

17

& ‘c‘..\

showed no significant increase in sIL-11R after PMA stimulation
for 2 hr (0.8- £ 0.6-fold; Figura 1C). In line with this, we could not
precipitate slL-11R from cell-culture supernatant 2 1D). We
detected some slL-11R after longer stimulation with PMA for up
to 24 hr (Figure S1A). However, the amounts were negligible
compared to sIL-6R generation (* 31B and S1C). We veri-
fied our observations by overexpression of both receptors in
Hela cells. IL-6R and the IL-11R were localized at the plasma
membrane = 1E). The IL-6R was lost from the cell surface
upon PMA stimulation, which could be prevented by pre-incuba-
tion with GW but not with Gl. In contrast, stimulation of ADAM17
by PMA did not alter the IL-11R levels at the plasma membrane,
which confirms that the IL-11R is usually not a substrate for
ADAM17 (Sigure 1E). As a final proof, we investigated limited
proteolysis after PMA stimulation on cells expressing both cyto-
kine receptors endogenously. The human monocytic cell Ilne
THP-1 expresses IL-6R and IL-11R (dones ef ai, i -
nan et 3), and only the IL-6R was lost from the ceII surface
upon stlmulatlon with PMA, which was, again, sensitive toward
GW-mediated inhibition of ADAM17 (Sigisvs 1F). In conclusion,
we provide evidence that the IL-11R is not a substrate for the
metalloprotease ADAM17.

. alk Roegions of -8R
uss‘em‘mi Hy toward Cloavage ‘s Q&N”

To determine which regions are respon5|ble for the difference in
the proteolytic processing observed between IL-6R and IL-11R,
we constructed four chimeric receptors based on the IL-6R
Figure 2A). We replaced the transmembrane region (termed
IL 6R-TM), the intracellular region (IL-6R-ICD), the stalk region
(IL-6R-S), or just the ten juxtamembrane amino acid residues
Val-356 to Pro-365 (IL-6R-10AS) with their IL-11R counterparts.
When transfected in HEK293 cells, both IL-6R-TM and IL-6R-
ICD were shed after stimulation with PMA, as analyzed by ELISA
and western blot (Figures 2B-2E), indicating that neither the
transmembrane nor the intracellular regions of the IL-6R and
the IL-11R were important for ADAM17 to discriminate between
substrate and non-substrate. This is in line with previous studies
showing that the intracellular domain of the IL-6R is dlspensable
for PMA-mediated shedding (& E i 3
al., 1889). In contrast, IL-6R-S was resistant toward proteoly-
sis by ADAM17 (1.2- + 0.2-fold increase; *F), which sug-
gests that a motif within the stalk region of the IL-11R prevents
ADAM17-mediated proteolysis and that this can be transferred
to the IL-6R. Because the cIeavage s|te of ADAM17 within the
IL-6R stalk is known (i ¢ 1), we swapped only
ten amino acid residues from the IL 6R, which included its
cleavage site Asp-358/GIn-359, with their IL-11R counterpart
(IL-6R-10AS). As shown in Figura 2G, stimulation of IL-6R-
10AS-transfected HEK293 cells with PMA resulted in an 1.1- +
0.1-fold increase, demonstrating that this mutation was suffi-
cient to efficiently prevent proteolysis by ADAM17. These data

at

SHRSH

(E) HelLa cells were transiently transfected with either IL-6R or IL-11R. Cells were grown on coverslips for 48 hr, stimulated as indicated, and were fixed and
stained. Cytokine receptors are stained in red, and the nucleus is stained in blue (DAPI). Scale bars, 10 pm.
(F) THP-1 cells were stimulated with 100 nM PMA with or without pretreatment with the protease inhibitors Gl or GW, and cytokine receptor levels at the cell

surface were ahalyzed via flow cytometry.
See also

Cell Reports 714, 1761-1773, February 23, 2016 ©2016 The Authors 1763
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Figure & The Stalk Region of the IL-68 Determines is Cleavage Speaificity

(A) Schematic overview of the IL-6R and chimeric variants thereof. IL-6R and IL- 1 1R share the same overall topology, consisting of an immunoglobulin {lg)-like
domain {D1), two fibronectin type lll domains (D2 and D3), a stalk (S) region, a transmembrane (TM) region, and an intracellular domain {ICD). The IL-6R is depicted
in orange, whereas regions originating from the IL-11R are shown in blue. The values shown besides the chimeras are the x-fold increase after PMA stimulation
(mean = SD, n = 3). To calculate this, the amount of constitutively shed IL-6R or chimera was measured by ELISA and arbitrarily set to 1. The increase after
stimulation with PMA was calculated accordingly. Chimeras with at least a 2-fold increase in soluble receptor formation were defined as good substrates for
ADAM17 (colored in green), whereas chimeras with values below this were considered weak substrates (colored in red).

(B-G) HEK293 cells were transiently transfected with plasmids encoding IL-6R-TM (B and C), IL-6R-ICD (D and E), IL-6R-S (F), or IL-6R-10AS (G), and the amount
of shedding upon PMA stimulation was analyzed by ELISA and western blot, as described in the legend for gz 1 {mean + SD). *p < 0.05; ns, not significant.
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Ex. 2001 - Page1415



show that replacement of the ADAM17 cleavage site by the
corresponding amino acid residues of a non-substrate is suffi-
cient to render the IL-6R unresponsive toward proteolysis by
ADAM17.

Inlight of these results, we sought to analyze whether we could
generate an IL-11R mutant that is a substrate for ADAM17. To
this end, we first transferred the transmembrane region from
the IL-6R to the IL-11R (termed IL-11R-TM; r¢ 3A) and
analyzed proteolysis in transfected HEK293 cells. Although we
observed a 1.9- + 0.3-fold increase in sIL-11R when we analyzed
the supernatant of cells stimulated with PMA (Figure S2A), we
could not detect sIL-11R via western blotting after precipitation
(Figure 82B). Furthermore, exchange of the intracellular region
(IL-11R-ICD) did not result in increased susceptibility toward
cleavage by ADAM17 (Sigures S2C and S2D). This strongly
argues against a role for these two regions, with regard to the
substrate specificity of ADAM17, and confirms our results ob-
tained with IL-6R-TM and IL-6R-ICD (Figures 2B-2E).

In contrast, combined transfer of the stalk, the transmem-
brane, and the intracellular region (IL-11R-S/T/l) or of the stalk
region alone (IL-11R-S) resulted in significant cleavage of the
IL-11R after PMA stimulation, which was reduced to background
levels by treatment with the combined ADAM10/17 inhibitor
GW, but not the ADAM10-specific inhibitor Gl (Figures 3B and
3C). Strikingly, transfer of ten amino acid resldues (Asp-361 to
Ala-370, IL-11R-10AS) was sufficient to convert the IL-11R into
a substrate for ADAM17 (¥ : 3D and 3E). These results indi-
cate that the cleavage site within the stalk region is the critical
determinant that distinguishes between substrate and non-sub-
strate. Importantly, this cleavage specificity could be swapped
between IL-6R and IL-11R through the exchange of only ten
amino acid residues.

~3

The H-11R s Sleaved by ADAMTG

The human IL-6R is a substrate not only for ADAM17 but also
for its close homolog ADAM10 (3:
at al, 1Y), Cellular influx of calmum mediated by the iono-
phore ionomycin, is a strong actlvator of ADAM10-mediated
IL-6R shedding ({Zarh tal, 1998). There-
fore, we sought to investigate Whether the IL- 11FI might also
be a substrate for ADAM10. First, we verified ADAM10-mediated
shedding of the IL-6R after stimulation with ionomycin. HEK293
cells transiently transfected with IL-6R showed ADAM10-medi-
ated proteolysis of the IL-6R, which could be blocked completely
by both Gl and GW (Figura 4A). Interestingly, we could detect
sIL-11R in the supernatant of ionomycin-stimulated HEK293
cells that were transiently transfected with IL-11R (& 1B).
Generation of the soluble IL-11R ectodomain was significantly
diminished when the cells were pre-incubated with Gl or GW,
strongly arguing for ADAM10 as the responsible protease
(F @ 4B).

In order to not solely rely on pharmacological inhibitors,
we made use of murine embryonic fibroblasts (MEFs) deficient
for either ADAM10 (A1077), ADAM17 (A177/7), or both
(A10~=/A1777). As a control, we first stimulated wild-type
MEFs transiently transfected with IL-11R with ionomycin and de-
tected slL-11R generation (Fiaurs 4C). Proteolysis of the IL-11R
and subsequent sIL-11R detection in the cell supernatant was

significantly diminished in A10~/~ MEFs, which was accompa-
nied by elevated amounts of full-length uncleaved IL-11R in the
cell lysate (f 4C). Stimulation of A17~/~ MEFs with ionomy-
cinrevealed unaltered sIL-11R generation indistinguishable from
wild-type MEFs (F 4C). In contrast, we could barely detect
sIL-11R in the supernatant of stimulated A10~/~/A17~/~ MEFs.
Moreover, full-length IL-11R expression in the cell lysate was
greatly increased, resembling the findings in the A10~~ MEFs
and further strengthening the finding that ADAM10 is the domi-
nant sheddase of the IL-11R. In line with this, stimulation with
ionomycin led to the loss of cell-surface expression of both
IL-6R and IL-11R in transfected Hela cells, which could be
prevented by both Gl and GW (Vigure 4D). Furthermore, activa-
tion of ADAM10 led to proteolysis of endogenous IL-6R and
IL-11R in THP-1 cells (Figiwve 4E). Taken together, our data
identify ADAM10 as a potent sheddase of the IL-11R.

Arg- ﬁb\; is important for ARAM G- Madiated Cleavage of

ah e H-TIR

In orderto identify the cleavage site within the IL-11R that is used
by ADAM10, we generated three mutants of the IL-11R that
contained successive deletions of ten amino acid residues
each in the juxtamembrane part of the stalk region (Figurs SA).
Removal of the ten amino acid residues Val-363 to Leu-372
(IL-11RAV363_L372) directly adjacent to the plasma membrane
did not influence ionomycin-induced proteolysis of the IL-11R
compared to the wild-type (¢ 5B). We observed significantly
reduced IL-11R shedding when we deleted the next ten amino
acid residues His-353 to Ser-362 (IL-11RAH353_8362), but we
found unaltered proteolysis when the adjacent ten amino acid
residues Pro-343 to Pro-352 (IL-11RAP343_P352) were deleted,
suggesting that the ADAM10 cleavage site is located between
His-353 and Ser-362 (g 5B). Profiling of ADAM10 cleavage
sites has revealed a strong preference for arginine residues
within the cleavage site, which is not the case for ADAM17
(Yu 2014, Indeed, when we mutated Arg-355 to a glu-
tamic a0|d (IL 11R7R355E), which is disfavored in ADAM10
cleavage sites (Yucher o i), we observed significantly
reduced proteolysis of the IL-11R of Just 30.9% + 11.7%,
compared to wild-type IL-11R (Fi & ra 85B),
despite comparable cell-surface expression (¥ 3A). These

al,

results suggest that Arg-355 is critical for proteolysis of the
IL-11R by ADAM10.

It has been shown previously that a fusion protein of IL-11 and
the IL-11R ectodomain acts as an agonistic cytokine on
gp1 30-expressing cells ( g

Gy oat oAl " :\\Lm

a ) We recap|tulated this W|th re-
comblnant IL-11 and sIL 11R which were able to stimulate the
proliferation of Ba/F3-gp130 cells in a concentration-dependent
manner (Figure SA). Importantly, this mode of IL-11 trans-
signaling could be completely and selectively blocked by
sgp130Fc 3B), a designer protein developed previously
to block IL-6 trans -signaling through binding and, thus, neutral-
ization of the agonistic IL 6/le 6R oomplex g 8

—_—
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(A) Schematic overview of the IL-11R and chimeric variants thereof. IL-6R and IL-11R share the same overall topology, consisting of an immunoglobulin (Ig)-like
domain (D1), two fibronectin type lll domains (D2 and D3), a stalk (S) region, a transmembrane (TM) region, and anintracellular domain (ICD). The IL-11Ris depicted in
blue, whereas regions originating from the IL-6R are shown in orange. The values shown beside the chimeras are the x-fold increase after PMA stimulation {mean =
SD, n = 3). To calculate this, the amount of constitutively shed IL-11R or chimera was measured by ELISA and arbitrarily set to 1. The increase after stimulation with
PMA was calculated accordingly. Chimeras with at least a 2-fold increase in soluble receptor formation were defined as good substrates for ADAM17 {colored in
green), whereas chimeras with values below this were considered weak substrates (colored in red). IL-11R-S/T/I and IL-11R-S could not be detected via ELISA.
(B-E) HEK293 cells were transiently transfected with plasmids encoding IL-11R-S/T/I (B), IL-11R-S (C), or IL-11R-10AS (D and E), and the amount of shedding
upon PMA stimulation was analyzed by ELISA and western blot as described in the legend to > 1 {mean + SD; n = 3). *p < 0.05.

See also
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proliferation of Ba/F3-gp130-IL-11R cells was not blocked by
sgp130Fc (Figuras S4A and S4B). To test whether sIL-11R pro-
duced by ectodomaln shedding was also able to signal in com-
bination with IL-11, we used a supernatant of HEK293 cells that
were transiently transfected with IL-11R cDNA. The supernatant
of ionomycin-stimulated cells induced significantly enhanced
proliferation of Ba/F3-gp130 cells when IL-11 was added, but
not without the cytokine (} &C). Inhibition of ADAM10 with
Gl or GW prior to ionomycin stimulation not only prevented
IL-11R shedding (Figivs 4B) but also resulted in significantly
less proliferation in this assay (Figurs £C), demonstrating that
the released IL-11R ectodomain is, indeed, biologically active.
Addition of sgp130Fc to supernatant containing slL-11R and
IL-11, representing protease-controlled, natural IL-11 trans-
signaling, blocked the proliferation of Ba/F3-gp130 cells signifi-
cantly in a dose-dependent manner (; &D) and prevented
the phosphorylation of STAT3 (* E).

Taken together, our data show that IL-11, in complex with the
proteolytically generated slL-11R, is a biologically active com-
posite cytokine, which can induce signaling and proliferation in
a gp130-dependent manner.

iR
Besides cleavage by ADAM10 and ADAM17, the IL-6R can also
be shed by the neutrophll -derived serine protease CG, but not by
NE or PR3 (& i, 120%). To verify this finding, we incubated
HepG2 cells with |ncreaS|ng amounts of the three proteases and
measured the release of the endogenous IL-6R into the superna-
tant via ELISA. Indeed, only CG was able to generate sIL-6R in a
dose-dependent manner 2 7A). To investigate a possible
role for these proteases in sIL-11R generation, we stained hu-
man primary CD66b+ polymorphonuclear leukocytes (PMNs)
and found a high expression of IL-11R on these cells (Vs 7B;
we §4), indicating that secreted neutrophil proteases could,
|ndeed target the IL-11R in vivo. We further transiently trans-
fected HEK293 cells with a cDNA encoding the IL-11R and
added different amounts of purified proteases to the cells. As
shown in Fig 7C, high concentrations of NE (1,000 ng/ml; Fig-
uva 7C, NE section at left, white arrowhead) were, indeed, able to
shed the IL-11R. In contrast, we did not detect a significant in-
crease in slL-11R generation when we incubated the cells with
CG (Figure 7C, CG section in the middle). PR3 was, however,
also able to shed the IL-11R, even at rather low concentrations
of 250 ng/ml ( 7C, PR3 section at right, white arrowhead).
Interestingly, the molecular weight of the sIL-11R derived from
cleavage by NE and PR3 appeared to be lower compared to
the slL-11R generated by ADAM10-mediated constitutive cleav-
age (Figura 7C, black arrowhead), suggesting different cleavage
sites. Supernatant from IL-11R- or IL-6R-transfected cells
induced proliferation of Ba/F3-gp130 when combined with the
appropriate cytokine, confirming that the constitutively released
receptors by ADAM10 are biologically active (Figrises D and
7E). However, also both NE-shed sIL-11R and CG-shed sIL-6R
were biologically active, as they significantly enhanced prolifera-
tion (* : 7D and 7E). These data show that neutrophil serine
proteases are principally able to cleave both IL-6R and IL-11R,
albeit with different specificity toward these two substrates.

In order to investigate a possible IL-11 trans-signaling in vivo,
we collected serum from 21 healthy volunteers and analyzed
cytokine and cytokine receptor levels via ELISA. IL-6 and IL-11
levels were in the low picogram range, as expected (i ‘F
and 7G) and slL-6R levels were between 40 and 80 ng/ml (Fig-

7H), as shown before (Garher 4). Interestingly,
we detected slL-11R in 9 out of 21 serum samples in a range
between 20 pg/ml and 4 ng/ml (Figure 7l). These data show
that sIL-11R exists in human blood, and they open up the possi-
bility that IL-11 trans-signaling occurs in vivo.

\ al 2f
satal, d

Limited proteolysis of membrane-bound protein precursors, also
known as ectodomain shedding, is an important post-transla-
tional modification that is, in contrast to methylatlon or phos-
phorylation, completely irreversible (X & W
3%). Shedding results in loss of cell- surface expression
of the protease substrates, and the newly generated soluble
ectodomains can fulfill own distinct biological functions, acting
either as agonists or antagonists. Recent data show that 10%
of all proteins on the plasma membrane of platelets can be
shed by proteases (* 2011), and it is likely that this is
also true for other cell types. Among the plethora of 566 pre-
dicted proteolytic enzymes in the human genome, the two metal-
loproteases ADAM10 and ADAM17 have emerged as important
proteases in vivo, with non-redundant functions. ADAM10 is the
main secretase for the Notch pathway, and ADAM17 cleaves
tumor necrosis factor (TNF)a, as well as several ligands of the
epidermal growth factor receptor. Until now, more than 100 sub-
strates are known that are to be cleaved solely by ADAM10,
ADAM17, or both ( i al, 2(11a). Genetic depletion of
either of these proteases in mice results in embryonic lethality
(v ‘ i ).

Itis well estabhshed that IL-6 can signal via membrane-bound
and soluble forms of the IL-6R, and the latter one is predom|-
nantIy generated via Ilmlted proteolysis (Chiatawis @
3 sy t4). Soluble IL-6R is found
in human serum at h|gh concentratlons of about 30-70 ng/ml. In
the present study, we show also that the receptor of its closest
family relative, IL-11, can undergo ectodomain shedding.
Whereas the IL-6R can be shed by ADAM10 and ADAM17, our
experiments with heterologous and endogenously expressed
IL-11R revealed that only ADAM10 is capable of cleaving the
IL-11R.

With the help of chimeric receptors, in which we exchanged
different parts between IL-6R and IL-11R, we could show that
transfer of the stalk region was sufficient to reverse this cleavage
specificity. Moreover, transfer of ten amino acid residues, which
contain the IL-6R cleavage site, were sufficient to generate an
IL-11R that could be cleaved by ADAM17, and the correspond-
ing IL-6R mutant containing the respective part of the IL-11R was
resistant toward induced proteolysis by ADAM17. Thus, it ap-
pears that only the absence of an ADAM17 cleavage site within
the IL-11R stalk prevents effective proteolysis of the IL-11R
and that no further structural or regulatory elements would be
required. We have previously shown that the so-called CANDIS
region of ADAM17 binds to the region between Glu-317 and

et a2
AL,
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Figure 4. ARAMIE Qleaveas the TR
(A and B) HEK293 cells were transiently transfected with plasmids encoding the human IL-6R (A) or the human IL-11R (B) and stimulated with 1 pM ionomycin
(lono) for 1 hr, with or without pre-incubation with the ADAM inhibitors Gl or GW. Soluble receptors were precipitated from cell-culture supernatant and visualized

by western blot. Cells were lysed, and the lysates were also analyzed by western blot. GAPDH served as loading control. Western blots from three independent
experiments were quantified {mean + SD). *p < 0.05.

(legend continued on next page)
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(A) Schematlo overview of the IL-11R and deletlon
variants thereof. The amino acid sequence from
Ser-316 to lle-374 is shown, with the sequence of

H-11RAM353_8362

H-11RAPA43_P3S3 3T

the stalk region highlighted in blue. The range of
each deletion is shown in front of the schematic
drawing.

B

iL-11R 1L-11RAV363_£.372 IL-11RAH353_S382

IL-11RAP343_F353

{B) HEK293 cells were transiently transfected with
plasmids encoding the human IL-11R or deletion
variants thereof and stimulated with ionomycin

fono + + + +

(lono) for 1 hr where indicated. Soluble receptors
were precipitated from cell-culture supernatant

si-1IR and visualized by western blot. Cells were

lysed, and the lysates were also analyzed by

western blot. GAPDH served as loading control.
Western blots from three independent experi-
ments were quantified (mean + SD). *p < 0.05; ns,
not significant.
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GIn-332 within the IL-6R stalk and that deletion of these amino
acid residues S|gn|f|cantly albelt not completely, reduces
IL-6R shedding (X i4). Binding of CANDIS to
the IL-11R appears not to be essenhal for IL-11R proteo-
lysis, although it is tempting to speculate that transfer of the
CANDIS-binding region, in addition to the cleavage site, into
IL-11R might enhance ADAM17-mediated proteolysis.
Cleavage by ADAM10 results in the release of the IL-11R
ectodomain. Although it is known that ADAM proteases cleave
extracellularly in the juxtamembrane part of their substrates,
the establishment of consensus cleavage sites for ADAM
proteases has been difficult (Caascu 8). Our deletion
variant IL-11RAH353 _S362 shows strongly reduced shedding
by ADAM10, suggesting that ADAM10 cleaves within this region.

lono
iL-11RAP343_P353

(C) HEK293 cells were transiently transfected with
IL-11R or the R355E mutant, and ectodomain
shedding was analyzed. Experiments were per-
formed as described for (B), but cells were pre-
incubated with the protease inhibitors Gl or GW
where indicated. One representative western blot
is shown.

{D) Relative proteolysis of (C) {(mean + SD).
*p < 0.05.
See also

D

Recent data obtained with proteome-
derived peptide libraries revealed a pref-
erence of ADAM10 for arginine residues
at the P1 and/or P1’ posmon of the cleav-
age site (¥ ¢ Y. Indeed,
mutation of Arg-355 to a glutamic acid
residue was sufficient to significantly
reduce proteolysis of the IL-11R to
30.9% + 11.7% compared to the wild-
type, strengthening the notion that cleav-
age by ADAM10 occurs at this site. The cleavage site of ADAM10
within the IL-6R has not been determined yet 3

Similar to ADAM17 and ADAM10, neutrophil-derived serine
proteases show differential cleavage specificity for IL- GR and
IL-11R. The IL-6R can be shed by CG (& N
contrast, this protease is not able to cleave the IL- 11R However
we demonstrated that NE and PR3, which do not cleave the
IL-6R, are able to generate sIL-11R.

Signaling of IL-6 via the sIL-6R is believed to account for the
pro-inflammatory functions of the cytokine, and specific inhibi-
tion of this trans-signaling pathway has been shown to be bene-
ficial in various ammal models of human inflammatory diseases
sgp130 is the natural inhibitor

1), and an Fc-dimerized

refative proteclysis {sil-11R]

(C) MEFs from wild-type (wt) animals and from mice deficient in ADAM10, ADAM17, or both proteases were transiently transfected with IL-11R. Cells were
stimulated, and shedding was analyzed by western blots as described for (A) and (B). Western blots from three independent experiments were quantified (mean +

SD). *p < 0.05; ns, not significant.

(D) ADAM10-mediated proteolysis of IL-6R and IL-11R in Hela cells was analyzed as described in the legend to

1. Scale bars, 10 um.

(E) THP-1 cells were stimulated with 1 uM ionomycin, and the amount of cytokine receptor at the cell surface was analyzed by flow cytometry.
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10 ng/ml recombinant IL-11, 1 pg/ml recombinant
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Significant reduced proliferation, compared to no
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indicate mean + SD. *p < 0.05; n = 3.
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version of sgp130 is currently in clinical development (Jones
atal, 201, ¥ 12). Therefore, we spec-
ulated that IL-11 trans -signaling via the slL-11R would also be
blocked by sgp130Fc. Indeed, sgp130Fc inhibited cellular prolif-
eration induced by IL-11 trans-signaling and STAT3 activation
in a dose-dependent manner. Thus, the beneficial effects of
sgp130Fc seen in vivo might not solely depend upon inhibition
of IL-6 trans-signaling but could, at least in part, be due to
blockade of IL-11 trans-signaling.

In conclusion, we show that the IL-11R can undergo ectodo-
main shedding by ADAM10 and the serine proteases NE and
PR3 and that the sIL-11R, in combination with IL-11, is able to
induce trans-signaling via gp130. Using human serum samples
from healthy volunteers, we show that sIL-11R exists in human
serum. sIL-6R levels are known to be elevated during inflamma-

N N
HARRICSCIN <l

v
s

Vi

sgp130Fc
111
pSTAT3

STAT3

GAPDH

stimulated with ionomycin with or without pre-
incubation with Gl or GW as indicated. The su-
pernatant was collected, and Ba/F3-gp130 cells
were incubated with the conditioned-cell super-
natant (IL-11R SN} in the presence or absence of
IL-11 for 48 hr. Error bars indicate mean + SD. *p <
0.05;n=3.

(D) Conditioned cell supernatant from IL-11R
expressing HEK293 cells stimulated with ion-
omycin (IL-11R SN lono) was produced as
described for (C), and Ba/F3-gp130 cells were
incubated with this medium in the presence of
IL-11 and increasing amounts of sgp130Fc for
48 hr. Significant reduced proliferation, compared
to no addition of sgp130Fc, is indicated. Error bars
indicate mean + SD. "p < 0.05; n = 3.

(E) Ba/F3-gp130 cells were serum starved for 2 hr
and then stimulated with conditioned medium from
IL-11R-expressing HEK293 cells in the presence
or absence of IL-11 and sgp130Fc. Ba/F3-gp130
cells were lysed, and STAT3 phosphorylation was
analyzed by western blot. Western blots from three
independent experiments were quantified (mean +
SD). *p < 0.05; ns, not significant.

See also ig
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tory diseases (& i&), and
it appears likely that sIL 11R levels—
and, thus, IL-11 trans-signaling—could
be enhanced during disease. Our data
suggest that, if disease conditions driven
by IL-11 trans-signaling were defined, such conditions could
well be treated by the IL-6 trans-signaling inhibitor sgp130Fc
or its derivatives (Vi

{8).

). Details

-6R and IL-11R have been described elsewhere
4). Stalk deletion variants of the IL-11R were con-
structed using standard splicing by overlapping extension PCR.
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HafF3-gpiaQ Proliforation Assays
Proliferation of Ba/F3-gp130 cells was assessed using the Cell Titer Blue
Viability Assay (Promega) as described previously (&

Protease Claavags . X
Analysis of cytokine receptor proteolysis has been described in detail else-

where ( ).

Neutrophil-Darhved Sering Frotea vags Assay

HEK293 cells were prepared as described for the ADAM Protease Shedding
Assay and stimulated with different concentrations of purified serine proteases
for 2 hr in serum-free media. Subsequently, supernatants and cells were har-
vested and separately analyzed by western blotting. HepG2 cells were seeded
in six-well plates. On the following day, cells were stimulated with different
concentrations of purified serine proteases for 2 hr in serum-free media.
Supernatants were harvested and analyzed by ELISA.

Frasipiiation of Solubls Racaplors
1 ml supernatant of stimulated HEK293 cells was harvested and centrifuged at
1,200 x g to remove cells and subsequently at 18,000 x g to remove cellular

- Figurae 7. G Dy
é 100 Seag Neutrophil-Derived Serir

a8 *s {(A) HepG2 cells were incubated for 2 hr with the
‘B indicated concentrations of purified neutrophil-
£ 80 derived serine proteases (NE, CG, and PR3) under
& serum-free conditions. Levels of the sIL-6R in cell-
i 0 culture supernatants were determined by ELISA.

Error bars indicate mean + SD.

{B) IL-11R expression on CD66b+ human primary
neutrophils from eight healthy volunteers was
analyzed via flow cytometry. The mean is indicated
by a horizontal line.

(C) HEK293 cells were transiently transfected with
a construct coding for the IL-11R. 48 hr post-
transfection, cells were incubated for 2 hr with
the indicated concentrations of purified neutro-
phil-derived serine proteases under serum-free
conditions. Soluble IL-11R from cell-culture
supematants was precipitated with TCA and
analyzed by western blot. Additionally, cells were
lysed, and IL-11R levels in whole-cell lysates were
analyzed by western blot. GAPDH served as
loading control.

(D and E) HEK293 cells were transfected with
IL-11R or IL-6R and incubated with recombinant
NE or CG or left untreated. The supernatants were
collected, and Ba/F3-gp130 cells were incubated
with the conditioned cell supernatant {(IL-11R SN or
IL-6R SN) in the presence or absence of IL-11 or
IL-6 for 48 hr where indicated. One of two per-
formed experiments with similar outcome is shown

+ +
+ + (mean + SD). *p < 0.05; ns, not significant.
* (F-1) Serum samples from 21 healthy volunteers
were analyzed for IL-6, IL-11, sIL-6R, and sIL-11R.
i Means are indicated by a horizontal line.
5000+ N
See also and 88.
40004 .
E 30004
Y [
f fggg:_ debris. Cleared supernatants were transferred
; 800- into new tubes, mixed with an equal volume of
% 6004 . 20% trichloracetic acid (TCA), and incubated on
4004 —e ice for 30 min. Protein precipitates were collected
2004 *. by centrifugation at 18,000 x g, the supernatants
o-d—oseallasses- were discarded, and the pellets were washed

with 350 ulice-cold acetone. After a second centri-

fugation at 18,000 x g, the acetone was removed
and the pellets were allowed to dry. Afterward, the precipitated proteins
were boiled in Laemmli buffer and analyzed by western blot.

Waesters Blot Snalysis

Detection of protems via western blo’[tmg was performed as described previ-
ously (%3¢ i . Quantification of western blots
was performed with Image Studio Lite 5.2 (LI-COR Biosciences).

BLINA

An ELISA for the detection of the human IL 6R has been described previously
(& ‘&2). An ELISA to detect sIL-11R was
performed as descnbed prewously i, 200). The IL-6 ELISA was

from ImmunoTools, and the IL-11 ELISA was from R&D Systems.

Human Sorum and Human FRMNs

Ethics approval for this study was obtained from the institutional review boards
of the Heinrich-Heine-University (study #3949) and the review board of the
medical faculty of Kiel University (study #D 487/13). All participants gave writ-
ten informed consent. Peripheral blood from healthy volunteers was collected
by venipuncture.
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Flowr Gylowseivy A
1 x 10° THP-1 cells were stimulated with 100 nM PMA or 1 M ionomycin,
washed with fluorescence-activated cell sorting (FACS) buffer (0.5% BSA in
PBS), and stained with 1:100 diluted antibodies for 30 min on ice. After two
washing steps, cells were incubated with allophycocyanin (APC)-conjugated
secondary antibodies for 30 min onice. The cells were washed twice and resus-
pended in 500 ul FACS buffer, and cell-surface expression was then analyzed by
flow cytometry. To analyze IL-11R on primary cells, heparinized whole human
blood was blocked with TruStain FcX (BioLegend), and the IL-11R expression
on PMNs was analyzed via staining with the anti-hIL-11R Ab N-20 and the
anti-human CD66b Ab (clone G10F5, BiolLegend). Red blood cells were
removed, and the cells were fixed with RBC Lysis/Fixation Solution (BioLegend).

Confecal Micrescopy
Confocal microscopy of transientt
described previously (&

Statistical Analysis
Statistics were calculated using GraphPad Prism (GraphPad Software).
Data were analyzed by Student’s t test, and differences were indicated with
asterisks {p < 0.05). A one-sample t test was used to test for differences to
normalized data {e.g., comparison to a value of 1.0). For multiple comparisons,

p values were corrected via the Bonferroni correction.

C.G. designed the experiments and wrote the manuscript. J.S. and S.R.-J. de-
signed experiments. J.L., R.N., M.A,, N.M,, S.A-S., N.S,, J.W., KM.-H., and
C.G. performed the experiments. G.M.-N. characterized anti-IL-11R anti-
bodies. G.H.W. expressed and purified sgp130Fc and revised the manuscript.
J.G. defined domain borders of IL-6R/IL-11R and helped to create the respec-
tive chimeras. All authors approved the final version of the manuscript.
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The cytokines  Interleukin: (IL)' 11 :and: IL-6::are impo'rtant' mediators:ithat regulate: differentiation ‘and
proliferation of immune cells. Both cytokines bind to unique non-signaling g-receptors (IL-11R and TL-6R,
respectively), and the resulting cytokine/cytokine receptor complexes recruit 2 homodimer of the
signal-transducing ]]-receptor glycaprotein (gp)130. Gp130 is expressed ubiquitonsly, whereas both | u-receptors
show a cell- and tissue-specific expression pattern, thus determining cellufar responsiveness towards IL-6 and/or
1L-11. Formation of the signaling complexes activates intracellular signaling cascades, most promm,ently,the
Janus kinase (Jak)/Signal Transducer and Activator of Transcription (STAT) pathway. In a recent paper
published in: Biochimie; we: analyzed:the: signaling capacity of:eight chimeric recepfors:consisting of different
‘domains of IL.-11R and IL-6R. Our results showed that the intracellular region, the transmembrane region or
the stalk region can be swapped between the two receptors, as they are not essential to discriminate between the
‘two cytokines. Selectivity of the two receptors is exclusively warranted by the cytokine binding module (CBM),
‘which resides within the domains:D1:to D3. These results underline a mo}iularﬁ organization of 1L=11R and IL-6R
and a comparable signal transduction of both cytokines. s s s s

Keywords: Intetleukin-11: Interleukin-6: 1L-6R. [L-11R; 6p130; Jak/STAT
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transform, and build upon the material for any purpose. even commercially, as 1ong as the author and ongmal source are
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The cytokines Interleukin (IL)-11 and IL-6 fulfill
pleiotropic activities in health and disease and control several

physiological ~ conditions  ?!.  They exhibit a
four-helical-bundle fold, which is arranged in an
up-up-down-down topology (Figure 1A). In healthy

individuals, both proteins are only detected in small amounts
of 1-10 pg/ml ™. However, under inflammatory conditions,
IL-6 serum levels can rise dramatically and reach several
pg/ml Pl Specific inhibition of IL-6 has been shown to be
beneficial in a plethora of inflammatory diseases, and the
neutralizing antibody tocilizumab which blocks binding of

IL-6 to its receptor is approved for the treatment of
Castleman’s disease, systemic juvenile idiopathic arthritis,
polyarticular juvenile idiopathic arthritis and rheumatoid
arthritis ') Recent evidence suggests that also the specific
blockade of IL-11 signaling might be beneficial, e.g. for the
treatment of gastric and colon cancer " ']

To activate target cells, IL-11 and IL-6 bind initially to
non-signaling o-receptors (IL-11R and IL-6R, respectively).
The formation of IL-11/IL-11R and IL-6/IL-6R complexes
activates intracellular downstream signaling pathways like

Page 10f5
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MAPK JAK/STAT PI3K

Figure 1. Signal transduction of IL-6 and IL-11. (A) Overlay of the crystal structures of IL-6 (pdb accession code 1alu #7,
shown in purple) and IL-11 (pdb accession code 4mhl B, shown in orange). The image was created using UCSF Chimera
1.10.1 B%. The four helices A, B, C and D are indicated. The schematic drawing below shows the up-up-down-down
topology of both cytokines. (B) Signal-transducing complexes of IL-6 (IL-6R/gp130/gp130) and IL-11 (IL-11R/gp130/gp130),
which activate Mitogen-Activated Protein Kinase (MAPK), Janus kinase/Signal Transducer and Activator of Transcription
(Jak/STAT) and Phosphoinositide 3-kinase (PI3K) signaling cascades. (C) Schematic drawing of IL-6R and IL-11R. The
extracellular part consists of the three domains D1 to D3, and D2/D3 constitutes the cytokine-binding module (CBM). These
are followed by a so-called stalk region, the transmembrane (TM) and the intracellular domain (ICD).

the Janus kinase/Signal Transducer and Activator of
Transcription (Jak/STAT) cascade through engagement of a
homodimer of the signal-transducing B-receptor glycoprotein
130 (gp130) " (Figure 1B). Although Jakl, Jak2 and Tyk2
are phosphorylated after activation of gpl30 in vitro,
experiments with cells derived from Jakl” mice have shown
unequivocally that Jakl is the dominant kinase activated by
all members of the IL-6 cytokine family, the loss of which
cannot be compensated by other kinases "', Furthermore,
the phosphatidyl-inositol-3-kinase (PI3K)-cascade and the
mitogen activated protein kinase (MAPK)-cascade are
activated " (Figure 1B). Gp130 is ubiquitously expressed,
and specificity 1s thus achieved through cell- and

tissue-specific expression of the a-receptors. The IL-11R can
be found e.g. on cardiac myocytes and endothelial and
epithelial cells of the colon, whereas the IL-6R is expressed
e.g. on T cells, monocytes, neutrophils and megakaryocytes.
Hepatocytes, B cells, macrophages and osteoclasts have been
shown to express both receptors, which makes them a target
of both cytokines (reviewed in ).

The IL-6R was cloned in 1988 ") and the IL-11R in 1994
[ Both are type-I transmembrane proteins which consist of
an extracellular part, a transmembrane region and an
intracellular region (Figure 1C). Due to alternative mRNA
splicing, a second membrane-bound IL-11R isoform exists in

Page 2 of 5
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humans that lacks the intracellular region 7, whercas

alternative splicing of the IL-6R mRNA gives rise to a
soluble form of the IL-6R " Furthermore, a second IL-11R
gene exists in mice, which is only expressed in lymph nodes,
testis, and in the thymus ") The extracellular part of both
receptors is composed of an Ig-like D1 domain, which is
followed by the fibronectin-type-III domains D2 and D3 that
comprise the cytokine-binding module (CBM), and a
so-called stalk region (Figure 1C). We could show
previously that an important function of the stalk region is to
act as a brace in order to position the CBM of the IL-6R %),
Although the conformation of gpl30 is somewhat flexible
(21241 the CBM has to be kept in a certain distance from the
plasma membrane . A minimal length of approximately
83.6 A of the stalk region, which corresponds to 22 amino
acid residues, is required for efficient IL-6 signaling via the
membrane-bound receptor, because IL-6R deletion variants
containing a shorter stalk region were not biologically active,
although they were correctly folded and transported to the
cell surface %! Similar studies concerning the signaling
properties of the IL-11R have not been conducted yet.

In our recent study ', we analyzed the roles of the
different parts of the IL-11R and IL-6R with respect to signal
transduction. First, we examined whether a cross reactivity
between IL-11 and IL-6 exists using genetically engineered
Ba/F3 cell lines. Ba/F3 cells are murine pre-B cells that grow
in strict dependence of IL-3, but can be rendered responsive
to other cytokines via stable expression of the desired
cytokine receptors. Using Ba/F3-gp130-IL-11R cells, we
found that IL-6 could neither induce phosphorylation of
STATS3 nor cell proliferation, indicating that IL-6 is not a
high affinity ligand for the IL-11R. Vice versa, IL-11 could
not activate Ba/F3-gpl130-IL-6R cells. Taken together, we
detected no cross-reactivity between IL-6 and IL-11.

Additionally, we created eight different chimeras of both
receptors, where we left the three extracellular domains intact
and exchanged either stalk, transmembrane, intracellular
region, or all three parts between the two receptors and
analyzed their responses to IL-6 and IL-11. We found that
exchange of the stalk region between IL-11R and IL-6R did
not alter their response towards the cytokines. Swapping the
transmembrane or the intracellular part also did not affect
signaling. Consequently, exchanging all three regions and
keeping only D1-D3 intact still resulted in normal biological
activity of the IL-11R or IL-6R, respectively. Notably, the
origin of D1-D3 determined by which cytokine the chimeric
receptors could be activated, while the other regions showed
no influence. Thus, our results show a similar modular
organization of IL-11R and IL-6R, which allows transfer of
different regions between these receptors without interfering
with their signaling capacity.

The intracellular region of the IL-6R contains 82 amino
acid residues, the intracellular region of the IL-11R is
remarkably shorter and contains only 32 amino acid residues.
These regions do not participate in the signal transduction of
both cytokines, because IL-11R and IL-6R mutants without
their intracellular regions were fully biologically active *%*".
This finding is further corroborated by the fact that soluble
forms of the IL-6R (sIL-6R) exist which are able to bind IL-6
with similar affinity as the membrane-bound IL-6R . The
resulting IL-6/sIL-6R complexes are able to activate cells via
gpl30 homodimerization irrespective of the presence of
membrane-bound IL-6R, a fact that dramatically expands the
number of cells which can be activated by IL-6 via so-called
trans-signaling . The sIL-6R originates to a minor extent
from alternative mRNA splicing (~10 %), wherecas the
majority is believed to originate from proteolytic cleavage of
the membrane-bound IL-6R (~ 90%) " Among several
proteases that are able to cleave the IL-6R, the
metalloproteases ADAMI10 and ADAM17 appear to be the
most important enzymes involved in this process ' 23!,
Soluble forms of the IL-11R (sIL-11R) have not been
described to date, although transcripts potentially encoding
SsIL-11R have been found ®*. However, experiments with
recombinant proteins clearly showed that sIL-11R can bind
IL-11, and the sIL-11R/IL-11 complex has agonistic
properties that stimulated cell proliferation via gp130 77,
Conflicting data exist whether sIL-11R can also act as an
IL-11 antagonist on cells that express membrane-bound
IL-11R B3,

In conclusion, although signaling of IL-6 and IL-11
appears to be similar in several aspects, subtle differences in
their biochemical propertiecs might explain the different
biological functions of these two cytokines iz vivo.
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Y. Therapeutic administration of {L-11 exhibits the posteonditioning
effects against ischemia-reperfusion injury via STAT? in the heart.
Am J Physiol Heart Circ Physiol 303: H568-H577, 2012. First
published June 15, 2012; doi:10.1152/a;pheart. 00060.2012.—Activa-
tion of cardiac STAT3 by IL-6 cytokine family contributes to cardio-
protection. Previously, we demonstrated that IL-11, an -6 cytokine
family, has the therapeutic potential to prevent adverse cardiac re-
modeling after myocardial infarction; however, it remains to be
elucidated whether L-11 exhibits postcounditioning effects. To ad-
dress the possibility that [L-11 treatment iruproves clinical ontcome of
recanalization therapy against acute myocardial infarction, we exam-
ined its postconditioning effects on ischemia/reperfusion (I/R) injury.
CS5TBL/6 mice were exposed to ischemia (30 min) and reperfusion (24
h), and IL-1! was intravenously administered at the start of reperfu-
sion. /R injury mediated the activation of STAT3, which was en-
hanced by fL-11 administration. HL.-11 treatment reduced /R injury,
analyzed by triphenyl tetrazoliom chloride staining [PBS, 46.7 =%
14.4%; T~11 (20 pgikg), 28.06 £ 7.5% in the ratio of infarct to risk
area]. Moreover, echocardiographic and hemodynaraic analyses clar-
ified that {L-11 treatment preserved cardiac function after I/R. Ter-
minal deoxynucleotide transferase-mediated dUTP nick-end labeling
staining revealed that f1.-11 reduced the frequency of apeptotic
cardiomyocytes after I/R. Interestingly, IL~-11 reduced superoxide
production assessed by in sitw dihydroethidium fluorescence analysis,
accompanted by the increased expression of metaliothionein | and 2,
reactive oxygen species (ROS) scavengers. Importantly, with the use
of cardiac-specific STAT3 conditional knockout (STAT2 CKQ) mice,
it was revealed that cardiac-specific ablation of STAT3 abrogated
{L-1l-mediated aftenuation of /K injury. Finaily, fi-il failed to
suppress the ROS production after ¥R in STAT3 CKO mice. ~11
administration exhibits the postconditioning effects through cardiac
STATS3 activation, suggesting that [L-11 has the clinical therapeutic
potential to prevent VR injury in heart.

EH §

cavdiovascular diseases; cytokine; signal transduction

ISCHEMIA-REPERFUSION (I/R) is one of the major causes of myo-
cardial injury in the clinical setting, especially in the therapeu-
tic process of acute myocardial infarction. Although various
kinds of preventive therapies from UR injury have been pro-
posed so far, clinical trials revealed that they are insufficient.
Therefore, it is urgent to develop the therapeutic strategy on a
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novel concept to prevent myocardial damage after I/R. Accu-
mulating evidence has shown that cardiac homeostasis is main-
tained by a wide range of neurchumoral factors and cytokines,
suggesting that these factors could be therapeutic targets for
cardioprotection.

IL-6 family cytokines contribute to cardioprotection by
activating various kinds of signaling molecules. In their cyto-
kine signaling pathways, activation of glycoprotein 130/
STAT3S axis plays important roles in cytoprotection and angio-
genesis (6, 21, 22). Thus the activation of STAT3 by IL-6
family cytokines is considered a potential therapeutic strategy
for cardiovascular diseases (5). Experimesntally, leukemia in-
hibitory factor shows the antifibrotic effect after myocardial
infarction (29); however, this cyiokine has not been considered
clinically appropriate because of its proioflammatory proper-
ties (7). To establish a novel therapeutic strategy against
cardiovascular disease, we focused on IL-11, a member of 1L-6
family cytokines, because its proinflammatory activity is lim-
ited and because IH.-11 exhibits anti-inflarnmatory activity in
some cases (3, 23).

JL-11 exhibits multipotential functions (4). Because 1.-11
has the thrombopoietic activity, recombinant haman {L-11 is
clinically used for thrombocytopenia (9). In addition, TL-11
also shows nonhematopoietic functions. Previously, we re-
ported that IL-11 protects cardiomyocytes from H,Os-induced
cell death through STAT3S activation and has a late precondi-
tioning effect against /R injury (16). Recently, we also dem-
onstrated that the therapeutic treatment of IL-11 reduces ad-
verse cardiac remodeling after niyocardial infarction in murine
model, concomitant with anti-apoptosis and angiogenesis (20).
Furthermore, cardiac-specific ablation of STAT3 abrogated
IL-11-mediated attenuation of adverse cardiac remodebng,
suggesting that cardiac activation of STAT3 mediates antifi-
brotic effects.

In this study. to address the possibility of clinical application
of TL-11 reatment in the therapeutic process of acute myocar-
dial infarction as a cardioprotective strategy, we investigated
s postconditioning effects on VR injury. In addition, we
examined whether IL-11 utilizes the cardiac STAT3 signaling
pathway in its posiconditioning effects.

MATERIALS AND METHODS

Animal care. The care of all aniruals was approved by the Aniwal
Care and Use Committee of Graduate School of Phanmaceutical
Sciences, Usaka University. The investigation conforms to the Guide
for the Care and Use of Laboratory Animals published by the
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National Institutes of Health (NIH publication No. 85-23, revised
1996).

All mice for the experiments were enthanized by inhalation of
isoflurane in a epthanasia chamber. Death of the animals was con-
firmed by mouiforing the absence of breath after removal of the
carcass from the euthanasia chamber. A total of 172 mice were used
i this stndy.

R model and IL-1] treatment. Murine UR was generated as
described previously, with minor wodifications (15, 21). Briefly,
C57BL/6 mice (8- to 12 wk old; Japan SLC) were anesthetized and
ventilated with 80% oxygen contaimng 1.5% isoflurane (Merci).
After left-side thoracotomy, 7-0 sill suture was tied around the left
coronary artery with a slipknot. Infarction was confirmed by discol-
oration of the ventricle and ST-T changes in electrocardiogram mon-
itor. The chest and the skin were closed with 5-0 silk sutures. The
raice were revived for a 30-min ischemic peniod, after which the koot
was released and the heart was allowed to reperfuse for 24 h. By this
experimental protocel, the mortality was minimized to less than 10%.
Twenty four hours after reperfusion, the mice were enthanized and the
slipknot was retied. PBS containing 1.5% Evans blue was injected
o the left ventricle, and the hearts were removed. Isolated hearts
were sectioned, and viable myocardium was stained with 2% triphenyl
tetrazolium chloride (Sigma), as described previously (21). The
amounts of miyocardial area not af risk, area at risk (AAR}, and
infarcted area were quantified with Scion Image (Scion). In the IL-11
group, basically, 20 pgikg of recombinant human -11 (Peprotech)
was intravenously administered at the start of reperfusion (various
concentrations in 200 i of PBS/25 g of body wt), whereas the control
group received the same volume of PBS over the same period. In the
study concerning the dose-dependent effects of IL-11 on myoccardial
rjuey, various conceniraions (3, 8, 20, 50 pg/kg) of HL-11 were used.
There was no difference in mortality between groups.

fmmunoblot analysis. Immunoblot analyses were performed as
described previously (18). Briefly, heart homiogenates were prepared
in buffer containing 150 mM Na(l, 10 mM Trs-HCH (pH 7.5), | mM
EDTA, 1% Triton X-108, 1% deoxychelic acid, 1% protease inhibitor
cocktail, 1 mM dithiothreitol, 1 mM sodium orthovapadate, and I mM
NaF. Proteius were separated by SDS-PAGE and transferred onto the
polyvinylidene difivoride membrane (Millipore). The membrane was
imrauncblotted with anti-phospho-STAT3 (p-STAT3; Celi Signaling

Fig. 1. 1L A
activation in
heart

rreatment ephanced STAT3
ischemiafreperfusion  (I/R)
A: mice were exposed to UR. At
time points, mice were euthanized
and the lysates from hearts were immuno-

p-STAT3

iots were re-
STAT3 antibody or GAPDH .
1d guan- Tolal STAT3
i) are
shown. Data are shown as mes SD (= GAPDH

3 mice for each condition). *P < §.05 vs.
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Technology) or anti-STAT3 (Santa Cruz Biotechnology) antibody.
The membrane was reprobed with anti-STAT3 or anti-GAPDH (Santa
Cruz Biotechnology) antibody to show the equal amount loading.
Electrochemiluminescence system was used for the detection.

Echocardiographic analvsis. Mice were exposed to IR injury and
f-11 (20 ppskgy or PBS, as a control, was administered at start of
reperfusion. Twenty four howrs after reperfusion, two-dimeunsional
and motionmede (M-meode) transthoracic echocardiography was per-
formed using an iE33 model equipped with a 15-MHz transducer
(Philips Electronics, Andover, MA). Echocardiographic measure-
ments were taken on M-mode. The investigator was biinded to the
identity of the mice for analysis. Sham indicates the mice underwent
thoracotomy without I/R.

Hemodynamic analysis. Hemoedynamics was analyzed according to
previous report with minor modification (20). Briefly, 24 h after
reperfusion, mice were anesthetized (50 mp/kp pentobarbital) and
heparinized (30 units) via intrapertitoneal injection. The bearts were
rapidly excised and placed in ice-cold modified Tyrode’s solution
containing {in mM) 140 Nal’l, 5.4 KC, 1.8 Call,, 0.45 MgCl,, 0.33
NaH,PQ4, 5.5 glucose, and 5 HEPES (pH 7.4). The aorta was
cannulated and retrogradely perfused at a coustant pressure of 100
mmH,0 with Tyrode’s solution bubbled with 80% oxygen at 37°C.
Thus the experiments were performed at 37°C by imunersing the heart
in Tyvrode's solution in a water-jacketed chamber. The hearts were
paced at 420 beats/min. The fluid-filled balloon was inserted into the
ieft ventricle to monitor cardiac function. The balloon was attached to
a pressure transducer, which was coupled to a 45 Powerlab (AD
{nstruments). Left ventricular developed pressure and maximal and
niinimal change in pressure over time were measured.

Terminal deoxynucieotide transferase-mediated dUTP nick-end la-
beling staining. Tweunty four hours after reperfusion, the frozen
sections (5 jum thick) were prepared from the portion in the middle of
the infarct zone. Apoptotic cell death was detected by terminal
deoxymucleotide  transferase-mediated dUTP  nick-end labeling
(TUNEL) staining with in sita apoptosis detection kit {TaKaRa). The
sections were costained with anti-sarcomeric o~-actinin (3igma} anti-
body to identify the cardiomyocyies. Nuclei were simultanecusly
stained with Hoechst 33258, For guautitative analyses, apoptotic
myocytes were counted in number by the researcher who was blinded
to the assay conditions.
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Fig. 2. Single administration of I1.-11 at the time of
reperfusion atteruated VR injury. CS7BL/6 mice
were exposed to 30 min isch followed by 24 h
repert I~11 or PBS, a ol, was admin-
istered intravepously at start of repertusion. Aress at
d by exclusion of Evans blue. The

: were detected by staining
ium chlortde (TTC). Rep-

Risk size / LV area (%) @
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Ditivdroethidium fluorescence analysis. Dibydroethidium (DHE)
fluorescence analysis was performed to cxamine the generation of
superoxide. The frozen secions (5 pm thick) were prepared and
stained with 10 pM DHE in Krebs/HEPES buffer composed of (in
mmol/ly 99.01 Nall, 4.69 KCL 1.87 CaCly, 1.20 MgSO,, 1.03
KoHPO,, 25.0 NalC0s, 20.0 Na-HEPES, and 11.1 glucose (pH 7.4}
at 37°C for 30 min in a dark. The intensities of fluorescence were
quantitatively analyzed with Adobe Photoshop Elemeunts 2.0 {Adobe
Systems) by the researcher who was blinded to the assay conditions.

Real-time RT-PCR. Real time RT-PCR was performed according to
the manufa r's protocol. Total RNA was prepared from hearts at
3 h after reperfusion. Total RMA (1 pg) was subjected to fixst-strand
cIINA synthesis with oligo (dT) pdruer. The mRNA expression was
quantified by reai-time RT-PCR using the Applied Biosystems
StepOne Real-Tie PCR systerns (Applied Biosystems) with 3YBR
green system (Applied Biosystems). As an internal control, the ex-
pression of GAPDH mRNA was estimated with SYBR preen systerm.
The primers used in this study are as follows: metallothionein (MT) 1,
forward: CGT AGC TCC AGC TTC ACC AGA TCT C, reverse:
TGO TCGG CAG CGCTOT TCG T MT-2, forward: GUT TTT GCG
CTC GAC CCA ATA CTC TC, reverse: GGA GCA GCA GCT TTIT

resentaitv
Band C

wn {A). Scale bar, 1 mm.
ize were quan-
~ titatively estimate shown as means = 8D
{n = 9 mice for PBS; n = 6 mice for 3 pug/kg of
fL-11; n = 7 mice for 8 pa/kg of Th-11; n = 9 mice
for 20 pg/kg of I-11; n = 6 mice for 50 pg/kg of
Wiy *P < 0.05 vs. PBS. by l-way ANQVA
followed by Bonferroni test. LV, left ventricular.

3 8 20 50
IL-11 (ug/kg)

CTT GCA GGA AG: eyclooxygenase (COX)-2, forward: ACT GCC
CAA CTC CCA TGG GT, reverse: AGT CCA CTC CAT GGC CCA
GT; MoSOD, forward: AGG AGA GCA GCG GTC GTG TAA ACC
T, weverse: CGG TGG CGT TGA GGT TGT TCA CGT A; Cof
ZnSOD, forward: AGA GCC TGA CAG GTG CAG AGA ACC,
reverse: ACT TTG GCA TGC GTG TCG CC; redox factor-1, for-
ward: AGA GAC CAA GAA GAG TAA GGG G, reverse: TGC TTC
TTC CTT TAC CCA ATC C; peroxiredoxin 3. forward: TCA AGG
TGG GAG ATG CCA TTC, reverse: AAC CTT GCCTTC TGC CTG
GT; peroxiredoxin 6, forward: AGA TTC ATG GGG CATTCT CTT
TTC C, reverse: TAA GCA TTG ATG TCC TTG CTC CAG;
isocitrate dehydrogenase, forward: AAG GAG AAG CTC ATC CTG
CC, reverse: TCA GCT TGA ACT CTT CCA CAC G; gintathione
reductase, forward: TGA TCA GGC ATG ATA AGG TAC TGA G,
reverse: CAT CCG TCT GAA TGC CCA CT; ghutathione peroxidase
4, forward: AGG CAG GAG CCA GGA AGT A, ¢ e: TGA TGG
CAT TTC CCA GCA TG S-oxoprolinase, fo f: TTC CAG
GGC CALG CTA AAG AAT G, reverse: TCT GTG GAT GTG CCT
CCC ATG T: unclear factor-like 1, forward: TGC ACA GTT CCC
AGC TGA ) reverse: CTT CCA TAG CCT GCA TTT CCA T,

Table |. Effects of I1{-11 on cardiac function at 24 h after reperfusion

Parameter/Group Sham UR + PBS VR + JL-11
Ejecti G3+15 522+ 5.7% 62.9 * 10.14*

ua

o0 L

B~y

Fractional sh
0.4

or wall thickness
3 diameter
Heart rate-LV, beats/min

&

+-
5+ 0001

0591 = 0.033

0.069 + 0.003

0.232 + 0.026
494 = 71

219+ 3.1%
0.085 + 0.012

5 6.2
+ 0.005

0.360 + (.036
(.080 =+ 0.012
0.282 + 0.035

490 + 52

Values are means = SD; n = 3 mice for sham, n = 6 mice for ischemia-reperfusion (VR) + PBS
ischemia foliowed by 24 h reperfusion. 1L-11 (20 pg/kg) or PBS, as a control, was iniravi

to 30 min

nd 7 = 6 mice for IR + IL-11. Mice were subjected
sty administered at the time of reperfusion. $P <

0.01; #P < 0.05 vs. Sham; *P < 0.05 vs. YR + PBS, by unpaired s-test. LV, left ventricular.
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Table 2. Effects of IL-11 on hemodynamics at 24 h after reperfusion

Parameter/Group Sham

79599
23478 * 4432
—2178.3 = 3873

LV developed pressure, mmHg
+dP/dr (mmHg/s)
—dP/dt (mmHg/s)

IR + PBS IR + IL-11
6= 1103 693 + 6.7%
4+ 296.18 2009.0 + 321.2*
—1395.0 + 326.18 —~1776.7 * 132.28*

Values are means + SB; # = 4 mice for sham, # = 3 mice for YR + PBS, and n = 6 mice for /R + IL-11. Mice were @
sdministered at the time of reperfusion. $£ <

by 24 h reperfusion. fl~-11 (20 pgikg) or PBS,

S 3 COntrol, was iatrav

nousky

bijected to 30 min of ischemia followed
2 0.05 vs. Shamy, ¥P < 0.05 vs. [/R +

PBS, by unpaired ftest. *+dP/ds, maximal and minimal change in pressure over time.

GAPDH, forward: GCC GOT GCT GAG TAT
CCCTTT TGG CTC CACCCT T,

Cell culture and reagents. Cardiomyocytes were cultured as de-
scribed previously (16). Briefly, cardiac veatricles of 1-day-old Wistar
rats were minced and cells were isolated with 0.1% trypsin (Difco
Laboratories) and 0.1% agenase type [V (Sigma). To eliminate the
nopmyocyte population, isolated cells were plated and incubated for 1
h at 37°C. Nonaitached cells were collected as cardiomyocytes and
cultured in DMEM/Ham’s F-12 (DMEM/F-12) coutaining 5% neo-
natal calf serum. More than 90% cells were identified as cardiomyo-
cytes, assessed by immunostaining with anti-sarcomeric specific o-ac-
tinin antibody.

STAT3 Steaith RNAL MT Stealth RNAI, and control Steaith RNAI
were purchased from Invitrogen. Cardiomyocytes were transfected
with these small interfering RNA (siRNA) using Lipofectamine RNA1
MAX (Invitogen) in DMEM/F-12 containing 5% uneonatal calf se-
romt. Cardiomiyocytes were cultured in serom-free DMEM/F-12 con~
taining {1-11 and/or H20z at the indicated concentrations. Apoptotic
celis were detected by Annexin V staining, as described in a previous
report {16).

Conditional ablation of STAT3 gene in cardiomyocyies of adult
murine hearts. Cardiac STAT3 conditional knockout mice were gen-
erated as described previously with minor modifications (20). In brief,
the cardiac-specific transgenic mice overexpressing Cre recombinase
fusion protein to the rautated estrogen receptor domains {MerCreMer)
under the control of a-rmyosin heavy chain {a-MHC) promoter were
crossed with STAT3 flox mice (STAT3%*%°%y (o produce o-MHC-
Mer(reMer/STAT3#¥0X mice. To activate Cre-recombinase activ-
ity, o-MHC-MerCreMer/STAT3%#/fox or o-MHC-MerCreMer/
STAT3VIE myjee ag control mice, were intraperitoneally injected
with 8 mg/kg of famoxifen (Sigma} dissolved in corn oil {Sigma) once
a day for 14 consecutive days. After tamoxifen treatment, the mutant
mice underwent I/R as described above.

GTC GT, reverse:

A

TUNEL Hoechst a-actinin

PBS

iL-11

Fig. 3. IL-11 treatment suppressed cardiomyocytes apop
transferase-mediated dUTP nick-end labeling (TUN]
antibody and Hoechst 33258 dye. The img
Arrowheads show TUNEL-positive, apoptotic ¢
as means = SD [# = 5 mice for PRS; n = 6 n

rdiomyocytes. Scale bar

AJP-Heart Cire Physiol » doi:10.1152/4jpheart. 000602012 « www.2j

v 50 wm. B: quantification of th
o for TL-11 (20 pprkg)l. *P <C 0.05 by unpaired ¢

Staristical analysis. Data were presented as means = SD. The
coruparison between two groups was performed using an unpaired
t-test. One~-way ANOVA with Bonferroni test was used for compar-
isons of yunltiple groups. Differences were considered statistically
significant when the calculated P value was less than 0.05.

RESULTS

IL-11 treatment enhanced STAT3 activiiy in I/R hearts.
Because it is known that STAT3 is activated during VR, we
first confirmed that STAT3 is endogenously activated in hearts
at various time poims after /R in our system (Fig. 14).
Immuneblot analyses with anti-p-STAT3 antibody revealed
that STAT3 phosphorylation was slightly induced at 3 30-min
ischenia period. It is important that STAT3 was dramatically
activated at 1 h after reperfusion. These data indicated that
STAT3 signals are endogenously activated during I/R.

Next, we examined whether JL-11 administration further
enhanced STAT3 activity during VR (Fig. 1B). Mice were
exposed to R injury with intravenous injection of 1L-11 at
a dose of 20 pg/kg or PBS at start of reperfusion. We
analyzed the activation of STAT3 at 15 min after reperfu-
sion by immunoblot analysis, based on the previous findings
that the intravenous administration of IL-I1 activated
STAT3 with its peak at 15 min in nonoperated hearts (20).
Fifteen minutes after reperfusion, I/R stimuli induced
STAT3 acuvation, which was enhanced by 1L-11 weatment,
relative to control.

The therapeutic treatment of IL-1] exhibits the postcondi-
tioning effects against /R injury. Because STAT3 activity was
reinforced by IL-11 injection at start of reperfusion in VR

oW

Merged

PBS

iL-11

TUNEL-positive cardiomyocytes
{ total cardiomyocytes (%)

ter UR. A: frequency of apoptotic cardiomyocytes was estimated by terminal deoxynucleotide
) staining 24 b after myocardial inf
1 are representative of 75 to 120

ric q-actinin
homionse).
are shown

arction. The sections were costained with antisarcom:

images obtained

L.
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model, we examined the posiconditioning effects of IL-11 on
IR injury (Fig. 2). Mice were subjected to 30 min of left
coronary artery Hgation followed by 24 b reperfusion. JL-11 or
PBS, as a control, was administered intravenously at statt of
reperfusion. Although there was no sigpificant difference in
AAR between [L-11 weatment and control group, the infarct
size relative to AAR was decreased by single treatment of
IL-11 in a dose-dependent manser (Fig. 2C). Treatment of
IL-11 at 20 and 50 pg/kg significantly reduced the infarct size
by 38.8 and 39.2%, respectively (PBS, 467 & 14.4%; 20
ughkg of IL-11. 28.6 = 7.5%: 50 ug/hkg of IL-11, 284 =
13.7%). Because it is confirmed that IL-11 treatment at a dose
of 20 pug/kg achieved the maximal effect, further studies were
performed with the use of IL-11 af a dose of 20 pg/kg. Next,
we investigated the cardiac function after /R by echocardio-
graphic and hemodynamic analysis. Echocardiographic analy-

Table 3. The expressions of cytoprotective genes

“TS OF IL-11 IN THE HEART HA73

1.6
1.2
Fig. 4. IL~11 treatment atienuated reactive
0.8 oxygen species (ROS) production after /R,
Twenty four hours after reperfusion, the
0.4 i ctions were stained with dihydro-
0 ethidium (DHE). A: representative flucres-

cent tmages ave shown. Scale bar, 100 pm.
PES R B: fluoresc intensity at risk area was
estimated. D = SD
{n = 4 mice for PBS, n = 5 mice for 1L-11
(20 pp/kg)]. *P << 0.03 by unpaired r-test.
C: three hours after reperfusion, total RNA
was prepared from I/R hearts and real time
RT-FCR was performed for metallothionein
{MT) 1 and 2. The expression of MT1 and
MT2 were normalized with that of GAPDH.
Data are shown as means * SD [# = 6 mice
for PRS; n = 7 mice for IL-11 (20 pglkad].
P < 0.05 by unpaired rtest.

are shown as mea

-
4]

pus
o

PBS  IL-11

sis revealed that ejection fraction and fraction shortening were
dramatically reduced 24 h after reperfusion (Table 1). Further-
more, hemodynamic analysis elucidated that left ventrcular
developed pressure and maximal and minimal change in pres-
sure over time were reduced by /R (Table 2). It is inriguing,
bowever, that IL-11 weatment at 3 dose of 20 pg/kg signifi-
cantly preserved cardiac function.

We also examined the effects of the tirning of IL-11 treat-
ment on cardioprotection. Mice were exposed to /R injury, and
1L-11 was weated at 3 b after reperfusion. As a result, IL-11
was less effective in cardioprotection when administered at 3 h
than immediately after reperfusion {(data not shown). There-
fore, the therapeutic window of {L-11 is likely to be the early
tinre point after myocardial infarction.

These findings suggest that the administration of 1L-11 at
reperfusion bas the therapeutic potential to prevent /R injury.

Gene Nop-I/R + [L-1 YR + PBS UR + IL-11
Metallothionein 1 6.73 = |.57* 948 > 2.15% 13.61 = 3.04%#%
Metallothionein 2 407 =08 9.04 = 297* 13.58 = 2.63%#
Cyclooxygenase-2 CA41 =020 15685 = 10.61% 17.86 = 8.2
MnSOD 1.09 1.12 =415 1.09 = G
Cu/Zn8S0D 1.09 0.95 = 0.08 1.00 + (.22
Redox factor-1 2.77 3.76 *+ 586 1.73 = (0.24%
Peroxitedoxin 5 502 112 = 021 1.09 = (.23
Peroxiredoxin 6 1.06 = 0. 1.10 = 0.20 115+ 0.29
Isocitrate dehydrogenase 1.08 = 0.04 1LI8 =017 115 = 0.29
Glutathione reductase Q.68 = (.29 112 £ 0.67 1.48 = (.81
Glutathione peroxidase 4 103 = 8612 1.11 + 019 112+ 0.28
3-Oxoprolinase 1.32 = (.45 1.1l =039 1.i8 = 034
Nuclear factor-like 1 1.28 = 0.04 1.20 = Q.14 129 =024

Values {fold change of controt mice) are means * SD; n = 3-7 mice. Three hours after {reatment of IL-11 at 20 pg/kg or PBS, total RNA was prepared {rom

I/R or nonoperation hearts

of GAPDH. ¥P < 0.05 vs. control mice;

d real time RT-PCR was performed for the cytoprotective genes. The expression of cytoprotective genes was normalized with that
#P < 0.05 vs. VR + PRS, by unpaired ~test.
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{L-11 treatment suppressed apopiotic cell death and reactive
oxygen species generation in I/R hearts. To address the mech-
anisms of the postconditioning effects of [L-11, we examined
whether 1L-11 weatment prevented apoptotic cell death by /R
injury (Fig. 3). TUNEL staining revealed that TUNEL-positive
cardiomyocytes were detected mainly at the risk area 24 h after
reperfusion. It is important that 1L-11 treatment significantly
reduced the frequency of apoptotic cardiomyocytes compared
with the PBS group.

Reactive oxygen species (ROS) is one of the most important
inducers of apoptotic and necrotic cell death after /R, To
assess the mechanism of IL-11-mediated suppression of cell
death, we focused on the effect of IL-11 on RO production
(Fig. 44). DHE fluorescence staining demonstrated that ROS
was induced by IR at risk area. It is interesting that IL-11
treatment suppressed ROS production relative to PBS group.
To clarify the molecular mechanism of the ROS-scavenging
effects of IL-11, the expression of ROS-related cytoprotective

TS OF IL-

11 IN THE HEART

genes downstream of STAT3 (19, 21, 24, 27) was measured by
real time RT-PCR (Table 3). Among them, MT1, MT2, and
COX-2 mRNA were upregulated at 3 h after I/R. It is important
that IL.-11 treatment enhanced the FR-induced upregulation of
MTI and MT2 gene transcripts at 3 h after reperfusion (Fig.
4F), whereas the expression of COX-2 mRNA was not rein-
forced by IL-11 under /R condition.

We examined whether IL-11 induced MT expression
through STA'T3 activation ia viro and in vivo (Fig. 5). 1o the
in vitro model, neonatal rat cardiomyocytes were prepared and
transfected with contrel siRNA or with STAT3 siRNA.
Twenty four hours later, cells were stimulated with IL-11 (20
ng/mb) for 3 b Real-tme PCR analyses revealed that the
stirmation with IL-~11 resulted in the increased expressions of
MTH and MT2, which was cancelled by the knockdown of
STAT3. In the in vive model, STATS gene was ablated in a
cardiomyocyie-specific manner, using cardion yocyte- specific
tamoxifen-inducible Cre recombinase transgenic mice (o-

A
—— —~—~
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a5 2 a5
< < 3
o2 o
=R =48
s m -
0 0
Fig. 5. IL-11 induces MT1 and MT2 through STATS, -1 -+ -+ -1t - * - *
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later, cells were stimulated with TL-11 (2C ng/ml) for 3 h.
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MHC-MerCreMer mniice} on the genetic background of
STAT3EN% - o MHC-MerCreMer mice on STAT3w//wild
were used as a ‘,ommi. To induce Cre~-mediated 1ecomb!nation,
mice were treated with tamoxifen as described in MATERIALS
AND METBODS. After tamoxifen treatment, the level of STAT3
protein expression decreased {data not shown). Cardiac-spe-
cific conditional STAT3-deficient (STAT3 CKO) mice and
control (Wild) mice were administered with IL-11. Three hours
after {L.-11 administration, MT1 and MT2Z mRNA expressions
were measured by real-time PCR. Although IL-11 increased
MT1 and MT2 mRNA in Wild mice, the upregulation of MT1
and MT2 mRNA by IL-11 was abrogated in STAT3 CKO
mice.

To address the importance of MT! and MT2 in IL-11-
mediated cardioprotection, cardiomyocytes were transfected
with control siRNA or with MT1 and 2 siRNA. Twenty four
hours later, cells were incubated with 1L-11 (200 ng/ml) for 6
h, followed by exposure o H.O, (1 mM) for 24 h. Apoptotic
cells were detected by Annexin V staining. Although H,O,
evoked apoptosis in control siRINA-transfected cardiomyo-
cytes, IL-11 suppressed HoOz-induced apoptosis, as reported
previously (16). Itis important that IL-{ 1-mediated attenuation
of HaO,-induced apoptosis was reduced in MT siRNA-trans-
fected cardiomyocytes. These data jndicated that H.-11 pre-
vented ROS-induced cardiomyocyte death, at least partally
through STAT3/MT axis.

Activation of cardiac STAT3 is indispensable for {L-11-
mediated attenuation of /R injury. To assess the importance of
cardiac STAT3 in IL-11-mediated prevention against /R in-
jury, we prepared STAT3 CKO mice and coatrol (Wild) mice.
Consistent with the previous reports (12, 14, 20). there was no
significant difference in cardiac function between CKO mice
and control mice, analyzed by echocardiography (data not
shown). STAT3 CKO mice and control mice were exposed to
/R and administered with or without 1L-11 at the start of
reperfusion (Fig. 6, A and ). STAT3 CKO and control mice
showed the similar size of AAR. It is impor“ant that the
treatment of IL-11 (20 pg/kg) reduced infarct size in wild-type
mice; however, {L-11-mediated attenuation of VR injury was
abrogated in STAT3 CKO mice (Wild-PBS, 363 = 10.3%;
Wild-[L-11, 24.8 i., 5.2%; CKO-PBS, 44.9 % 6.3%; CKO-IL-
11,523 £ 153%

Finally, beczmse 1L.-11 posteonditioning effects were closely
associated with ROS scavenging, we examined ROS genera-
tion in STAT3 CKO mice (Fig. 6C). It is interesting that 1L-11
failed to suppress ROS production in STAT3 CKO mice,
indicating that STAT3 activation is essential for ROS scaveng-
ing. These findings indicate that cardiac activation of STAT3 is

itical step for the postconditioning effects of IL-11.

PISCUSSION

In the present study, we examined the postconditioning
effects of therapeutic treatment of IL-11 on I/R injury. IL-11
administration enhanced the I/R-1nduced activation of STAT3
in hearts. Single treatment of IL-11 at the start of reperfusion
was sufficient to attenuate VR igpury in mice. IL-11 prevented
apoptotic cell death and ROS generation, accompanied by the
increase of MT1 and 2 mRNA expressions. It is imaportant that
IL-11-mediated cardioprotection against /R injury was abol-
ished in cardiac-specific conditional STAT3-deficient mice.

Risk size / LV area (%)
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g 80 b N.S.
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Fig. 6. d-tl-mediated postconditioning against UR injury ¥
STAT3 CKO mice. o-Myosin heavy chain (e-MHC) Mer( STAT3Rov o
(CKO) mice or a-MHC MerCreMer STAT3* 9 (Wild) mice, as control mice,
were intraperitoneally admintsiered with 8 mgfkg of tamoxifen once a day tor
14 consecutive days. After tamoxifen treatment, STAT3 CKO mice and
wild-type mice were subjected to 30 min ia, followed by 24 b reperfu-
sion. 1IL~-11 (20 pg/ke) was administrated svenously at start of reperfusion.
nd B: areas at risk were estimated by exclusion of Evans blue. The
vocardial infarct areas were detected by staining with 2% TTC. Risk
size and infarct size were guantitatively ubllfnated Da'? are shown as means ™
SD (n = 7 mice for Wild-FBS; n = 5 1 8 mlce f(,r
CKO-PBS; n = 6 mice f ]
C: twe"‘y four hours after reperfusion, the he; 1rt b\L[IOH\ were stained wxm
D The fluorescence intensity at risk area was estimated. Data are shown as
3 for Wild-PRS; n = 6 mice for Wild-I-1l; n = 6

means = 8D (n = 4 n
mice for CKOQ-IL-11). *P < 0.05 by unpaired mtest; NS, not significant.
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H576 POSTCONDITIONING EFFE
Furthermore, IL-11 treatment failed to suppress ROS genera-
tion 18 response to ¥R in STAT3 CKO mice. These findings
suggest that IL-11 treatment exhibits postconditioning effects
through STAT3 pathway in VR,

[L-11 weatment exhibits cardioprotective effects by distinct
mechanisins from the cytokine therapies proposed so far
Recently, much attention has been paid to the cardioprotective
effects of granulocyte colony stimulating factor {G-CSF). The
administration of G-CSF preserves myocardium in the myo-
cardial infarction model (11) as well as the /R model (26}. In
G-CSF signaling, JAK2/STAT3S pathway has been proposed 10
be important in antifibrotic effects after myocardial infarction
during subacute and chronic phase, whereas the Akt/NOS
pathway contributes to the beneficial effect of G-CSF in /R
bearts during the acute phase (25). In contrast, IL-11 protects
myocardiuvm through STAT3 both in acute and chronic phase.
{L.~-11 attenuated adverse cardiac remodeling after myoccardial
infarction via cardiac STAT3 pathway (20). And, herein, we
revealed that IL-11-mediated suppression of ¥R injury was
exerted by cardiac STATS activation in acute phase. We have
also confirmed that IL-11 does not activate Akt signal in
murine hearts and aneonatal rat cardiomyocytes (data not
shown). Thus IL-11 therapy against /R injury is based on a
novel concept, mainly utilizing STAT3 signal.

In the present study, cardiac STAT3 activation is a critical
event for IL-11-mediated posiconditioning effects o VR in-
jury. Consistent with our results, previous studies have dem-
onstrated that STAT3 is indispensable for ischemic postcondi-
tioning that was induced by repeated exposure to ischemic
stress (1). Ischemic postconditioning is complicated and re-
quires at least three signaling pathways, including STATS,
Akt, and TNF-a (8, 17). Indeed, the deficiency in any one of
these three signaling pathways abrogates ischemic postcondi-
tioning effects; however, it has not been addressed whether the
activagon of one of these sigoals could confer the resistance to
/R under the posiconditioning situation. Here, as a novel
pharmacological approach, we have proposed that the activa-
tion of glycoprotein 130/STAT3 pathway simply by I1L-11
administration is therapeutically sufficient for postconditioning
effects.

It is important that IL-1i-mediate ‘upprossmn of ROS
generation was abrogated in STAT3 CKO mice, suggesting
that STAT3 utilizes ROS scavenging cyww’ns in s cardiopro-
tection. It i interesting that /R led to the increase of MT1 and
2 expressions, which were enhanced by IL-11. Combined with
the previous study that MT1 and 2 are key molecules in cardiac
STAT3-mediated attenuation of ¥R injury (21), we consider
that IL-11 prevented VR injury at least partially through ele-
vation of MT expression; however, we cannot exclude the
possibility that other functions reay be involved in STAT3-
mediated cardioprotection. For example, recent studies dem-
onstrated that STAT3 exerts protective functions, indepen-
dently of its transcriptional activation (10). STAT3 contributes
to cardioprotection by stimulation of respiration and inhibition
of mitochondrial permeability transition pore opening in mito-
chondria (2). Further investigation might be needed to fully
reveal the comprehensive mechanisms of postconditioning
effects by IL-11/cardiac STAT3 axis.

In our experiments, 1L-11 was 1ntravencusly administered to
mice immediately after reperfusion to protect against cardiac
injury. To unlize 1L-11 i clinical situation, it might be infor-

TS OF IL-11 IN THE HEART

mative to determine the therapeutic window of the IL-11
postconditioning. According to previous reports regarding G-
CSF, its beneficial effects were exerted when its freatment was
started early after myocardial infarction in animal models (11
and clinical wrials {13, 28). Because 1L-11 directly transduces
cardioprotective signals in cardiomyocytes exposed to /R
stress, as 18 the case with G-CSF, the maximal effects of 1L.-11
would be achieved by its administration at the early time point
of myocardial isfarction.

In conciuQion, [L-11 exhibits the postconditioning effects
against R via cardiac STAT3 pathway. Our results propose
the IL-11/STAT3 axis is a promising therapeutic target against
ischemic heart diseases.
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Abstract

Five cytokines activate the gplil0 IL-6 tansducer: ciliary neurotrophic factor, interleukin-6, interleukin-11, leukemia
inhibitory factor and oncostatin M. Human plasmacytoma celi lines, completely dependent on the addition of one of these
five cytokines for their growth, were used to obtain anti-gp130 monoclonal antibodies specifically inhibiting one of these
five cytokines without affecting the biological activity of the others. These antibodies should improve our understanding of
the interaction of gpi30 transducer using cytokines with gpli30 wansducer and facilitate the design of mew cytokine

inhibitors.

Keywords: Ciliary neurotrophic factor; goi30; Leukemia ichibitory factor; IL-6; IL-11; Menoclonal antibody; Receptor; Oncostatin M

1. Introduction

Five identified human cytokines use the gpi30d
IL-6 transducer {gpl13®) {(Kishimoto et al, 1994).
Numerous studies in humans and mice have shown
that abrormal production and /or response to one of

¢ Comesponding author. An Instifute for Molecular Genetics,
CNRS, 1919 Route de Mende, 34033 Montpeliier, France.

these cytokines (mainly IL-6) is associated with vari-
ous tumoral, autoimmune or inflammatory diseases
(Bauer and Hermang, 1991; Hirano et al., 1990; Van
Snick, 1950). Briefly, these cytokines may induce
fever, cachexia, bone resorption or production of
acute-phase proieins. They are also tumoral growth
factors in various cancers (Bauer and Hermann, 1991;
Hirano et al., 1990; Van Snick, 1990). These delete-
rious effects have led several groups to develop
inhibitors of IL-6 aetivity.

The construction and production of mutated 1L-6

0022-175% /96 /815.00 © 1996 Elsevier Science B.Y. All rights reserved

S5DI 0022-1759(95300232-4

BNSDGOIG <X SOIBEEA 1 >

Ex. 2001 - Page1439

G




BNSDOCIND <X

22 Z.-4. Gu et al. / Journal of Immunological Methods 196 (1896) 21-27

has improved our understanding of the interaction of
this cytokine with its receptors, i.e. IL-6 receptor
(IL-6R} and gpl30. Whereas IL-6 binds IL-6R
through one motif, gp130 is bound through two
distinct motifs separately identified by two groups
(De Hon et al., 1994; Savino et al., 1994). IL-6R
itse}f also binds gpl30 (Yawata et al., 1993). These
different interactions of IL-6, IL-6R and gp130 result
in the formation of a high-affinity hexameric com-
plex (Ward et al., 1994), dimerization of gpl30
transducer and activation of signal fransduction
(Murakami et al., 1993; Kishimoto et al., 1994). This
mechanism, recently described for IL-6, probably
also applies 1o other cytokines using the gp130 trans-
ducer,

The recent cloning of murine interleukin-11 (IL-
11} receptor has revealed that IL-11 first binds to
IL-1IR and that the complex formed by IL-11 and
IL-11R then binds to the gp130 IL-6 transducer in a
manner similar to that of IL-6 and IL-6R (Hilton et
al., 1994). Leukemia inhibitory factor (LIF) fiest
binds to LIF receptor, and the LIF/LIFR complex
then associates with gp130 IL-6 transducer (Gearing
et al., 1992). Oncostatin M (OM) first binds to
gpi30, and this complex then binds LIFR (Gearing
et al., 1992). Finally, ciliary neurotrophic factor
(CNTF) binds to an alpha chain receptor termed
CNTF receptor (CNTFR) before the CNTF /CNTFR
complex binds a gp130/LIFR heterodimer (Ip et al,,
1993). For these last three cytokines, signal transdue-
tion is induced by the heterodimerization of gpl30
and LIFR, which are both associated with JAK
kinases and further phosphorylated (Kishimoto et al.,
1994). For IL-6 and IL-11, signal transduction is
activated by homodimerization of gp130 and further
activation of associated kinases (Kishimoto et al.,
1994; Hilton et al., 1994).

It is important to develop tools to study the
interaction of the various gpl30 transducer depen-
dent cytokines with their specific receptors and with
gp130. Human plasmacytoma cell lines have recently
been obtained which depend on the addition of one
of the five gpl30 activating cytokines for their growth
{Zhang et al., 1994b). This paper reports the produc-
tion of anti-gp130 monoclonal antibodies which in-
hibit the biological activity of a particular gpl30
cytokine without affecting that of other gp130 trans-
ducer dependent cytokines.

2. Materials and methods

2.1. Human myeloma cell lines (HMCL)

XG-4 and XG-6 HMCL were obtained by cultur-
ing freshly explanted malignant plasma cells from
patients with terminal disease using a combination of
IL-6 and GM-CSF (Zhang et al., 1994a). XG-4-CNTF
and XG-6-IL-11 HMCL were obtained by sub-
cloning XG-4 and XG-6 HMCL with CNTF or
[L-11. These HMCL have a plasma cell phenotype
and the same immunoglobulin gene rearrangements
as the patients’ tumor cells. They were free of my-
coplasma contamination and were routinely cultured
in RPMI 1640 supplemented with 5% fetal calf
serum and 1 ng/ml of recombinant CNTF (XG-4-
CNTF) or 10 ng/ml of IL-11 (XG-6-11-11).

2.2. HMCL proliferation assay

To investigate their responsiveness to various cy-
tokines, XG cells were washed once with culture
medium, incubated for 3 h at 37°C in culture medium
alone and washed again twice. Cells were then cul-
tured at various densities in 96-well flat-bottomed
microplates for 5 days with either culture medium
alone or graded concentrations of various cytokines.
Anti-pp130 mAbs were added at the beginning of the
cultures. Mouse purified IgGl or IgG2a mAb was
used as a control antibody. Tritiated thymidine (0.5
mCi; 25 Ci/mM, CEA, Saclay, France) was added
for the last 8 h of culture, and tritiated thymidine
incorporation was determined as reported elsewhere
(Bataille et al., 1989).

2.3. Cloning of human gp{30 ¢DNA

Total cellular RNA was isolated from XG-7
myeloma cells by lysis with goanidium isothio-
cyanate and centrifugation on a cesium chloride gra-
dient. Oligonucleotides containing predetermined re-
striction sites were prepared in order to amplify
(PCR technique) and clone human gp130 within two
fragments and obtain the entire coding sequence. Pl
(5-GCTCGAGCGCAAGATGTTGACGTTGC) and
P2 (§-GGTGCGATGCACGGTACCATCTTC)
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oligonucleotides were designed in order to amplify a
1447 bp fragment containing the 5’ coding region cut
just after a unique Kpnl restriction site. P3 (5'-
GAAGATGGTACCGTGCATCGCACC) and P4
(5-GTCTAGAACTACTAGTCCTTCACTG)
oligonucleotides were used to amplify a 1354 bp
sequence beginning just before a Pwvull site and
containing the 3’ coding region. Two reverse tran-
scription (RT) reactions were performed with 1 ug
of total RNA and 50 pM of kinased P2 or P4
primers. The RT products were then amplified by
PCR using kinased P1-P2 primers or P3-P4 primers.
After 30 PCR cycles (94°C, 60"; 50°C, 45"; 72°C,
60”), PCR products of the expected size were puri-
fied with a Gene Clean kit (Stratagene, La Jolla, CA,
USA) and cloned into the SK* plasmid opened with
Smal (Stratagene). After the sequence of the cloned
gp130 fragments was checked, full cDNA coding for
human gpl130 was reconstituted in the pKCR6 ex-
pression vector (Matrisian et al., 1986), to which part
of the polylinker of the pKCSR & plasmid was added
in Kpnl. The pKCSR a plasmid is derived from the
pKCR3 vector (Breathnach and Harris, 1983) and
contains an SR a promotor (Takebe et al., 1988). To
reconstitute fult gp130 cDNA, the 5’ gp130 fragment
was excised from SK* plasmid using Xhol and
Kpnl enzymes, and the 3' fragment using Kpnl and
Xbal enzymes. The two fragments were then intro-
duced into the pKCR6 vector opened with Xhol and
Xbal.

2.4. Construction of a ¢cDNA coding for a soluble
Jorm of gpl30

A cDNA coding for a human gpl30 without
transmembrane or cytoplasmic regions was prepared
in order to introduce a stop codon just after amino
acid 620. Accordingly, PCR amplification of the full
gp130 cDNA was performed using P3 and P5 (5'-
GTCTAGATAAGGCTTCAATTTCTCCTTGAGC)
primers, and the PCR fragments were cloned into the
SK™ vector opened with Smal. The cloned fragment
was then excised with Kpnl-Xbal and its sequence
checked. It was then integrated into the pKCR6
vector opened with Xhol-Xbal, together with the
Xhol-Kpnl fragment corresponding to the 5’ coding
sequence of gp130.

4020885A__I_>

2.5. Transfectants expressing membrane gpl30 or
producing soluble gpl130

BAF-BO3 murine pre-B cells lacking membrane
gp130 (Hibi et al., 1990) were transfected with the
pKCR6 plasmid containing full gpl30 cDNA by
electroporation (200 £2, 25 uF, 1.5 kV) using a gene
pulser transfection apparatus (Bio-Rad, Richmond,
CA, USA). The expression of membrane gp130 was
checked with X7 anti-gp130 mAb. BAF-BO3 cells
stably transfected with human gpl30 gene were
termed BAF130 cells.

pKCR6 plasmid containing soluble gp130 cDNA
was introduced by electroporation (200 £, 25 uF,
1.5 kV) into CHO cells deficient for dihydrofolate
reductase (DUKX-B11 clone) using a gene pulser
transfection apparatus (Bio-Rad, Richmond, CA,
USA). Cells positive for dihydrofolate reductase were
selected for 3 weeks in RPMI1640 culture medium
containing 8% FCS and 2 mM L-glutamine but with-
out nucleosides (Kaufman, 1987).

2.6. Purification of soluble gpl30

The concentration of soluble gp130 (sgp130) in
culture supernatant of transfected CHO, assayed with
an ELISA purchased from R&D Systems (Minneap-
olis, MN, USA), was 2 ug/ml. This culture super-
natant was diluted twice with Tris-HC1 0.1 M, pH 7,
and run on a 2 ml Sepharose 4B column (Pharmacia,
Uppsala, Sweden) coupled with X7 anti-gp130 MAb
according to the manufacturer’s recommendations.
The column was washed twice with 20 ml of Tris-
HCI1 0.1 M, pH 7, and bound sgp130 was recovered
with 2 ml of acetate buffer (50 mM, pH 4.5). The
eluate was dialyzed against Tris-HCl and run sec-
ond-fold on the anti-gp130 column. Five hundred pg
of sgp130 were then purified and used for the immu-
nization of mice.

2.7. Immunization of mice and production of mono-
clonal antibodies to gpl30

Mice were immunized with 20 ug of sgpl130 in
complete Freund’s adjuvant. 3 weeks later, mice
were reimmunized with 20 ug of sgp130 in incom-
plete Freund’s adjuvant. After 4 weeks, mice were
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Fig. 1. Proliferation response of XG-4-CNTF and XG-6-1L-11
myeloma cells to various gp130 transducer dependent cytokines.
10* cells were cultured for 5 days in 150 ml of culture medium in
the presence of various cytokine concentrations. Results are the
mean tritiated thymidine incorporations determined in six separate
wells after 5 days of culture.

boosted with 10 ng of sgp130. For assays of anti-
bodies to human gp130, plates (Maxisorp, Nunc,
Denmark) were coated overnight with 1 ug/ml of
goat anti-mouse purified antibodies (Immunotech,
Marseille, France) in Tris-HC1 (0.1 M, pH 8.9) and
then saturated with phosphate-buffered saline and
3% bovine serum albumin (PBS-BSA). 100 ul/well
of diluted (1,/1000) plasma of immunized mice were
incubated overnight at 4°C, washed twice with PBS-
BSA and incubated with radioiodinated sgp130. Sol-
uble gp130 was radiolabeled using the chloramine-T
methodology as recommended (Harlow and Lane,
1988).

Hybridomas were prepared according to the previ-
ously described methodology (Wijdenes et al., 1991).
Hybridomas producing antibodies that labelled BAF
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cells transfected with gpl30 cDNA were cloned
twice and anti-gp130 antibodies were purified using
protein G Sepharose columns. Monoclonal antibod-
ies were biotinylated according to Harlow and Lane
(1988). Anti-gp130 antibodies were classified into
different clusters each of which recognized a differ-
ent epitope. With this procedure, one purified anti-
gp130 MAD was coated on plates (Maxisorp plate)
overnight, and the plates were then washed and
saturated with PBS-BSA before being incubated with
100 ng/well of sgp130 for 2 h, washed twice with
PBS-BSA and incubated with 1 pg/well of a sec-
ond biotinylated anti-gp130 MAD for 2 h. The plates
were then washed twice, and bound biotinylated
antibody was assayed with avidin bound to peroxi-
dase.

3. Reagents

Purified IL-6 was provided by D. Stinchcomb
(Synergen, Boulder, CO, USA), OM by M. Shoyab
(Bristol Myers Squibb, Seattle, WA, USA), CNTF
by Dr. Yancopoulos (Regeneron, Tarrytown, NY,
USA) and IL-11 by Dr. Tumer (Genetics Institute,
Boston, MA, USA). Recombinant LIF was pur-
chased from R&D Systems (Minneapolis, MN,
USA). Anti-gp130 X7 MAb was kindly provided by
Dr. Yasukawa (Tosoh, Tokyo, Japan).

4. Results
4.1. Production of anti-gp130 mAbs

The mAbs were characterized as anti-gp130 anti-
body because of their ability to bind BAF-B03 cells
transfected with the gpl130 gene but not to wild
BAF-B03 cells. These mAbs also bound to radiola-
beled purified soluble gp130. 15 mAbs were ob-
tained and on the basis of a sandwich ELISA these
antibodies were classified into five groups: B-K5,
B-P4, B-P8, B-R3 or B-T2 clusters.

4.2. Inhibitory capacity of anti-gp130 mAbs

The results obtained are presented in Figs. 1 and
2. The proliferative response of XG-4-CNTF cells to
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Fig. 2. Inhibitory capacity of anti-gp130 monoclonal antibodies. 10* XG-4-CNTF cells were cultured in 150 ml of culture medm for 5
days with either 20 pg/m! of IL-6, or 100 pg/ml of LIF, or 200 pg/ml of CNTF, or 300 pg/ml of OM. 10¢ XG-6-IL-11 cells were
cultured for S days with 10 ng/ml of IL-11. Graded concentrations of the various anti-gp130 mAbs were added at the beginning of culture.
Results are the mean tritiated thymidine incorporations determined in six separate wells at the end of culture.
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various gp130 transducer dependent cytokines is de-
picted in Fig. 1A. Without the addition of exogenous
cytokines, XG-4-CNTF cells died within 5 days.
Maximal proliferation was obtained with 20 pg/ml
of IL-6, 100 pg/ml of LIF, 200 pg/ml of CNTF and
300 pg/ml of OM. As XG-4-CNTF cells responded
poorly to IL-11, we used the XG-6-IL-11 cell line in
order to assay the capacity of the different anti-gp130
mAbs to neutralize IL-11. Maximal proliferation of
XG-6-IL-11 was obtained with 10 ng/ml of IL-11
(Fig. 1B). These concentrations were used in subse-
quent experiments to investigate the inhibitory ca-
pacity of the different antibodies. As depicted in Fig.
2A and Fig. 2F, the B-R3 mAb completely inhibited
the activity of the five gpl30 transducer dependent
cytokines. However, it was ten-fold more efficient
when inhibiting OM and CNTF activities. The B-P8
mAb significantly inhibited CNTF activity alone (Fig.
2B and Fig. 2F). The B-K5 mAb inhibited both OM
and LIF activities without affecting the other three
cytokines (Fig. 2C and Fig. 2F). The B-T2 mAb
inhibited only IL-6 activity (Fig. 2D and Fig. 2F)
and B-P4 mAb only inhibited IL-11 activity (Fig. 2E
and Fig. 2F).

5. Discussion

Our results show for the first time that different
epitopes on the gp130 transducer are involved in the
biological activity of the different gp130 transducer
dependent cytokines. This demonstration was facili-
tated by the availability of XG-4-CNTF and XG-6-11
plasmacytoma cell lines whose growth is completely
dependent on the addition of one of the cytokines
using the gp130 transducer. These antibodies should
prove very useful for the screening of gp130 mutants
in order to identify these different epitopes and for
illuminating the mechanisms of interaction of gp130
with the different gp130 transducer dependent cy-
tokines or their a chain receptors.

These antibodies should also be very useful in
inhibiting the biological activities of the five cy-
tokines in vivo, especially of 1IL-6 which is involved
in many diseases (Bauer and Hermann, 1991; Hirano
et al., 1990). However, as shown by our group, the
overall production of IL-6 in vivo is considerable
and thus quite difficult to block with only one in-
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hibitor (Lu et al., 1992; Klein and Brailly, 1995).
The possibility of specifically inhibiting the gp130
epitope involved in IL-6 activity (the B-T2 epitope)
without affecting the other gp130 transducer depen-
dent cytokines should improve the efficiency of anti-
bodies to IL-6 that block the binding of IL-6 to the
IL-6 receptor (Wijdenes et al., 1991). This is particu-
larly relevant since knockout mouse technology has
demonstrated the viability of inactivation of the [L-6
gene (Kopf et al., 1994), whereas inactivation of the
gp130 gene leads to early death of embryos (Yoshida
et al., 1993).
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5{)111119051*1«: kinase-1. Interestingly, we \iw show od that isoffu-

rane-mediated protection against schemic AXY also requires
17 Binally,
1 in tung epunekq. cells and
¢ 1839 Therefore, in this ‘.md‘f we tested the hypoth-

induction of &phmgmm@ iﬂf pre ious stidies

suggest that TGE-B1 indaces IL-13

fibrobl

asts thar isofiurane induces TGF-fl-mediated re mj‘, proxinzal
tubudar 1-11 synthesis. We also tested whe
ceitical role ju isoflurase-mediated reaal prow

RMaterials and Methods

Human and Mouse Proximal Tobule Coff Cuflure and
Exposurs ip lsgflurans
ized huroan re

X

Irnmor al proximal mbude (HK2) e
{American Type Culture Collection, Manassas, VA} were
grown and passaged with 50:50 mixture of Ddbecco Modi-
hcd Eagle Media/F12 with 10% feral bovine serum {Invimo-
gen, Carlsbad, CA} and antibiotics (300 U/l penici

¥

n G,
Yol amphotericin B;

100 ug/ml sueptomycin, and 0.25
fnvirrogen) at 37°C in a 100% humidified atmosphere of 5%
carbon dioxide—93% air. This cell line has been characrerized
extenstvely and tetains the phenotypic and fuuerional chare
ics of proximal rubule cells in culture® We also cultured
mouse kidoey proximal whale cells. Mouse hidneys were
removed, minced, and digested in collagenase A (I mg/mi;
Sigma, St Louis, MO} at 37°C
tatton. The cellular digest was filtered through a nylon mesh,
cenimifuged at 600g for 10mia,
ney proximal mbules were isolated according to the method
by Vinay er af® with the nse of Percoll density gradient sepa-
ration. Cells were used in the experiments described below
when cooflucnt after 24-b serum depriv

HK-2 cells or mouse proximal tubules in culture were
placed in an atr dght, 37°C, humidified modalar incaba-
tor chamber (Billups-Rothenberg, Inc., Del Mar, CA) with
inflow and ¢ outflow ports. The nlet port was connected w

ool

tert

fl)» i S min W)i’i ()CCB.‘S';()UB* ag;

and washed tedce. Mouse kid-

13

08,

Iz

a vaporizer {Datex-Ohmeda, GE Healthcare, Oklaboma

S

City, OK) to deliver isofturane {Abbortt Laboratorizs, North

<t

Chicago, 1L} mixed with 95

ir and 5% carbon dioxide

&

‘carrier gas) ar 1) Fmin. The outet port was connected 1o 3
Datex-Ohrneda 5250 RGM gas

furane concentrations. Exposure to jsofhurane (1.25-2.59

agalyzer that measured iso-

/(‘

lasted O-10 4. Controd cells were exg

ssed to carrier gas inan
i incubaror chamber To block rthe effects
of TGF-f1 generated by isoflurane, some HK-Z cells were
prerreated with neutralizing 1 P1 antbody (10 pg/mi
R& D Systems, Minneapolis, MIN) 30 min before isoflurane
treatment, respecrively. We also used nonneur.uhzmg con-

dent iT)C.‘QUJ.E‘»

trol isotype antibody to test the specificity of the nevralizing
TGEF-B1 anttbody (BD Binsciences, San Jose, CAYL

Heverse Transcription Polymsrass Chaln Beaclion
for fi~7§
By using reverse transcription polymerase chalo reaction, we
measured messenper RNAs {meIu}As}engodm‘ o human {(HK-2
celis) of mouse 1L-13 as desoribed® Aruplification of the
human {1-11 cmrpkmen.arv DNA was performed using the
fo lowing primers: forward pomer, 5-CTG AAG ACT CGG
TG TGA CC-% and reverse pnme- FCAG GGC AGA
'%( 1 CTG TGG AC-3 at an asnealing tenape
resulting in 2 300 base pair product. Amplification of the mouse
aty DINA was performed using the bllow-
ing primers ard primer, 3 Y_AAC TGT GTT TGT COC
CTG GT3 and reverse primer, 5-AAG CTG CAA AGATCC

CAA TG-3 ar an annealing temperarure of 68°C resulting in
3

anare of 66°C

JL-11 complen

\‘1

a 267 h craldehyde-3+

ase pair product. Glyee
genase complementary DNA amplification was performed w
control for kane (\ezdiug: forward primmer, $-ACC ACA GTC

CAT GEC ATC AC-3 and reverse primer, 5-CAC CAC CCY
GTTGCTGTAG at an aonealing remperatuee of 65°C

resulting in a 450 base pair product.

phosphate dehydro-

#-17 Enzysne-linked lnynunosorbent 4ssay
HK-Z cell supernatant or mouse kidney correx lysate IL-11
reed using human- or mouse-

PIOLEIN EXPYEssion was i
specific saodwich JL-11 enzyme-linked tmmunosorhent
assay kit (R&D Systems), respectively.

Mouse Anesthesia and induction of Rensl IR Ijury
After approval from the Columbia University Instin
mad Care and Use Committee (dew York, New York), we used
adudt male TL-11 receptoe-deficient (FL-1 1R knockout} mice or
wild-type (WT) litter mates dL-1IRWT) on a C57BLAG back-
ground (BE.129ST1 Leal W,
ME). Mice were initdally anestherized with intraperitoned pento-
E‘arb.t\.i { }“"—nrv Schein 3 \ terir;;;:cy Co., fis, IN; 501

tional Ani-

son Labs, Bar Hachor,

[nJm agpo

orny, right nephrectomy without renal o\,i}(ﬂ via).f ey cle
of the abdomen in two layers, the mice were then exposed o
an additional 4h of equipotent doses of cither penobarbiral or
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Fig. 1. isoflurane induces interieukin (iL)-11 messengsar RNA (mRNA) and protein synthasis in human kidney proximal tubule (HK-
2} cella. {4 and B} IL-11 mRNA measured by ?evaysa transcription polymsrase chain reaction in HK-2 cells treated with 0-2.5%
isoflurane for 6h {4, N = 8) or 2.5% isoflurane for 0-6h {8, N = 8}, Glyceraldehydae-3-phosphate dehydrogenase (GAPDH) mRNA
expression was quarniified to nonmalize lane loading. Dala are presented as means = S0 P < 0.05 varsus L-11 mBNA measured
after 0% isoflurane tresiment (A} or at Oh {B). ({O) Isofiurane increases H-11 protein {(pg/mb in cell culture media from HK-2 ce
{N = 8). HK-2 cells were treatad with 2.5% iscilurans or with carrier gas for § of 18h. P < 8.05 versus carder gas-treated group.

1.2% isoffurane as desctibed previousty:” %3 The mice were placed ke monoclonal anti-IL-11 (MAB418; R&D Systems) 20min
24 v )

ot 3 beating pad under a warming wat ¢ roainaia body wm- bc,fo;c reperfusion of is

PELALUIE @ 1ppmxrfiaidv 36°-38°C. Yo neutralize H-11 7 vivo,

“hernic kidoey or danvoperation. We

collecred kiduey (cortex and corticomedullary junedon) and
some TL-1IRWT mice were injected intravenously with Trag/ plisma 6-24h afrer IR injury 1o examine the severity of repal

A B

I HK-Z cells treated with 2 5% isoffurane of wilh camiey gas for & hr I

l HK-2 celis reated with 2 5% isofiurane or with camier gas for 8 hr
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Fig. 2. isoflurane induces interdeukin ({L)-11 in human kidney proximal tubule (HK-2) cells via transforming growth factor-81 (TGF-
£31). {4} 1-11 messenger BNA (mRNA) {detacied by reverse franscription polymerase chain reaction) expression in HK-2 celle
reated with 2.5% isoflurane for 811 (N = 8). Bepresentative images (fop} and band intensity quantifications {bofiom) expressed
as fold increases in i-11 axpression over carrier gas plus imymunoglobulin G {gQ) isolype antibody-treated conirals. (B) #-11
protein {detected with enzyme-linked irnmunosorbent assay; expression in HK-2 cells freated with 2.5% iscflurane for 8h (N
= 8). * F < 0.05 verays carrier gas group treated with IgG isotype antibody. # P < (.08 versus isoflurane group treated with IgG
isotype antibody. Error bars represent 1 SD. TGF-f1 antibody (10 pg/mi) prevents isoflurane-mediated induction of iL-11 mRNA
ang protein expression in human proximal tubule cells.

11 in HK.2
cell media {pgiml}

Carrier Gas IgG
k4
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expression aver
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Fig. 3. isoflurane induces interisukdn {L)-11 messen-

gy BNA (mBNA} exprassion in primary culture of mouse
proximal tubuie seffs vz fransforming growth factor-git
{TGF-B1). -1 mRNA {detented by revarse iransoription
polyrnerase chaln reaction) expression in primary cuftire
of mouse proximal tubule cells trealed with 2.5% isoffu-
rane for 80 (N = 4}, Representative images {fop) and band
intensity quantifications {botfom} expressed as iold in-
crexses i H-11 expression over carrisr gas and immuno-
globulin G gG) isctype antibody~treated controls. Glve-~
eraldehyde-3-phosphate dehydrogenase (GAPDH) mBNA
QXpi’eQS‘O" was ais0 guantified o normalize lane loading.
* P < 0.05 versus carrier gas group treated with igG isolype
antibody. # P < 0.05 varsys isoflurane group treated with IgG
isotype antibody. Lines represent means of scatter piots.
TGF-p1 antibody {10 ug/mi) prevents isofiuraneg-mediated
induction of iL-11 mMRNA and protein expression in mouse
proximal tbhule colis.

.

sfunction !\pie‘f;ma creatinine, rona hi

’oiog; apaptosis, and

\
¥
neutrophi infiltation) and 1L-11

Plasma ¢

raRNA and protein detection,

i 3 2 sohoar i
catinine was measured a5 deseribed with an eozyroatic

creati reagent kit according ro the manufacrarer’s lnstruc-
gons (Thermo Fisher Scientific, Waltham, MA)X Unlike the

Jaffe method, this method of creatinine measurernent fargely

sliminates the intetferences from mouse
Some H-11R W

barbital or with 1.2% iseflurane without beiog subjectad to

«ma chroma RCNS.

" mice were anesmetized with pento-
renal UR injury. To test the critical role of TGE-f1 signaling
in isoffurane-mediated 1L-11 induction in vive, some 1L-11
WT mice wexre iniected intravenously with § mOI kg mono-
clonal and-TGE-£1 (MARB240;

isotype antibody 30 min before a

R&D Systems) or conwnl

isofturane or

pentobarbital,

Histolngics! Delsclion of Kidaey Necrosis, Apoplosis, and

Neyfrophil infiffration

Mosphological  assessmer

i of kidoey hermatoxylin
eosin staln staining was performed by renal pathole-
gst (D, DYAgai) whe was naaware of the e
cach animal had received. An established grading scale of
neCrotic in i

wment that

ry {0-4, renal scote) © the proximal

assesstoent of

wubules was used for the | olo
1/R-induced
as described previously in onr studies Y We derected kid-
ney apoptosis with terminal deoxynucleotdyl transferase

e rriphosphate nick end-labeling stain-
3

i!\l'\pd'
damage as putlined by :aH(maL; et @l and

xyuridine- 5

using a commercially avail-
Indianapolis,

tng as dCS\,l‘thd elsewhere®
able i sitn cell death detection kit {(Roche, |
NG ac:(:ordis},;r 1o the instructions provided by the nx
farturer Apoprotic rerminal deox m‘.cleotmyi transferase

2'-deoxyuridine-3"-uiphosphate nick end-lab
r_dis were quantified in five to seven randemly chosen
fields in the
tion, and results were

-

§! g-"}'){)'ﬂ -.l‘vﬁ'
i00
cotticomedullary  june-
ipoptatic ool
: for neutrophils

micioscope  inage

- 3s Is conated

: expres

per x100 field. Immunohistochemist
pedformed as described previoushy® w vith 2 rar anti-mouse
Ly6B monodonal antibody agatnst polymorphonuciear fow-
kocytes {clone 7/4; AbD Serotec, Raleigh, NMC). A primary
antibody thar recognized IgG, (MCTAI212; ABD Serotect
was used as a negative isorype control in all experiments.

Meurrophils infiltrating the kidoey were quastified in five
to seven randomly chosen x200 microscope image fields in

f:'l"“ cor-‘itm‘-’;edui Ziy's j‘dﬂ

neutrophils counted per »200 field.

on, and tesults were expressed as

#-¥1 bmnunobisiochemizly
Imrmunohistochemistry  detected mouse  kidney

{L-11

prowin expression and localization 4h after anesthesia

isoffurane with rat anel-1L-11

with pentobarbital o 1.2%

antibedy (MAB418; 159 diluden; R&D Systems)
biotin-conjugated anti-tar IgG {1:100 dilugion; Vecror

Laborarories, Burlingame, CA). Normal rar IpG2a (Vec-
SRIFAON a3
irol, Kidoey
antthed as described

tor Laborarories) was used at the same conc

the primary antbody as a segative isotype ¢

{L-11 imwmunohistochemistry was qu
by Matkowsky] er @/ with some modifications. Integrated
image densities of five to seven randomly sele

g

thnie aress from each stide were averaged, and b
fides was subtrac

tubular {-11 intensity was expressed as fold increase

jaelent =1IC(E f}'()l’ﬂ 1‘30(‘7‘3€ COns

pentobarbital-anesthetized m ica,

Staliztival Snalysis
analyzed wi

h two-tailed Student £ est when
comparing means between two Sroups or one-way of two-
way ANO\»A plas Tukey post Hoc Yndn ple compadson test

The data were 2

when comparing multiple groups. The ordinal values of the
oy scotes were analyzed bv the Mano-Whitcey
nonparametric test, We used Graphad In3tar and Graphad

v
enar iy
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Fig. 4. Isoflurane increases ind kin {({L3-11 messenger RNA (mBNA) and protein synthesis it mouse Kidney via transforming
growih fxctor-B1 (TGF-01) signaling. Naive IL-11 wild-type ONVT) mice were exposed to pentobarbital or 1.2% isoflurane for 4h.
{A) Representative bands for iL~-11 mRNA {detected by reverse transcription polymerase chain reaction) expression in mouse kidney
N = 4). Glyceraldehyde-S-phosphate dehydrogenase (GAPDH] served as an internal loading control. (8) Kidnsy iysate {11 pro-~
tein {detecied by enzyme-linked immunosorbent assay} in iL-11 nalve WT niice exposed to pentobarbital or 1.2% isofiurane for 4 i
(N = 4}. To neutralize TGF-f1 in vivo, some iL-11 WY mice were injected with §mg/kg monocional anti-TGF-31 (MAB240) anti~
hody intravenous injection. TGF-f1 neulralization prevented the induction of IL-11 after anesthesia with isoflurane. ” # < 0.05
versus pentobarbital-anesthetized mice treated with immunoglobulin G (IgGQ) isotype antihody. £ P < §.05 versus iscflurane-

anesthatized mice treated with 1gG isotype antibody. Lines represent means of scatter plots. Anesthesia with isofiurane signi

cantly increased kidney iL-11 mRNA and protein expression in mice. ISO = iscflurane; PB = pentobarbital.

tical analyses (GraphPad Software, Inc., La

statistic 2 valae less than

Prism for sta
jolla, CA) In
0.05 was take
throughout ¢

alf cases, a probabili

g

significance. All data are expressed

o

12 text as means ¢ S,

 to indics

Resuils

fsoflurans fnduces H-11 in Hustan and 8ouse Proximal
Tubuds Delis vig TERB 1 Bignaling

Figure 1A shows a conwnuatios-dependens {0-2.5%)
induction of IL-11 mRNA in FE-2 cells afrer tsoflurane
ment (N = 6). Figure 18 shows that 2.5% isoffurane
pnificantly increased [L-11 mBENA after 3- or 6-h treae
neentt. lsoflueane treatment (2.5%) in HK-2 cells for 5-16h

also induced IL-11 protein {released into cell culture mediag
fig. 100) in HK-2 cells compared with carrier gas—teeated
cells (N = 6},

HK-2 cells prerreated with conwel isetype antbody
(mouse [zG) demonsirated a significant induction of 1111

@mRNA {fip. 24) and protein {ig. 2B) expression (N = 6}
after iseflamne expasure {2.5% for 6h). We derermined
that TGE-fl-neurralizing antibody (16 pg/ml) significantdy
attenuated the up-regulagon of -1 aRNA as well s pro-

tein expression after isoflurane treatment.

Anesthesiology 2013; 119:1389-401

Figure 3 shows that primary culreres of mouse hidney
proximal tuhude cells prewreated with control isorype mouse
oG had siguificans IL-11 mBNA induc
ment with 2.5% isoffurane (N = 4}, TGF-B1 neutralization
sigoificantdy attepuared the up-tegulation of IL-11 mBENA

on after 6-h trear-

Therefore,

in isotiurane-treated rouse proximal tubule
our studies show that tsoflurane-induced TGE-B1 directdy
pramotes the synthesis of 1L-11 @ both mmoralized and

primary cultures of renal proximal rubude cells.

{zoffurane-msifisiod Induction of Kidney -1 in Vivo via
Y&EFR T Signaling

Figute 4 shows that anesthesia with isoflurane {1.2% for
4 h} sigoificantdy induced TL-11 mBNA (fig. 44A) and pro-
teia expression (fig. 4B) measured in mouse kidoeys com-
pared with mice anesthetized with penrcbarbital for 45
(N = 4). We also determined that TGF-81-neutralizing
antibody {5 mg/kg monoclonal ant-TGE-$1, MAB240;
prevened rhe iaducion of kidney 1L-11 raRNA and pro-

tein expression after anesthesia with isoflurane in mice
{fig. 4: N = 4).

Figure 5A shows diffuse renal tbular 11-11 staining in
rafce anesthetized with pestobarbital and increased TL-11
2%

staining in the kidneys of mice anesthetized with 1
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Fnmunohistoshemistry (<400 shown, N = 4} in kidney
dobarkiial or with 1.2% isofiurane for 4h, 1-11 staining was darker in kidneys of mice
i antibody altenuated isofiurane-mediaied norease in f-11 immunoreactivity.

nesi

o
&
Fig

sofivrane increases intereukin (L)-11 brununcreastivily in mouse kidney vig transforming growth fantor-ft (TGF-
3 from 11 recaptor wild-type {(L-11R WT) mice anesthatizs
hetized with iscihurane,
nally, .11 slaining was not

nofrans

vis bie in kidneys from mice %mm-:d with negative isotype controf antibedies (repmqent ative of four experiments). (8) Quantifica-
tions of renal ubular #-11 staining i mice anesthatized with pentobarbital or with 1.29% isoflurane for 4h. Kidgney HL-11 iramu-
oreactivity significantly incres sdcs' in rmce ‘a“ﬁ°’(“e'):.ed with isoffurane and aitenuated with TGF-pt-neutralizing antibody. # P «

0.05 versus soflurane-anesthelized niice trealed with immunogiobu
angsthetized mice treated with IgG isotype antibody. Lines represent means of scatier piots.

#n G (g} isotype antibody. * P < .08 versus pentobarbital-

isofturane for 4k {representative of four experiments, x16¢ mice pretreated with IL-11 ~--neurmiizing antibody or IL-

and x400 images showa). Quantfication ("f:EXU'BLUIO}HSH)- 11R knockont mice had similar plasma ¢ values
chemical staining confirmed significant increase ia 1L-11 after sham-operation during anesthesia with peatobarbi-
immunoreac ti.i[y in mice anesthetized T h ﬁurane tal. Plasma creatinine significantly increased in IL-11R
(bg. 3. This increase in IL-11 immunoreac ivity W mice subjected ro 30 min of renal ischemia and 2-k
during anesthesi: b isofiurane was again attenvated by repe 'f usion compared with sham-operated mice {fig. &;

treating mice with T (3?~f§l~x*~=urahc= g antibody before N = 6). However, 1L-11R WT mice agesthetized with
anesthesia with isoflurane. Therefore, from these experi- 1,2% isoﬁumne for 4h after renal ischemiz {(isoflurane
ments, we conciuded that isoflurane joduces 1L-11 and  postconditioning) had significandy decreased plasroa
synthesis i vive via TGF-f sigoaling. IL-11 stainicg was creatinine 24 h after injury compared with mice anesthe-
not visible in the kidneys stained with negative isotype  tized with pentobarbital after renal ischemia. Supporting
control antibody. a critical role of IL-11 in isoflurane-mediated protec-

tion against ischemic AKI, IL-311R knockonr or TL-11R
Gritical Bole of #.-11 in izoflurane-mediated Protortion W1 rice prewreated with IL-11-nenrralizing am:iboay
againgt fecheric AT in Yive before renal ischemia were not protected against isch-
IL-11R W mice anesthetized with pentobarbital or with emic AKI during anesthesia with isoflurane after repal
1.2% isofturane for ﬁ imifar x>l.sm3.gcr*;-z:xtsim—: val /R {fig. 6). TL-11R knockont mice and IL-TIR WT
ues after sham-operation : ig. 6}. Similarky, IL-1IRWT mice pretreated with [L-11-neutralizing antibody had
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Fig. 8. Interleukin {{L}-11 is critical for isoffurane-rediated renal
protection against ischeraic acute Kidney injury. Plasma creati-
nine fevels from ~11 wild-type (WT) or iL-ti-deficient (knock-
out KO mice subjected to 30-min renal ischemia and 24-h re-
perfusion (N = 4~8 per group). After renal ischenia reperfusion
{RIR}, mice were further anesthetized with 1.2% isofiurane or
with equianesthetic dose of pentobarbital. Some (L-11 recep-
tor {iL-1 1R WT mice were pretreated with an iL-11-neuwtralizing
antihody {1mafkg, intravenous injection} 20min before
fusion 0. sham-operation. isofiwrane postecondition
nificantly reduced plasma creatinine after RIR inju
WT raice. However, H-11R deficiency or - 11~-—nowr<s
antibody prevented m-:a renat profective effects of isofiuran
postaandifioning. * £ < 0.05 versus respective sham-apearated
mies, # P < (.05 versus parntobarbital-anesthetized mice sub-
jected to R, Data are from six ndce pay group and represani-
ad as mean + SD. 180 = isollurane; PB = pentobarbital.

feper

i r /R during anesthesia

similar degree of renal i

¥y (miiu vely

with pentobarbi . these studies suggest
that IL-11 induction by :'701113’(\1‘@ ts required to trigger

in vive renal protection.

crotic renal injury in
T mice subjected to renal VR daring anesthe-
sia with pentobarbital. Compared with sham-operated
ted to renat
osis, cast formaton,

demonstrates severe ne

mice (not shown), the kidneys of mice subjec
IR showed significant m}m{v nec

the plasma
creatinine darta, anesthesia with izoflt -4 renal
rosis 24 b afrer UR injury (g 7A). Support-
jng a critical ole of IL-11 in isoflurane-mediated renal

In contrast, const

and congestion.

ne reducee
tabular necr
protection against VR, isoflurace failed to reduce renal
rosts in {L-11IR
neusralizing IL- Ei antibody or in

tubular ne WY mice pretreated wirh a

{L-11R koockout mice,

The Ja Hom cale™ renal injury score was used w grade
renal tubular necrosis 24 h afier renal I/R {fig. 7B}, Thirty

minutes of renaf tschemia and 24 h of reperfusion resulred
in severe acute tubular necrosis in 1L-1 1R W mice anes-
thetized with pentobarbital after re
teat with the renal histology dara, isofiurane signific
recduced the renal injury score in IL-11R W1
not in IL-1 1R knockout mice or in I-1TIRWT
rreated with 11-11-peurralizing antdbody.

al /R injury. Consis-
antly
" mice but
mice pre-

f~11 Is Critical for lsoflurans-mediaied Reduption in
Kidney Bputrophil infiftration and Spopiosis

Figure 8A shows representative images {from four to six

experiments) of nengophil immunoohistochemisay i kid-

attony x200) of mice subjected to 30min of

nd 24-h reperfusion. fo shameoperated

neys {magnific
renal ischemia
tnice, we were unable to detect any neurrophil
was heavy oeutrophil infilitation

in the kidney

{data not shown), There
{dark brown} in the kidneys of pentobarbital-anesthetized
TL-TIR WT raice subjected to renal VR To contasg, TL-

with isoflurane for 4 h after renal

IR WT mice anesthetized w
ischernia had significantly reduced seutrophil infiltration in
the kidney 24k after YR {hp. 8B). Apain, isoflurane failed
o reduce kidney newtrophi] infiltration in IL-HIR WT mice
t“’aicd with 1L-1}-neurralizing antbody and in 1L-1IR
knockour mice.
Terminal deoxynucleotidyl transferase 2'-deoxyuridine-

3

5" -triphosphate nick end- fiag saining (from fonr 1o

five expetiments) detected apoptotic renal cells in the kid-

neys of mice subjected to renal VR resulting in severs proxi-
mial tubule cell apoptosis (fig. JA, »100). Renal ischemia
and 24hb of >o resufted in sigaificant apoptosis
in the kidneys of penrobarbitat-anesthetized [L-1IR WT

roice. However, 1-11R W miice anesthetize

reper

d with isofiu-

ranc for 4h after renal ischemi;\ had significanty reduced
nunaber of apoprotic terminal d ());vm-d:\mdyi rransferase
2’-deoxyuridine-53-triphosphate nick end-fabelinp—positive
cells in the kidney 24 h afrer /R {fig. 9B). Again, isotlurane
failed to reduce renal tbular apeptosis in H-1IR WY mice
reated with TL-1l-ncutraliziog anmibody and in [L-11K
knockour mice.

Discussion

We have shows in this study thar isofturane increases reual
tubglar 1L-11 mRNA and protein synthesis vig TGF-51~
dependent signaling iz vivo as well as i witre. TGF-B1 s 2

PO\VCS%\AE dltli(lh&}'i}(;l&{u(“V V[U»{AE)L that ICP'L{; LSS 13 Ll'.[l?i(f

immune modularinn, cellular

cellular processes including

differentiation and proliferation, and oncogenesis. ™™ We
previously demonstrated thar volatife h:iooen ared anesthet-
ansiuwuo(. of phosphari-
dylserine from the inoer leafler o rhe outer leafet of the
plasma membrane {membrane externalization) resulting in
the release of antiioflamomatory TGE-R1.94 Furrhermore,

ics inchuding isoflurane cause

valatile halogenated &nutb&,tl&,s—[nt“ig{”d reduction in re
rubular necrosis and inflammation was dependent on the
release of renal subular TGF-B1. Finally, volatile halogenated
anesthetic-mediated renal pm ection was abolished in mice
deficient o TGF-f1 or WT i
TGE-31 antbody®

We also recendy
recombinant L-11 artenusted ischemic AKI in mice and
and apoptosis in homan kidney (HK-2)
mbinant IL-11 rrear-

mice treated with neuts

emonstxared  thar TROGoROUS illirﬁ‘.}_‘{l

reduced necrosis
proximal mbule cells.® In mice, rec
ment attermated renal tbular

pecrosis and apopiosis as

P
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Fig. 7. intedeukin (iL3-11 s critical for isollurane-mediated reduction in renal tubular necrosis after ischamia and reperfusion
413}, {4} Representative photamicrographs of five 1o six experiments for hematoxyiin and sosin staining {magnificalion =200} of
Kidneys of -11 recepior wild-type {{L-11R WT) mice, #-11 recepior-deficient (L-11R knockout [KOJ} mice, and B-1 1R WT mice
pratreated with -11-neulralizing antibedy and subjecied to 30-min renal ischeraia and 24-h repeadusion {43}, Scafe bars in all
paneis of A are 100 um. {8} Summary of Jablonski scale renat injury scores (N = 4, graded from hematoxylin and eosin staining,
scale (-4} for mice subiected to renal YR, ™ P « (.08 versus pentobarbital-anesthetized L-11R WY mice subjected to reral VR,
Eror hars represent 1 8D, EL-11R WT mice anesthetized with pentobarbital after renal ischemia showed severe renal tubular
necrosis. Iscflurane posiconditioning significartly attenualed renal tubilar necrosia and renal injury scores after renal IR, 1L-11R
deficiency JL-11R KO} or iL-11 newtralization pravented renal protection with isoflurane postconditioning in mice.

well as the influx of proinflammatory seurrophils after renal (}rgaﬁ.\t.""";'y;"y' {n the hearr, intestine, and endothelial cells

soflarane-  TL-11 divecrly reduces necrotic as well as apoptotic cell death

VR, We further demonsirated in this stady e

medhated protection against renal whular necrosis (Jablonski via mitogen-activared protein kinase and the Janus kinase/
scote), inflammation {neutrophil infitaton), and apoprosis signal rransducers and activarors of ranscription signaling. ¥
{terminal  deoxynucleotidyl wransferase 2-deoxyuridine-3- 1o addition to its antfapoptote and antinecrotic properties,
wriphosphare tick ead-labeling sraining) is directly mediared  TL-11 recepror activarion awmenuates lipopolysaccharide-
by the inducton of IL-11 as isoflurane failed to redice these  induced systemic infammarion in mice, toxic sephdas,
critical indices of venal jujury 3o I-11R—deficient mice or  and leukocyte-mediared liver injury. ™ Therefore, we pro-
rice treated with TL-11-neuiralized antibody. Taken together,  pose that oflurane-mediated inducton of 1L-11 and renal
as blockade or genedc deletion of either TGE-81 or IL-11 ubular IL-11 receptor activation produce powerful protec-
abolished renal protecrive effects of isofiurane, cur currenitand . tion against ischemic AKT by rargeting all three pathways of
previous studies suggest that isoffurane induces sontedundaot cell death: necrosis, apoprosts, and isflamiraadoen. Further-

proxirnal {TGE-B1) and distal (IL-11) croprotective signal- more, as IL-11 as well as H-11 receptors are expressed in
ing mofecudes to protect against ischemic AKL many tissues and cell rvpes,”® it remains to be determined
The most exciting aspect of isoflurane-mediated induc-  whether isoflarane can induce IL-11 in nonrenal cells (e,
tion of {L-11 leading to renal protection is that recombinaar hepatocyies, intestinal epithelial cells, and endothelial celis)
IL-11 (Oprelveking Wyeth Pharmaceuticals, Philadelphia, and confer protection in these organs against AKI-induced
PA} is already clinically approved to wear chemotherapy- remore nrgan injury.
induced thrombocyiopenia. {L-11 is a2 member of the IL- The signal transduction mechasisins of 1L-1i-induced
G-type cytokine family isolared from bone marrow-dertved  cytoprotection have been investigared in other cell types.
stromal cells.? TL-11 recepror activation potentdy regulates  11-11 ligand and receptor complex interacis with 2 com-
hemaropoiesis by promoring megakatyocyte maturation.™ mon receptor subasit, ghooprorein 130 {gp130), leading
However, i addiion to its effects on platelers, recent stud- o gpi30-associated kinase-rnediated tyrosine phosphoryla-
fes show a cytoprotective rofe of 1-11 as exogenous {L-11 don.® In cardiac myocytes, TL-11 reduces injury and fibro-
administration atteruates cell death in several cell types and sis by the Januos kinase/signal wansducers and activators of
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nal neutrophil infiltration after ischemia

and reperfusion. {4} Representative photonicrographs of four to six experiments for immunochistochemisiry (brown staining) for
neutrophi infiitration {(x200} from kidneys iL-11 recepior wild-type (L-11R WT) mice, IL-11 receptor-—deficient (L-11R knockout
KO mice, and L-11R WY mice prefreated with {L-11-neutralizing antibody and subjected to 30-min renal ischemia and 24-h

reperfusion. Scafe bars in all panels of A are 100 um. {8) Quantifications of infiltrated neutrophils per »200 field in the kid

o #

mice after renal ischemia reperfusion (RIR).

revs of

" P < 0.05 versus vehicle-treated pentobarbital-aneathetized mice subjected to RIR.

Error bars represent 1 8D IL-11R WT mice anesthetized with penitobarbital after renal ischemia showed heavy nergrophil infiltra-
fion. isoflurane postoconditioning significantly attenuated renal tubular neutrophil infiltration after RIR. IL-11 deficiency (L-11R

KO} or tl-

inrestinal ep

8

induced necrosis and apoptosis vie mechacisms ic

extracellular signal-tegulated kinase, mirogen-acrivated pro-

tein kinase, protein kinase B, and/or induction of heat shock

protein 25.%7

1y also produce

antiinflammatory effeces after senal VR viz modulating

Isolfurane-induced TL-11 generation mx

the nuclear factor-XB aciivity. Indeed, nudear factor-xB is
oge of the most iporant projaflammarory transcription

factors.” TL-11 has been shown to attenpate trapscripion

factor NF-KB in several call lines 3ud in mouse models of

kidney inflammation. ? Furthermoxe, Y11 creatmens

in vive decreases glomerular nuclear facror-xB activity and
50

oL

reduces reaal injury in experimental glomendonephrids.
We previot

by showed chat TL-11 produces renal protec-
tion by direct induction of sphingosine kinase-1 wig nuclear
reanslocation of hyporia-inducible factor-10.' Sphingosine
kigase-1 produces sphingosine 1-phosphaie

a well-known

ptiinfia
2,52

a

rmatoty immune modulater” Based oa our pre-

o]

VIOUS and cosrent EK})QE'L

nental datz, we propose thas
isoflurane muay directly iaduce several antiisflammatory sig-
naling molecules {eg, 1L-11, sphingosine 1-phosphate) o
protect against bypediafammatory response after ischemic

Anesthesiology 2013; 119:1389-401

P

397

11 neutralization aftenuatad these reductions in renal neutrophil infiltration with isoflurane postoonditioning in mice.

AKE. Interestingly, several of the 1L-11-mediated cytopro-
tective signal wansduction pro
ulaved kinase, mitogen-activ
ase B, sphingosine kinase;j are also

ins {eg, ceflutar sig
pr

tvared with volaxl

]

2o

<

3

d prowein kinase

adt

ki

o

£

ralogenated anestherics as we deronstrated previou
We have shown here that softurace postconditioning
prodaoces potent renal protection against ischemic AR vig
{L-11-mediated reduction in kidney tabule necrosis, apop-
tosis, and renal inflammation. We propose that after renal

VR injury,

necrotic wbules cells release proinflammarory

C)"iokincs {e.g., monocyie chemaotactic provein-i release) that

can further aggravate inflammaiion by siimulating resident

kidney macrophages and dendritic cells.® These cells in turm

release additenal projuflammarory cytokines {e.g, macro-
winocyte-derived cyio-
kine} t promete cytotonic THymphocyte, neurrophil, and
macrophage infiltration into the kidney interstigal s

phage inflammatory protein 2q, kex:

atory leukocytes release additional

Iafifrrating proinflamm
cytotoxic proinflammatory and proapoprotic cyrokiaes (e,

rumor hecrosis facror-@) which will exacerbate renal rubular
cell necrosis as well as apoprosis, Figure 10 summarises the

potential me

hanists of isoffurane-wediated renal protec-
tion involving renal tabadar IL-11 synihesis wio TGEH1
signaling.
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Fig. Q. Interieukin (iL)11 ia critd

cal for iscflurane postconditioning-mediated reduction in renal tubilar apoplosis after ischamia
and reperiusion. {4) Representative photomicrographs of four 1o six experiments for terminal deaxynucicotiov! transferase gUTH
! end-iabeling staining (representing apoplictic nucisl, magnification x 100} from kidnays iL-11 receptor wild-type {L-11RWT)
mics, -1 receptor-deficient {L-11R knockout (KO mice, and IL-11R WT mice prefreated with -1 1-nauiralizing antibody
and subjected to 30-min renal ischemia and 24-b repedusion. Scafe bars in aft panels of A are 200 pm. (8) Quantdfications of
apoptotic cells per x100 feld in the kidneys of niice after renal ischernia reperfusion (RIRL ~ £ < 8.05 versus vehicle-treatad
pentebarbitai-anesthetized mice subjecied to RIR. Eror bars reprasent 1 80, HL-11R WY mice anssthelized with pentobarbital
ES Hischemia showed rumerous terminal deoxynucleotidyl transferase dUTF nick end-labeling—positive cells, soflurane
posiconditioning significantly altenuated renal tubular apoptosis after RIR. iL-11 doﬁcie":cv -’!L—T‘!R KO} or L-11 neutralization
att ions in renal tubular apoptosis with isoflurane postoconditioning in mic

ttenuated these reduct

We believe that porential for clinical use of recombinant that isoffurane-mediated junducton of CD73 activity and
TL-11 therapy would be far supetior w therapy against isch-  adenosine generation directly stirnulates renal obular 1-11
ernic AKE with recombinant TGF-81. Active form of TGE- synthesis to protect against ischemic AKL Consistent with

{»{ has a very short plasma halfife (23 i) as nondatent this hypothesis, we recently also showed that a specitic A,

i gers rapidly waken up by the livey, kidneys, lungs,  adenosine receptor agoaist 2-chiore cyclope aty dadenosine

-d.** This is in contrast to the more also induces [L-11 in proximal wbule ce

Hife of recornbinant TL-11 (approximately  be tested in future studies whether isoflarane-mediated aie--
arthermore, prolonged exposure o TGEF-31 may nosine generation results in the activation of renal whudar

3% Therefore, ptoic)ngcd TGF-B1 A, ade:

promote ,(:dmy fibrosis.

nsine feceprors 1o protect against renal ischemia and

therapy raay transiendy reduce inflammation and necrosis reperfus ,
burt may cause increased renal rubular fbrosis that way para- Thete ate several lirltations to cur study. Char results may
doxically proloag renal dysfunction after ¥R, Unlike TGF- not completely translite o dlinical setting as differences in

£1, prolonged and high-dose IL-11 therapy does not induce pathophysiology between buman and mouse ischemic AKY

rissus fhrosis. exist. Purthermore, our studies focused on repal robalar syn-

We recently showed that isoflucane vy TGE-B1 induces  thesis of 1L-11 and protection whereas dlinical AKY resulss in
ecto-F-nucleotidase {CD73) o generare cytoprotective both impaitment of glomerdfar flteation and renal whular
adenosine in repal proximal wmbude cells CD73 indnc 3'smm‘"3n Tt add Lz.um our i ritre studies have limitarion
ton and CD75-mediated adenosine peneration  were as HK-2 cells used in this study are immoraized and primary
critical for isoflurane-mediated renal protection against  culture of proximal rubule cells may undergp rapid phenotypic
ischemic AKY However, the (le\,v"‘st;cam targer of isoffu- chagges ex wivo. Finally, coraplete isoflurane concentration—

n as well as the speific fesponse curves wete not penerared in mos
reaal protes- In surnmary, we demonstrated that @ widely used vola-

rane-mediated adenosine geners our experiments.

adenosine receptor subtypels) respoosible for

wntns unclear, We hypothesize tile halogenated anesthetic isoflurane protects against renal

tion against ischeraie AKL rer
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Fig. 18, Proposed summary of cell isns of renad protection with postischemic isoflirane trealment, Collectively, our
data suggest that anesthesia with fsoffurar reasss interieukin $L)-11 messenger BNA and prolein synthesis via transforming
growth facter-f1 (TGF-f1} signaling. We propose that iL-11 synthesizad subsenuently activates intedeakin-11 moeptor dL-11R)
in neighboring renal tubules or endothelial calls to induce cytoprotactive signafing. Because previous studies have shown that
iL-11 reduces the activity of g well-known proinfiammatory transcription factor NF-KB,*5 it is highly possible that HL-11 gener-
ated with isoflurane treatment may aiso attenuate NF-&E activily to protect against renal inflammation and injury after acule
kidney injury. 8MADs are intracellitar proteins that transduce extracetiular signads fror TGF-81 to the nucleus o initiate down-
sirearn gene transcription. Hypothetical pathways {8.g., NF-kB inhibition} leading to cytoprotection are shown i dashed fines.
We previously showed that iL-11 produces renal protection by direct induction of sphingosine kinase-1 via nuclear transiocation
of hypoxia-inducible factor (HIF)-1a.' IR = ischemia reperfusion; NF-KB = nuclear factor x-light-chain-enhancer of activated
£ cells; PS = phosphatidyiserine; SMAD = SMA {from Caenorhzbdilis elegans protein sma for small body size) and MAD {from
Drosephiia protein mothers against decapentaplegic) related family of transduction proteins.
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Endogenous IL-11 Signaling Is Essential in Th2- and
IL-13-Induced Inflammation and Mucus Production

Chun Geun Lee!, Dominik Hartl?, Hiroshi Matsuura’, Felicity M. Dunlop?, Pierre D. Scotney?, Louis J. Fabri?,
Andrew D. Nash?, Ning-Yuan Chen', Chu-Yan Tang’, Qingsheng Chen', Robert J. Homer3, Manuel Baca?,

and jack A. Elias’

Section of Pulmonary and Critical Care Medicine, Yale University School of Medicine, New Haven, Connecticut; CSL Limited A.C.N., Parkville,
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Health Care System, West Haven, Connecticut

it-11and IL-11 receptor (R)a are induced by Th2 cytokines. However,
the role(s) of endogenousit-11in antigen-induced Th2inflammation
has not been fully defined. We hypothesized that tL-11, signaling
via IL-11Re, plays an important role in aeroallergen-induced Th2
inflammation and mucus metaplasia. To test this hypothesis, we
compared the responses induced by the aeroallergen ovalbumin
{OVA) in wild-type (WT) and IL-11Ra-null mutant mice. We also
generated and defined the effects of an antagonistic {L-11 muteinon
pulmonary Th2 responses. Increased levels of igE, eosinophilic tissue
and bronchoalveolar lavage (BAL) inflammation, iL-13 production,
and increased mucus production and secretion were noted in OVA-
sensitized and -challenged WT mice. These responses were at least
partially IL-11 dependent because each was decreased in mice with
null mutations of IL-11Re. Importantly, the administration of the iL-
11 mutein to OVA-sensitized mice before aerosol antigen challenge
also caused a significant decrease in OVA-induced inflammation,
mucus responses, and IL-13 production. intraperitoneal administra-
tion of the mutein to lung-specific IL-13-overexpressing transgenic
mice also reduced BAL inflammation and airway mucus elaboration.
These studies demonstrate that endogenous tL-11R signaling plays
an important role in antigen-induced sensitization, eosinophilic
inflammation, and airway mucus production. They also demonstrate
that Th2 and IL-13 responses can be regulated by interventions that
manipulate IL-11 signaling in the murine lung.

Keywords: IL-11; mutein; airway inflammation; mucus; IL-13

Asthma is a chronic disorder of the airway in which a Th2-
dominaled inflammatory response and subsequent airway re-
modeling are felt to play mechanistically important roles (1-4). In
keeping with their importance, the cytokines that mediate these
responses have been subject to significant investigation. These
studies demonstrated that IL-4 plays a key role in Th2 cell dif-
ferentiation (5). In contrast, IL-13 is now believed to be the major
effector of Th2 inflammation and tissue remodeling (4. 6). Studies
from our laboratory and others have also defined many of the
pathways that are used to induce these alterations. Asaresult. itis
now known that chemokines, matrix metalloproteinases (MMPs),
TGF-B, and chitinases contribute to the pathogenesis of pulmo-
nary Th2 inflammation and remodeling (4, 7, 8). However, the
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importance of IL-6-type cytokines in the generation of OVA-or
IL-13-induced inflammation or tissue responses has not been
fully defined.

IL-11 is a multifunctional IL-6-type cytokine that stimulates
hematopoiesis, thrombopoiesis, and megakaryocytopoiesis; en-
hances bone marrow resorption; regulates macrophage differen-
tiation:; and confers mucosal protection after chemotherapy and
radiation therapy (9-12). Previous studies from our laboratory
demonstrated that epithelial cells, fibroblasts, and airway smooth
muscle cells produce IL-11 in response to TGF-B,, IL-1, hista-
mine, eosinophil major basic protein, and specific respiratory
viruses (10, 13-18), and that the transgenic overexpression of IL-
11 causes asthma-ltike airway fibrosis, myocyte hyperplasia, and
airways hyperresponsiveness on methacholine challenge (19,20).
Our studies also demonstrated that IL-11 can be detected in ex-
aggerated quantities in the nasal secretions of children with viral
upper respiratory tract infections (16) and the airways of patients
with asthma (21, 22). However, the role of endogenous 1L-11 and
1L-11 signaling in the pathogenesis of Th2 inflammation has not
been adequately defined.

To define the role(s) of endogenous IL-11 in antigen-induced
Th2 inflammation, we compared the acute responses induced by
the aeroallergen ovalbumin (OVA) in wild-type (WT) and IL-
11Ra~-null mutant mice. We also generated and evaluated the
effects of an antagonistic IL-11 mutein, on OV A-induced Th2
inflammation and IL-13-induced tissue responses. These studies
demonstrate that the IL-11 pathway plays an important role in
antigen sensitization and the eosinophilic inflammation, mucus
metaplasia, and IL-13 elaboration that are characteristic of
pulmonary Th2 responses. They also demonstrate that IL-11
signaling contributes to the effector functions of IL-13 in the
murine lung.

MATERIALS AND METHODS

Genetically Modified Mice

IL-11Ra ~/~ mice were provided by Drs. Lorraine Robb and C. Glenn
Begley (The Walter and Eliza Hall Institute, Victoria, Australia) (23).
These mice were bred for more than 10 penerations onto a CS7BL/6 ge-
netic background. C37BL/6 WT controls were obtained from the Jackson
Labs (Bar Harbor, ME). CC10-rtTA-1L-13 transgenic mice were gener-
ated in our laboratory, bred onto a CS7BL/6 background, and used in
these studies. These mice use the Clara cell 10-kD protein (CC10) pro-
moter and the reverse tetracycline transactivator (ftTA) to target IL-13
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to the lung in a doxycvcline-inducible manner. The methods that were used
to generate and characterize these mice were described previousty (24).

OVA Sensitization and Challenge

OVA sensitization and challenge were accomplished using a modifica-
tion of the protocols previousty described by our faboratory (23). Inbrief,
6- to 8-wk-old HL-11Ra—null mutant mice and controf littermates re-
ceived injections containing 20 g of chicken OVA (Sigma. St. Louis,
MO) complexed to alum (Resorptar; Indergen, New York, NY), or alum
alone. This process was repeated 3 days later. After an additional 7 days,
the animals received three aerosol challenges (40 min/d, 3 d) with 1%
OVA (wtivol) in endotoxin-free PBS or PBS alone. The aerosol was
generated in an NE-UO7 ultrasonic nebulizer (Omron Health Care,
Vernon Hills, 1L). The mice were killed 24, 48, or 72 hours after acrosol
exposure.

Bronchoalveolar Lavage and Lung inflammation

Lung inflammation was assessed by bronchoalveolar lavage {(BAL) as
described previously (23). In brief, animals were anesthetized, a median
sternotomy was performed, the trachea was dissected free from the
underlying soft tissues, and BAL was performed by perfusing the fungs
in sine with 0.8 mt of PBS and gently aspirating the fluid back. This was
repeated twice. The samples were then pooled and centrifuged, and cell
numbers and differentials were assessed. The cell-free BAL fluid was
stored at ~70°C untif used.

Histologic Analysis

The jungs were removed en bloc as described above, inflated at 25 cm
pressure with PBS containing 0.5% low-melting-point agarose gel, fixed
in Streck solution (Streck Laboratories, La Vista, NE), embedded in
paraffin, sectioned, and stained. Hematoxylin and eosin, and diastase-
periodic acid-Schitf (D-PAS) or modified Congo Red stains, were per-
formed in the Research Histology Laboratory of the Department of
Pathology at the Yale University School of Medicine. Histologic mucus
index was estimated by the D-PAS stains as previousty described (25),
and tissue infiltration of the eosinophils was evaluated by Congo Red stains.

Fluorescence-Activated Cell Sorter Analysis

Cells from BAL fluids and fungs cell digests were subjected to fluores-
cence-activated cell sorter (FACS) analysis. BAL was performed as
described previously. Whole lung cell suspensions were obtained by
a method modified from that of Rice and coworkers (26). In brief, lung
tissue was digested using dispase (5 mg/mi; Stem Cell Technologies,
Vancouver, BC, Canada), coltagenase (0.04%: Sigma-Aldrich, St. Louis,
MO). and 100 U/mi DNase I (Sigma-Aldrich). After several centrifuga-
tions (10 min, 300-1,000 X g) and hemolysis {precooled hemolysis
solution containing 11 mM KHCO;, 152 mM NH,Cl; washing 5 min,
400 X g at 4°C), cells were strained through progressively smaller cell
strainers {100-20 um) and nylon gavze and were finally resuspended in
FACS buffer {PBS, 2% BSA, 2% FCS) supplemented with 10 U/mi
DNase I Adherent cells were removed and nonadherent cells were then
incubated for 30 minutes at room temperature with purified rat anti-
mouse CD16/CD32 mAb (1 pg per 107 cells; BD Biosciences, San Diego,
CA) to prevent nonspecific binding of antibodies to Fc receptors. For
intracellular cytokine staining, cells were stimulated with PMA (50
ng/mb)ionomycin (300 ng/ml} in RPMI 1640 in the presence of Brefeldin
A {2 pM; Sigma-Aldrich) for 6 hours before extraceltular staining.
Afterward, the cells were incubated for 30 minutes at 4°C with specific
antibodies for surface marker staining CD4, CD16. CCR3, CDllc,
MHCH, CD80, CD86, CD40, CD§, CD54, CD11b, and B220 to char-
acterize specific cell types. For intraceltular staining, cells were fixed with
0.5 ml of ice-cold 2% paraformaldehyde, were permeabilized using 0.5%
saponin (Sigma-Aldrich}, and were stained with anti-IL-4 or the appro-
priate isotype control to assess nonspecific staining. Cells were analyzed
immediately by flow cytometry (FACSCalibur; Becton-Dickinson, Het-
detberg, Germany). All antibodies and FACS reagents were from BD
Biosciences. Saturating concentrations of the antibodies as determined
by titration experiments before the study. Ten thousand cells per sample
were analyzed. Isotype controls were subtracted from the respective
specific antibody expression, and the results are reported as mean
fluorescence intensity (MFPI}. Calkeulations were performed with Cell

Quest analysis software (Becton-Dickinson}. All experiments were
performed in triplicate.

Analysis of Mucus and Mucin Gene Expression

To quantitate the levels of MucSac, the major airway mucus in the
BAL fluids, 0.1 ml of BAL fluid was stot blotted onto nitrocellulose
membranes using a Minifold Il slot blot apparatus (Schleicher and
Schuell, Keene, NH) according to the protocol provided by the
manufacturer. After air-drying, the membrane was blocked with 5%
skim milk in TTBS (0.1% Tween 20, 20 mM Tris-Cl, 500 mM NaCt) for
2 hours and washed three times with TTBS. The membranes were then
incubated overnight at 4°C' with a monoclonal antibody against Mucin-
SAC {45M1; NeoMarkers, Unton City, CA). After washing with TTBS,
the membranes were incubated for 1 hour at room temperature with
horseradish peroxidase (HRP)-conjugated anti-mouse immunoglobulin
(1g)-G (Pierce, Rockiord, IL). Immunoreactive mucins were detected
using a chemiluminescent procedure (ECL Plus Western blotting
detection system; Amersham Biosciences, Piscataway, NI) according
to instructions from the manufacturer. The relative density was
quantitated using an Alphalmager 2000 Image analyzing system
(Alpha Innotech, San Leandro, CA). The levels of MucSac mRNA
were evaluated via real-time RT-PCR using MucSac specific primers
(25) and a 7500 real-time PCR machine (Applied Biosystems Inc.,
Foster City, CA).

Generation of IL-11 Specific Antagonist Mutein

To further demonstrate the specific role of 1L-11 signaling in our assay
system, we generated IL-11 antagonist mutein, which can specifically
inhibit the binding of {L-11 to IL-11R«. The proposed binding sites of the
antagonist to inhibit the interaction between IL-11 and HL11-Ra are
schematically illustrated in Figure E1A in the online supplement. After
screening a number of antagonistic variants from multiple phage lib-
raries, several clones demonstrating the highest affinities were selected
through evalsation of binding affinity and dose-dependent kinetics of the
antagonist using competition enzyme-hnked tmmunosorbent assay
(ELISA) and Ba/F3 cell proliferation assay (Figures E1B-E1D). A
clone 1.21 was found to bind with 20-fold higher affinity relative to the
established reference of WI47A TL-11 (27). After site-specific polyethy-
leneglycosylation (PEGylation) of this clone to increase its in vivo half
life, it was produced in a large guantities, shown to be endotoxin free in
the Limulus assay, and used to inhibit IL-11 signaling in these studies.

in Vivo Mutein Treatment

To inhibit TL-11 signaling in the OV A acroallergen model, mice re-
ceived OVA plus alum as noted above. The mutein (500 pg/mouse/d)
was administrated via intraperitoneal injection at the time of the aero-
sol OVA challenge. In the experiments with the CCLO-rtTA-IL-13
transgenic mice, mutein (500 pg/mouse/d) was administered starting
1 day before transgene induction with doxyeycline {Dox).

Serum Total igE and OVA-Specific IgE Measurements

The levels of total and OVA-specific I3E in the serum were measured
by ELISA using BD OptEIA kit (BD Biosciences) according to the
manufacturer’s protocol with modification (28). In brief, 96-well plates
were coated with purified anti-mouse IgE mAb (clone R35-72: BD
Biosciences) and a purified mouse IgE tsotype (27-25; BD Biosciences)
was used as a standard. HRP-conjugated anti-mouse fgE (23G3;
Southern Biotechnology, Birmingham, AL} (for total IgE) and HRP-
labeled anti-biotin (Vector Laboratories, Barlingame, CA) following
biotin-labeled OVA {for OV A-specific 1gE) (kindly provided by Dr.
Lauren Cohu, Pulmonary and Critical Care Medicine, Yale University)
were added to the plates as detection enzymes. Pooled sera with known
concentrations of fgE {5,000 pg/ml) were also obtained from Dr. Cohn
and used as OV A-specific IgE standards. After adding HRP substrate
chromogen 3,3°,5.5' -tetramethylbenzidine, the reaction was terminated
and detected with an ultraviolet spectrometer.

Cytokine Measurements

The levels of IL-13 and other Th2 cytokines in BAL fluids were
evaluated by ELISA using commercial assays (R&D Systems Inc..
Minneapolis, MN)} as described by the manufacturer.
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Statistics

Normally distributed data are expressed as the mean = SEM and
assessed for significance by Student’s 7 test or ANOVA as appropriate.

RESULTS

Role of IL-11« in OVA-Induced Inflammation

To address the importance of 1L-11 signaling in Th2 inflamma-
tion, we compared the OVA-induced tissue and BAL inflam-
matory responses in WT and IL-11 Re—null mutant (IL-11Ra"/)
mice. In the WT mice, OVA sensitization and challenge caused
an increase in BAL cellularity and a comparable increase in
tissye inflammatory cell accumulation (Figure 1A and data not
shown). In both compartments, increases in eosinophils and
macrophages were readily appreciated (Figure 1A and data not
shown). Comparable levels of BAL and tissue inflammation
were not seen in animals that were not sensitized before
aeroallergen challenge or that received systemic sensitization
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Figure 1. Differential counts of bronchoalveolar lavage (BAL) cells from
wild-type (WT) and IL-11Ra—null mutant mice (IL-11Ra /) after ovalbu-
min (OYA) sensitization and challenge. BAL was performed at (4) 24-hour,
(B} 48-hour, and (O) 72-hour intervals after the last OVA challenge. Values
represent the mean = SEM of a minimum of five animals at each time point.
Total, total cell number; Mac, macrophages; Eos, eosinophilis; Lym,
lymphocytes; Neu, neutrophils. *P < 0.05; **P < 0.01.
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and nebulized saline (data not shown). When similar experi-
ments were undertaken in IL-11Ra ~/ mice, an impressive
decrease in BAL and tissue cellularity was noted (Figure 1 and
data not shown). In these experiments, the recovery of eosino-
phils and macrophages was reduced at all time points (24, 48,
and 72 h) after aerosol Ag exposure (Figure | and data not
shown). The difference between the OVA-induced inflamma-
tion in WT and IL-117'" mice was particularly impressive 48
hours and 72 hours after Ag exposure. At these time points,
total cell, eosinophil. and macrophage recoveries were reduced
to levels that were comparable to those in control mice that did
not receive OVA challenge (Figures 1B and 1C). When viewed
in combination, these studies demonstrate that endogenous {L-
11 signaling is essential for BAL and tissue inflammation and
eosinophila after aeroallergen challenge.

Role of IL-11a in OVA-induced Airway Mucus and Mucin
Gene Epression

Mucus metaplasia is a characteristic feature of asthma that is
alfso seen at sites of Th2 inflammation in the murine airway. To
define the role(s) of IL-11 signaling in this response, we com-
pared the D-PAS staining. levels of MucSac mRNA, and levels
of MucSac in the airways of appropriately sensitized WT and
IL-11Ra ™ mice. PAS+ cells were not found or were extremely
rare in the airways of WT mice that received a saline aerosol
challenge. In contrast, PAS+ cells were readily appreciated
after aeroallergen challenge of sensitized WT mice {(Figure 2A).
The goblet cell hyperplasia in these sensitized and challenged
WT mice was also associated with an increase in the levels of
MucSac in the BAL fluid and the fevels of mRNA encoding
MucSac (Figures 2B and 2C). Each of these responses appeared
to involve the IL-11 pathway because, in the absence of IL-
11Ra, the frequency of PAS+ cells in the airway was sig-
nificantly decreased and the levels of BAL MucSac and MucSac
mRNA were impressively decreased (Figure 2).

Role of IL-11w in Aeroallergen Sensitization

Because IL-11 signaling played a critical role in OV A-induced
inflammation and mucus metaplasia, studies were next under-
taken to determine if it also contributed to antigen sensitization.
This was accomplished by comparing the levels of total and
antigen-specific IgE in WT and IL-11Ra™'" mice after treat-
ment with OVA plus alum. In these experiments significant
increases in the levels of total and antigen-specific IgE were
seen in WT mice (Figure 3). In conirast, both of these responses
were significantly decreased in mice that were deficient in IL-
11Ra™ (Figure 3). These studies demonstrate that endoge-
nous IL-11 signaling is essential for the optimal aeroallergen-
induced sensitization.

Role of IL-11Ra on OVA-Induced Th2 Cytokine Expression

Studies were next undertaken to define the role{s) of IL-11Ra
signaling in OV A-induced Th2 cytokine production. 1L-4, IL-5,
and IL-13 protein and mRNA were not readily detected in the
BAL fluids and lung mRNA preparations, respectively, from
WT mice that were not challenged with OVA. In contrast. IL-4,
IL-5, and IL-13 mRNA and protein were readily detected in the
BAL fluids and lungs from WT mice that were sensitized and
challenged with OVA (Figure 4 and data not shown). Impor-
tantly, in the absence of IL-11R«, the levels of BAL 11-13 and
IL-13 mRNA were significantly decreased {Figure 4 and data
not shown). Similar decreases in IL-4 and IL-5 mRNA and
protein were also appreciated in sensitized and challenged IL-
11Ra—deficient animals (data not shown). These data demon-
strate that IL-11Re plays a critical role in OV A-induced Th2
cytokine induction.
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Effects of Mutein on OVA-Induced Th2 inflammation control-treated animals (Figure 5B). Interestingly, OV A-induced
The studies noted above demonstrate that IL-11 signaling plays dendritic 'cel{ activation (CD86 expgession) was also significantly
a critical role in antigen sensitization, Th2 inflammation, mucus reduf:c:d mn lh?. mutegm{reated mice compared with vehicle-
metaplasia, and Th2 cytokine elaboration. The alterations that treated mice (Figure 5C).
are seen in the »a‘bsexllce of IL-1 qu could be entirely due to the Effects of Mutein on OVA-Induced 1L-13 and Mucin
defect in sensitization. Alternatively, they could be due to G .
. . USRI RS ene Expression
defects in sensitization and defects in Th2 effector responses. ) )
To differentiate among these options, we characterized the We r}ext.compared th_e. lL’Q pro'ducu()n and mucin gene ex-
ability of the IL-11 mutein to alter Th2 responses in OVA- pression in OV A-sensitized WT mice treated with PEG vehicle
sensitized and -challenged WT mice. This was done by admin- control or the IL-11 mutein. As noted above, OV A sensitization
istering the matein or ils polyethylene glycol (PEG) controt ai and chal}enge increased BAL IL-13 mRNA accomulation, the
the time of OVA aerosol challenge. In these expertinents, OVA 16"'615_01 BAL IL-13. and the levels of .Mucaac. mRNA accu-
sensitization and challenge increased total BAL cell recovery by mulation in the PEG control-treated animals (F gure 6). In all
5- to 6-fold in mice that received the PEG control. In contrast, cases, these responses were significantly decreased in mice treated
BAL cell recovery was significantly decreased in mice that with the IL-11 mutein (Figure 6).
recery ed ?he IL-11 mvutemwgf eure A)l. In ac C(_)rd \m}? o.ml Effects of Mutein on IL-13-Induced Tissue Phenotypes
studies with the IL~-11 Ra™ mice, eosinophil recovery was
significantly decreased in the mutein-treated animals (Figure  To gaininsight inlo the mechanism(s) by which the IL-11 mutein
5A). FACS analysis of the BAL cells further demonstrated that ~ could alier OV A-induced Th2 responses, we tested the hypoth-
OV A-induced Th2 cell (CD4+1L-4+), dendritic cell (CD11C+ esis that IL-11 signaling contributes to the pathogenesis of IL-13~
MHCII+), and cosinophil (CCR3+CD16+) numbers were induced !is.sue alterations. This was done‘b_v comparing the. tissue
significantly reduced in the muicin treated versus the PEG responses in CCI0-rtTA-IL-13 transgenic mice treated with the
A 18000 - y e
= 16000 W
3 o 160 Figure 3. Role of IL-11Ra in the regulation of OVA-
o 14000 < Mo induced IgE production. WT (IL-11Ra"/*) and IL-11Ra™ ™
£ :éggg = :E: 120 mice were sensitized, challenged, and killed 24 hours
w 8000 3 B 100 after challenge. (A) Total and (8) OVA-specific igk levels
g 6000 (% £ 28 in sera were evaluated using enzyme-linked immunosor-
8 4000 e 40 bent assay (ELISA). Values represent the mean + SEM of
,2 2000 > 20 minimum of five animals at each time point (*# < 0.05;
o0 ° Il **p < 0.01).
IL~11Ra +/+ +H+ -/- -/- IL-11Ra +/+ +/+ -~ “f~
OVA - + - + OVA - + - +
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Figure 4. Role of IL-11Rw in the regulation of OVA-induced 1L-13. WT
(IL-1T1Ra*/*) and IL-1TRa™/~ mice were OVA sensitized, challenged,
and killed 24 hours after challenge. The expression levels of BAL iL-13
were measured by ELISA. The values represent the mean *= SEM of
evaluations in a minimum of five animals (*f < 0.05).

PEG vehicle control or the 1L-11 mutein. In keeping with our
prior studies, (ransgenic 1L-13 caused an eosinophilic inflamma-
tory response, goblet cell hyperplasia, and enhanced mucin gene
expression (4} (Figure 7). Importantly, comparisons of transgenic
mice treated with the PEG vebicle controf and the IL-11 mutein
demonstrated that each of these responses was decreased in the
mutein-treated animals (Figure 7). These studies demonstrate
that IL-11 signaling plays an important role in the pathogenesis of
IL-13 effector responses in the murine lung,.
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DISCUSSION

IL-11 was originally discovered as an IL-6-tike molecule that
stimulated the proliferation of IL-6—dependent plasmacytoid
cells (29). Subseguent studies have focused largely on the
effects of exogenously administered ril-11 and its role as
a potential therapeutic agent. These studies demonstrated that
IL-11 is an important regulator of platelet accumulation (30, 31)
and that it confers cytoprotection, inhibits inflammation, and
diminishes cell death {32, 33) at sites of mucosal and tissue
injury. As a result of these investigations, rIL-11 has been
approved as a therapeutic agent to treat thrombocytopenia (34,
35). It has also received significant attention as an agent that can
be a prophylaxis against toxin-induced tissne injury (12, 36) and
that can control pathologic inflammatory disorders (9, 37). In
contrast, the roles of endogenous IL-11 have not been as
extensively investigated. Because IL-11 is known to be overex-
pressed at sites of Th2 inflammation (22, 38), we used geneti-
cally modified mice and developed a soluble mutein that
antagonizes IL-11-H.-11Ra binding to characterize the roles
of physiologic 1L-11R signaling in the pathogenesis of these
responses. These studies demonstrate that IL-11 signaling plays
a critical role in allergen-induced seasitization, dendritic cell
accumulation, and activation and IgE production. They also
demonstrated that this IL-11 pathway plays a critical role in the
pathogenesis of Th2 inflammation, Th2 cytokine elaboration,
and mucus metaplasia. These studies suggest that interventions

Figure 5. Effect of mutein in the regulation of OVA-induced
BAL inflammation. C57 BL/6 mice were QOVA sensitized,
challenged, and killed 24 hours after challenge. At the time
of OVA challenge, mutein (500 pg/mouse/d) or vehicle (PEG)
were administrated via intraperitoneal injection. Differential
count on BAL cells was illustrated (A) and further cellular
characterization on BAL cells were performed by FACS analysis
{Band Q). The values represent the mean == SEM of evaluations
in a minimum of five animals (*f < 0.05; **P < 0.01).
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* Figure 6. Effect of mutein in the regu-
A 25 * B 140+ c_\ % lation of OVA-induced 1L-13 and
— 120} gg 40 muc5ac expression, C57 BL/6 mice
% 20 E 10 %3 g were OVA sensitized, challenged, and
® 15 2 a0 s E kitled 24 hours after challenge. At the
?{10 @ 60 %«E 20 time of OVA challenge, mutein (500
- Lol S L ’ N
o 4 40 2% 10 ng/mouse/d) or vehicle (PEG) were
=058 20 ~ administrated via intraperitoneal injec-
0.0 : : 0 0 ~We- tion. The expression of IL-13 mRNA and
mutein - - * + mutein - -t mutein - -t 4 protein was evaluated by real-ime RT-
OovVA - + - OVA - + - OVA - + - + PCR and ELISA, respectively (A and B).

(O The MucSac levels in BAL were

quantitated by densitometry after stot and immunoblotting with Muc5ac antibody. The values represent the mean * SEM of evaluations in

a minimum of five animals (*F < 0.05).

that control IL-11 signaling can play a useful role in the
regulation of disorders characterized by excessive Th2 inflam-
mation and tissue remodeling responses.

Airway inflammation and remodeling are characteristic
features of the exaggerated Th2 responses seen in asthma and
mechanistically related disorders (3, 39). A number of lines of
investigation have demonstrated that {L-11 expression is char-
acteristic of these responses. This includes studies demonstrat-
ing that exaggerated levels of IL-11 mRNA can be found in
biopsies from individuals with asthma, where they correlate
with discase severity and reductions in FEV; (21). Tt also
includes murine investigations which demonsirated that IL-
11 is induced during antigen-stimulated Th2 responses via
a leukotriene-dependent mechanism (38): that IL-11 signaling
plays an important role in the pathogenesis of IL-13-induced
tissue inflammation. fibrotic, and mucus responses (22); and that
the transgenic overexpression of H.-11 induces asthma-like T
and B cell-rich inflammation, airway fibrosis, myofibroblast
accumulation, and physiologic dysregulation (20). Our present
studies add to ovr understanding of the biology of IL-11 and the
role that it plays in Th2 responses by demonstrating. for the first
time, that endogenous IL-11 contributes to antigen-induced Th2
sensitization, inflammation, and tissue remodeling and that
administration of an IL-11 antagonist can ameliorate these

E3
A ~ 20y =
% 88 ¥ 1wt
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&
2 »
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= N P
Eos Neu
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effects. These studies suggest that IL-11 plays a key role in
the pathogenic Th2 responses that are seen in diseases like
asthma. However, it is imporiant to point out that this may
actually be only part of the effector profile of IL-11 in this
setting. A number of studies have demonstrated that IL-11 also
has potent anti-inflammatory effects, including the ability to
inhibit nuclear factor-xB activation (36) and induce the pro-
duction of the TNF-a antagonist, soluble TNF-a Receptor 1
{40). In keeping with these inhibitory properties, previous
studies from our {aboratory demonstrated that exogenous IL-
11 can also inhibit antigen-induced Th2 inflammation and
endothelial VCAM-1 expression (23). When these bodies of
investigation are viewed in combination, it is clear that IL-11
has complex, context-specific effects on Th2 inflammation with
the endogenous product mediating proinflammatory and
remodeling effects, while the exogenous administration of high
concentrations of this cytokine activates compensatory path-
ways that are designed to provide feedback to and control the
responses. In many ways, these properites of 1L-11 are analo-
gous to findings with transforming growth factor (TGF)-f, and
IL-6, which have similar bi-directional modulatory effects (41—
44) This is an intriguing analogy because IL-6 and IL-11 are
closely related members of the IL-6-type cytokine gene family
(44), and studies from our laboratory and others have demon-

Figure 7. Effect of mutein in the regulation of iL-13-
induced BAL inflammation and rucus elaboration. Mutein
(500 wg/mouse/d, intraperitoneally) or vehicle (PEG) were
daily administrated to the inducible {L-13 transgenic mice
(CC10-1tTA-IL-13) from a day before transgene induction
by Doxycycline (Dox). After 2 weeks of Dox induction,
mice were killed and (4) differential count on BAL cells,
(B} airway mucus evaluation by D-PAS stains (X 20 original
magnification), and (C) Muc5ac protein expression guan-
titated by densitormetry after slot and immunoblotting
with MucSac antibody were ilfustrated. Values in Aand C
represent the mean = SEM of evaluations in a minimum of
five animals. 8 is a representative of a minimum of three
simitar evaluations (*P < 0.05).
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strated that IL-11 is potently induced by TGF-By in a variety of
cells and tissnes (10, 17, 45. 46).

Patients with asthma can experience bronchorrhea, and their
biopsies are charactlerized by goblet cell hyperplasia and mucus
accumulation {47). This mucus response is nicely modeled in the
antigen-sensitized and -challenged murine fung, and has been
the topic of significant investigation. These stadies have dem-
onstraied that a number of pathways contribute (o airway
mucus metaplasia, including the elaboration of Th2 cytokines
such as IL-13 and the activation of the epidermal growth factor
receptor (EGFR) (48-50). Our studies demonstrate that IL-11
signaling also contributes to this important airway response
because OVA- and IL-13-induced mucus melaplasia were
significantly decreased in IL-11Ra~null mice and mice treated
with the IL-11 mutein. This inhibition could be dpe to the
important role that IL-11 signaling plays in the production of
IL-13. It is important to point owt, however, that direct IL-11-
induced regulatory effects cannot be ruled out because the
related cytokine IL-6 has been shown to have strong mucus-
inducing capacity in primary tracheobronchial epithelial cells
(51). Additional investigation will be required to differentiate
among these mechanistic options.

IL-13 is a prodact of a gene on chromosome 5 at g31.
Although it was initially felt to be an IL4-like molecule, il is
now known to be a powerful stimalator of eosinophilic inflam-
mation, tissue fibrosis, mucus metaplasia, alveolar remodeling,
and airways hyperresponsiveness. It is also known to be dysregn-
lated in, and to poteniially contribute to, the pathogenesis of
a variety of disorders, including asthma, idiopathic pulmonary
fibrosis, scleroderma, viral pneumonia, hepatic fibrosis, nodular
sclerosing Hodgkin’s disease, and chronic obstructive pulmonary
disease (3, 7, 52-56). Previous studies from our laboratory
demonstrated that IL-13-induced inflammatory and mucus
responses are diminished in IL-11Ra-null mice {22). The present
studies add to our understanding of the role of IL-11 in this
setting by demonstrating the decreased tissue effects of 1L-13 in
mice with a normal IL-11 receptor complex by treatment with the
IL-11 mutein. This observation demonstrates that interventions
which abrogate IL-11-IL-11Ra binding can be used to control the
tissue effects of IL-13 in the lung and potentially other organs.
However, the mechanism underlying mutein regulation of 1L-13-
induced inflammation and mucus response still remains to be
determined. No significant changes in the STAT (STATI,
STATS, STATS) phosphoryaliion or acidic mammalian chitinase
(AMCase) expression between the IL-13 transgenic mice with
and without mutein treatment were detected in the additional
mechanistic studies (N.-Y. Chen and C. G. Lee, unpublished
observation). STAT6 is well known to mediate IL-13 signaling,
and AMCase plays an critical role in Th2- or IL-13-induced
inflammation (8). IL-11 was also known to confer protective
effects on epithelial and inflammatory cells via induction of
antiapoptotic molecules such as Al{(bfll) or survivin (57, 58),
and apoptosis is an important mechanism in the resolation of
inflammation and maintenance of homeostasis of airway epithe-
Hal cells (50, 59). Thus, it is intriguing to speculate that the
inhibition of IL-11 signaling by mutein enhances apoptosis of
these cells, resulting in fewer inflammatory cells and mucus-
producing epithelial cells. To define the exact underlying regu-
latory mechanism of endogenous IL-11 signaling in allergic
inflammation and mucus response, further comprehensive
in vitro and in vive mechanistic studies are warranted.

In summary, these studies demonstrate that endogenous IL-
11 signaling plays an important role in the pathogenesis of Th2
antigen sensitization and the pathogenesis of Th2-induced and
IL-13-induced inflammatory and remodeling responses. This
establishes the IL-11-IL-11Ra pathway as a worthwhile site for
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investigations designed to identify therapeutic agents that can
be used to treat Th2- and IL-13-mediated disorders.
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Figure E1. A, a model of IL-11 generated using the Swiss model server by homology
modelling on the structure of IL-6 (A). The IL-11 receptor interfaces are shaded and labelled
with the gp130 (site Il and site lil) and IL-11Ra (site 1} receplor interfaces. 4 libraries were
generated: library 1 (purple) targeting residues 58-62, library 2 (pink) targeting residues 63-67
generated on a clone optimised for residues 58-62, library 3 {(green) targeting residues 158,
161, 162, 165, 166 and library 4 (tan) targeting residues 172, 173, 175, 176, 177. Arginine
residue R169 (red) was not randomized due {o its critical role in IL-11R« binding. B,
Representative clones from libraries 1, 2 and 3 were expressed as soluble protein and tested
in a competition ELISA for comparison with unoptimised miL.-11 with only the W147A change
(A, ECg, = 18 nM), Clone 1.21-W147A was 20-fold improved (@, 58-62 = PAIDY, EC,, = 0.86
nM), Clone 3.5A-W147A () was 5-fold improved (155-168 = DGLETTLDF, EC, = 3.6 nM),
and Clone 2.4-W147A (#) was 20-fold improved to similar level of clone 1.21 (68-67 =
PAIDYVLNED, EGCy, = 0.84 nM). C, Representative clones from libraries 1, 2 and 3 were
expressed as soluble protein and tested as antagonists in the 1L-11 responsive cell fine for
comparison with unoptimised mil-11 with only the W147A change (A, EC,, = 19 nM), Clone
1.21-W147A was 22-fold improved (@, 58-62 = PAIDY, EC, = 0.84 nM), Clone 3.5A-W147A
(W) was 2-fold improved (155-168 = DGLETTLDF, EC, = 8.2nM), and Clone 2.4-W147A (#)
was 30-fold improved and similar to clone 1.21 (68-67 = PAIDYVLNED, EC., = 0.6 nM). D,
The antagonist activity of PEGylated mil.-11-W147A -Clone 1.21 (O, EC4, = 3.0 nM) was
compared with miL-11-W147A (A, EC,, = 13 nM) and W147A-Clone 1.21 (®, EC,, = 0.71
nM) in the iL-11 responsive celt line.
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IL-11 expression is increased in severe
asthma: Association with epithelial cells

and eosinophils
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Background: 1L-11 is a pleiotropic cytokine produced by a
variety of stromal cells. Targeted overexpression of this
cytokine in mice resuits in a remodeling of the airways and the
development of airway hyperresponsiveness and airway
obstruction.

Objectives: Because these alterations mimic important patho-
logic and physiologic changes in the airways of some asthmatic
patients, we investigated the expression of 1L-11 messenger
RNA (mRNA) within the airways of patients with mild to
severe asthma and nonasthmatic control subjects.

Methods: Fiberoptic bronchescopy to obtain bronchial biopsy
specimens was performed on patients with mild (n = 13}, mod-
erate (n = 10), and severe (n = 9) asthma and on nonasthmatic
centrol subjects (n=9).

Results: These patients differed in their extent of airway fibro-
sis with types I and I collagens being noted in greater quanti-
ties in the biopsy specimens from the severe and mederate
asthmatics than in those from controls (P <.05). 1L-11 mRNA
expression was observed in the epithetial and subepithelial Iay-
ers of asthmatic and nonasthmatic control subjects. The num-
ber of cells within the epithelium and subepithelium express-
ing TL-11 mRNA was greater in those with moderate and
severe asthma compared with mild asthma and nonasthmatic
subjects (£ < .001). There were also greater numbers of 1L-11
mRNA-positive celfs within the subepithelium in severe com-
pared with moderate asthma (P < .001). Immunestaining for
I1L.-11 within the airway tissues confirmed translation of the
mRNA into IL-11-immunoreactive protein in airway epithelial
cells. Colocalization of 1L-11 mRNA and immunoreactivity
with resident inflammateory cells demonstrated that this
cytokine was also expressed by major basic pretein-positive
cosinophifs.
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Conciusion: These results suggest that 1L-11 is invelved in the
chronic remodeling seen in asthmatic airways and is associated
with increasing severity of the disease. (J Allergy Clin
Immunol 2000;105:232-8.)

Key words: Severe astiuna, H~-11, airway remodeling, airways
inflammaiion, collagen deposition

The pathologic features of asthma are associated with
airway remodeling as a consequence of hypertrophy/hy-
perplasia of the airway smooth muscles and of subepithe-
tial fibrosis.!:2 The latter response is most prominent in
the lamina reticularis and results from interstitial collagen,
fibronectin, and proteoglycan deposition.®#* Although ini-
tially described in postmortem stodies, these structural
alterations can be observed even in mild and newly diag-
nosed cases of asthma.’> Because any thickening of the
airway wall will profoundly increase the maximal degree
of airway narrowing caused by airway smooth muscle con-
traction, it has been proposed that architectural changes
similar to those observed in asthmatic patients contribute to
the development of chronic airway hyperresponsiveness
and the progressive deterioration in lung function over
time.t To date, many studies have focused on the mecha-
nisms underlying the acute presentations of bronchial asth-
ma. In contrast, the factors responsible for the more chron-
ic structaral changes within the airway are pootly defined.
Although myofibroblasts are recognized as the cell type
responsible for subepithelial collagen deposition in these
individuals,” the mechanisms contributing to the onset of
airway fibrosis in asthma and the rofe of inflammatory
cells, in particular eosinophils and epithelial cells, remains
to be established.

IL-11 was originally described as a soluble factor
derived from stromal cells, which was capable of stimu-
lating plasmacytoma cell proliferation.® It is a member of
the IL-6 family of cytokines that share a common recep-
tor B-subunit gp130 molecule.? To date, IL-11 has been
ascribed a variety of functions inchuding the ability to
regulate hematopoiesis, bone metabolism, and epithelial
proliferation.!¢ Consistent with this plefotropic nature,
{L-11 1s produced by various cell types such as stromal
cells, fibroblasts, osteoblasts, endothelial cells, and
epithelial cells.$-11-14 Swudies from our own laboratories
suggest that 1L.~-11 may contribute to the structural airway
remodeling and alteration in immune functioning evident
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MBP: Major basic protein
mRNA: Messenger RNA
TGF-B: Transforming growth factor-B

in asthmatic subjects. Thus we have demonstrated that
IL-11 1s produced by human lung fibroblasts and alveo-
lar and airway epithelial cell lines in response to
cytokines, 1415 histamine, !¢ eosinophif-derived major
basic protein (MBP),!7 and respiratory viruses.!® We
have also reported that overexpression of IL-11 within
the lungs resulis in subepithelial fibrosis!®:1% and pro-
motes the accumulation of myocytes and myofibro-
blasis.!¥ Moreover, the functional sequelae of chronic
IL-11 expression recapitulate aspects of the abnormal
pulmonary physiologic features observed in severe asth-
ma, including the development of airway hyperrespon-
siveness and baseline airway obstruction.!3:19

Given these actions of IL-11, we hypothesized that the
expression of IL-11 was increased within the airways of
asthmatics and that it wosld be particularly associated
with the most severely remodeled individuals. Our aim
was therefore to investigate the expression of [L-11 in a
range of asthmatic patients with mild to severe disease
with use of in situ hybridization (ISH) and to colocalize
IL-11 to inflammatory cell types within the airways.
These resolts showed a significantly increased expres-
sion of IL-11 messenger RNA {mRNA) within the air-
ways of subjects with severe asthma compared with
those with mild asthma and with nonasthmatic control
subjects. The IL-11 mRNA expression within the lungs
of asthmatic individuals was observed primarily within
airway epithelial cells and MBP-positive eosinophils.

METHODS
Subjects studied

To study the expression of IL-11 mRNA in a range of asthmatic
subjects, we recruited 32 individuals with mild to severe asthma
from the asthma clinic at the Laval Hospital (Sainte Foy) and 9 con-
trol subjects from the asthma clinic at the Montreal Chest Hospital
(Montreal). Asthmatic severity was defined on the basis of prebron-
chodilator-measured FEV, values, with mildly asthmatic subjects
(n = 13) having an FEV, value greater than 80% predicted, moder-
ately asthmatic subjects (n = 10) having FEV, values between 60%
and 80% predicted, and severely asthmatic subjects (n = 9) having
FEV values <60% predicted. FEV| represented the accepted level
of control with therapy. In moderate asthma the mean FEV,
improved »30Y5 after Br-agonist administration and further in some
subjects with oral prednisone, whereas in severe asthma FEV, was
less than the historic maximum in some subjects. All patients ful-
filled the American Thoracic Society criteria for asthma,2® had tp-
jcal clinical symptoms, documented airways reversibility (>15%
improvement in FEV ), and increased airway responsiveness to
methacholine (<8 mg/mL) performed only if FEV, >70%. On euroll-
ment, the medical history of each patient was taken and a physical
examination was performed. None of the subjects had a history of
respiratory tract infection within the previous 6 weeks or
immunotherapy within the previous 12 months. Al subjects were
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atopic on the basis of positive skin wheals (>3 mm) to one or more of
13 common allergens and were currently nonsmokers (2 and 4 ex-
smokers in the moderate and severe asthma groups, respectively).

Seven subjects with severe asthima required the regular use of oral
corticosteroids (mean 42 = 7.7 mg) to maintain acceptable control of
symptoms and 2 used inhaled steroids only. In addition, those with
severe asthma used inhaled Bo-agonists and theophyline as neces-
sary. Those with moderate asthina had their symptoms controlted by
regular use of ;-agonists and inhaled corticosteroids (mean 1177 4
225 ug beclomethasone dipropionate equivalent). Three patients
also required the regular use of oral corticosteroids. Those with mild
asthma used inhaled y-agonists only. Nensmoker nonatopic controt
subjects volunteered to participate in the study and none had taken
corticosteroids in the year preceding the study. Informed consent,
approved by the Montreal Chest Research Institute and Laval Hos-
pital Ethics Review Committees, was obtained from all patients
betore entry into this study.

Fiberoptic bronchoscopy and tissue
processing

The technique of fiberoptic bronchoscopy and the methods for
processing of bronchial biopsy specimens have been described else-
where in detail.!

Probe preparation

A digoxigenin-labeled complementary RNA probe coding for
JL-11 mRNA was prepared from complementary DNA as described
previously.Z? In brief, complementary DNA was inserted into
PGEM vectors, linearized, and transcribed in vitro in the presence
of digoxigenin-11-uridine triphosphate and cither SP6 or T7 poly-
merases. Antisense (complementary to mRNA)J and sense probes
(identical to mRNA) were prepared.

ISH

Sections of fung tissue were processed for ISH for IL-11 mRNA
according to Ying et al.22 Briefly, after permeabilization with Triton
X-100, the tissue sections were then briefly washed in PBS and
immersed in a proteinase K solution for 20 minutes at 37°C. The
samples were subsequently fixed in 4% paraformaldehyde, washed,
and air drvied. Hybridization was carried out with use of the
hybridization mixture containing the appropriate sense or antisense.
Each section was then covered and incubated overnight at 40°C in
a humid chamber. Posthybridization, involving a series of high
stringency washes of the samples in decreasing concentrations of
saline-sodium citrate butfer at 42°C, was then performed. To
remove any unbound RNA probes, the samples were washed with
ribonuclease sotution for 20 minutes at 42°C. The hybridization sig-
nal was visualized by incubating the sections for 4 hours with sheep
potyclonal antidigoxigenin antibodies (1:1000) conjugated with
alkaline phosphatase. Color development was achieved by adding
the freshly prepared substrate (X-phosphate-5-bromo-4-chloro-3-
indolyl phosphate and nitroblue tetrazotium}. Once the reaction was
completed, the tissse sections were counterstained with hema-
toxylin, mounted with a coverslip, and exawined under a graduated
nicroscope for positive signals.

Immunocytochemistry

Enmunostaining for fL-11 immunoreactivity within the tissues to
confirm translation of the IL-11 mRNA was performed with use of the
avidin-biotin peroxidase complex method as previously described
Tissue sections {5 wm) from the asthmatic and nonasthmatic subjects
were incubated overnight at 4°C with the primary goat antibuman IL-
11 antibody (AB-218-NA, R&D Systems, Minneapolis, Minn) or with
the primary rabbit antihwman type 1 or type I collagen antibodies
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{Biodesign, Pasadena, Calif). According to the manufactrer’s specifi-
cations, the IL-11 antibody exhibits no cross-reactivity with other
cytokines tested, ncluding 1L-6 and feukemia inhibitory factor in
direct ELISA. As a control, sections were processed in the absence of
the primary antibody with an isotype-matched IgG.

Combined immunocytochemistry and ISH

To ascertain the expression of IL-11 mRNA by cosinophils, we
simuftancously applied radiolabeled ISH for TL-11 mRNA with
MBP immunoreactivity as previously described in detail else-
where 2

Sequential immunostaining

Double sequential immunostaining for 1IL-11 immunoreactivity
protein and MBP immunoreactivity was performed to localize the
protein products of the IL-1T mRNA 1o cosinophils. The method for
sequential immunostaining has been previously published. 23

Quantification

Stides were coded and positive cells were counted blindly with use
of X100 magnification. Cells with positive signal in the subepithelivm
were counted and the results were expressed as the mean number of
positive celis per square millimeter of submucosa. IL~11 mRNA-pos~
itive cells within the epithelium were counted by optical analysis and
expressed as a semiquantitative score on the basis of the percentage of
the epithchum demonstrating positive signal/total epithetium (0: no
staining; 1: less than 12.5%%; 2: 12.5%-25%; 3: 25%-37.5%; 4: 37.5%-
§0%; 5: 50%6-62.5%; 6: 62.5%-75%; 7: 75%-87.5%: 8: 87.5%-100%).
The within-observer coefficient of variation for repeated measures
was less than 5%. The extent of coltagen staining in the subepithelimm
was measured with an image analysis svstem. The thickness of the col-
fagen layer was taken below the basement membrane and these data
are expressed as the mean of 3 measurements.

Statistical analysis

Normality and variance assumptions were tested. The numbers
of cells expressing IL-{§ mRNA in nonmal and asthmatic airways
were compared with the nonparametric Kruskat-Watlis test. Statis-
tically significant differences between groups were subsequently
analyzed with a Mann-Whitey U test {Systat version 7.0, SPSS,
Chicago, ). Correlation coefficients were calculated from Pear-
son’s moment coefficient and were corrected for multiple compar-
isons by the use of Bonferroni’s correction factor. Results were con-
sidered statistically significant for P values <.05.

RESULTS
IL-11 expression within the airways

[L-11 mRNA expression was visualized as dark purple
staining of individual cells and was seen in the airway sub-
mucosa and epithelial cell layer of asthmatic patients and
nonasthmatic controls (Fig 1, 4 and B, respectively). No
positive signals for IL-11 mRNA were observed when the
sense probe was vsed or when the tissue sections were
treated with ribonuclease before hybridization of the anti-
sense probe. To confirm transcription of the mRNA for 1L~
11, the presence of specific immunoreactivity for this
cytokine within the tissue sections was confirmed with use
of polyclonal antihuman IL-11 antibody. The presence of
specific brown staining after the immunocytochemistry
{ICC) within the arrways of asthmatic patients and nonasth-
matic control subjects was indicative of IL-11 immunore-
active protein (Fig 1, ). This staining was not observed
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when the isotype-matched control antibody was used (Fig
1, D).

Expression of IL-11 mRNA in mild, moderate,
and severe asthma

To further define the potential role of IL-11 in the
pathophysiologic mechanisms of asthma, we compared
the expression of IL-11 mRNA in nonasthmatic and asth-
matic subjects with varying degrees of ainwvay obstruc-
tion and fibrosis (Fig 2. 4 and B). Within the subepithe-
lial cell layer, the numbers of cells expressing {L-11
mRNA were significantly greater in moderate (10.8 % 1.5
cells per mm? of submucosal tissue) and severe asthma
(21.1 + 2.0 cells per mm? of submucosal tissue} com-
pared with mild asthma (2.9 + 0.7 cells per mm? of sub-
mucosal tissue) and nonasthmatic control subjects (1.3 +
0.5 cells per mm? of submucosal tissue, P < .001). With-
in the subepithelium, there were also significantly greater
numbers of IL-11 mRNA-positive cells in severe asthma
compared with moderate asthma (P <.001).

In the epithelial cell layer there was an increase in the
epithelial score for IL-11 mRNA expression for those
with moderate (2.2 % 0.3) and severe (2.8 £ 0.2) asthma
compared with those with mild asthma (0.5 = 0.2) and
the nonasthmatic control subjects (0.2 = 0.1, P < .001).
There were no significant differences between the mod-
erate and severe asthmatics in their expression of IL-11
mRNA within the epithelium.

Colocalization of IL-11 mRNA expression

The studies noted above clearly demonstrate that 1L-11
is expressed at the mRNA level by cells having eosinophil-
like morphologic features within the airway subepithelium.
To confirm the identity of these cells, both combined ISH
and ICC and double-sequential ICC were used (Fig 1, £}
In the subepithelium of patients with moderate and severe
asthma IL-11 mRNA was mosily colocalized to MBP-pos-
itive eosinophils (mean = SEM, 61% + 9%, n = 6).

Cormrelation of IL-11 mRNA expression with
an index of lung physiology features

To gain insight into the potential effector functions of
IL-11, we compared index values of IL-11 production and
airway physiologic features (FEV)). There were significant
inverse correlations between the numbers of cells express-
ing IL-1] mRNA within the epithelium (Fig 3, B, 12 = 0.55)
and subepithelium (Fig 3, 4,, #2 = 0.75) and the FEV, val-
ues for the group of asthmatic subjects (P < .05).

Characterization of extent of remodeling

As noted above, the severity of asthma was initially
assessed on the basis of pulmonary function parameters. To
see whether this correfated with the extent of airway remod-
eling or airway fibrosis, the expression of types I and I col-
lagens was assessed in the biopsy specimens from the healthy
and asthmatic subjects. The presence of specific collagen
immunoreactivity was visualized as brown staining beneath
the lamina reticularis after the ICC reaction (Fig 1, F). Fig 4
demonstrates the refationship between asthma severity and
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FIG 1. ISH with digoxigenin for {L-11 mRNA in bronchial biopsy specimens from {A) patient with severe asth-
ma and {B) nonasthmatic control subject. Note presence of dark brown/purple staining indicative of IL-11
mRNA within airways epithelium and associated with individual cells in subepithelium. C, Immunostaining
for {L-11 in individual with severe asthma. D, Primary antibody isotype control for iL-11 immunoreactivity. E,
Colocatization of 1L-11 immunoreactivity and eosinophil specific marker (MBP) in individual with severe asth-
ma. IL-11 immunoreactivity is shown as brown coforation that locatlizes to MBP-positive cefls {red staining).
F. Collagen (type Hl} immunoreactivity, as determined by avidin-biotin peroxidase method, in individual with

severe asthma is shown as brown staining.

collagen tmmumoreactivity. It shows that for both type I and
type I collagen there is increasing expression with the sever-
ity of the disorder. There was a significantly greater staining
for coltagen type I in severe and moderate asthma compared
to mild asthma and healthy subjects (P < .03). The extent of
type I collagen imumunoreactivity was also greater in severe
asthma compared with the mildly asthmatic and healthy sub-
jects (P < .05) and in moderate asthma compared with healthy
control subjects (£ <.05).

Relationships between {L-11 expression and
the extent of collagen staining

Correlational analyses were performed between the
expression of IL-11 in epithelium, in subepithelium, and

the expression of type I and I collagens for all the sub-
jects (nonasthmatics, mild, moderate, and severe asth-
matics) incladed in the study. No significant correlation
was found between any of these parameters.

DISCUSSION

Previous studies in mice have demonstrated the capac-
ity of IL-11 to recapitulate many of the features observed
in chronic obstructive airway diseases such as severe
asthma. To investigate the contribution of this cytokine
to the stractural alterations evident in a range of asth-
matic individuals, we examined the expression of 1L-11
mRNA and immunoreactivity and its association with
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FIG 2. IL-11 mRNA expression within (A) subepithefium and (B)
epithelial cell tayer of subjects with mild, moderate, and severe
asthma and of nonasthmatic controt subjects. There was signifi-
cant increase in numbers of cells expressing iL-11 mRNA in mod-
erate {n = 10) and severe {n = 9) asthma compared with mild asth-
ma {n = 13} and nonasthmatic contro! subjects (n = 9, asterisk, P
< .001 compared with controfs and mild asthmatics). Within sub-
mucosa, patients with severe asthma had significantly increased
numbers of IL-11 mRNA-positive cells compared with those with
moderate asthma {(pound sign, P < .05).

mflammatory cells with use of a combination of ISH and
ICC techniques. In addition, we investigated the expres-
sion of collagen types 1 and I within the airways of our
asthmatic and healthy individuals. Our results document-
ed the increased nombers of cells expressing H.-11 with-
in the airways of moderate and severe asthmatics and
tocalized the majority of this expression to epithelial
cells and to MBP-positive eosinophils. IL-11 expression
was directly associated with disease severity but inverse-
ly correlated with FEV| measurements, suggesting that
IL-11 expression is associated with abnormal hung phys-
iologic features. Immunoreactivity for collagen types I
and [T expression were increased within the airways of
our asthmatic subjects, and this was related to the sever-
ity of the disorder, as based on FEV | values.

IL-11 is a cytokine with potent immuonomodulatory
properties and the ability to induce substantial remodel-
ing of the airways; however, there was little evidence
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FIG 3. Correlational relationships between percent predicted FEV,
values and numbers of celis expressing IL-11 mRNA within (A)
subepithelium and (B) epithefial cell layer. There were significant
correlations between numbers of 1L-11 mRNA-positive cells in
both airway epithelium and subepithelial regions and this index
of pulmonary function (P < .05).

concerning the importance of IL-11 in human disorders.
Therefore the increased numbers of cells expressing IL-
11 in moderate and severe asthma is an original finding
thai suggests that this cylokine may contribute to the
sequelae of inflammatory events and structural medifica~
tions characterizing these asthmatic individuals. Although
prior reports have shown IL-11 immunoreactivity in nasal
aspirates from children with viral upper respiratory tract
infections, particularly those who exhibited wheezing, !5
our study is the first demonstration that inflammatory and
structural cells express striking amounts of 1L-11 in vivo
in a human disease. It is also the first report showing the
expression of IL-11 in normal human epithelial cells in
vivo because previous studies have uvsed alveolar and
bronchial epithelial cell lines.14.13

The mechanisms whereby IL-11 exerts its activity in
the airways are complex. IL-11 has previously been
shown to have fibrogenic potential in an animal model in
cliciting subepithelial fibrosis and the local accumulation
of fibroblasts, myofibroblasts, and smooth muscle
cells. 1812 Interestingly, IL-11 enhances the accumulation
of collagen type HI (and to a lesser extent type I}, which
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is a profile of expression similar to that observed in the
airways of asthmatic subjecis.!® However, in our in vivo
study we have not been able to show any correlation
between {L-11 expression in bronchial biopsy specimens
and types I or HII collagens, although tissue fibrosis cor-
relates with the disease severity. These results might be
explained by the fact that subepithelial fibrosis and par-
ticularly collagen deposition is a progressive phenome-
non, so we cannot exclude the fact that a correlation
between IL-11 and collagens may be found if bronchial
biopsies were done at another stage of the disease. To
date, there is a scarcity of literature documenting the
mechanisms responsible for the fibrotic response. IL-11
is known, however, to stimulate the production of tissue
inhibitor of metalloproteinase-{, which leads to a
decrease in collagen degradation.26 The resultant colla-
gen accumulaiion may be responsible for the tissue fibro-
sis observed in our moderately and severely asthmatic
subjects, although the presence of alternative mecha-
nisms cannot be ruled out.

In addition to its fibrogenic nature, IL-11 possesses sev-
eral immenoregulatory functions that are pertinent to the
pathophysiologic mechanisms of bronchial asthma,
notably its ability to down-regulate 1L-12 production by
peritoneal and alveolar macrophages®’-2% and to polarize T
cell responses toward Ty2-type cytokine produciion.2?
Indeed, 1L-11 may act to perpetuate the profile of Ty2-type
cytokine expression seen within the lungs of asthmatic sub-
jects and farther studies addressing this action of IL-11 are
warranted. However, IL-11 also has potent anti-inflamma-
tory properties and prevents the nuclear translocation of
muclear factor-xB, inhibiting the induction of genes depen-
dent on this transcription factor.3 Whether IL-11 exerts
predominantly proinflammatory or anti-inflammatory
actions within the airways remains to be elucidated.

Regardless of the mechanism of action of IL-11, our
data showed this cytokine to be particularly associated
with the airways of moderate and severe asthmatics and
that both in the epithelium and subepithelivm the aum-
bers of cells expressing IL-11 mRNA were inversely cor-
related to the FEV, values of the subjects. This suggests
that the release of IL-11 from epithelium and subepitheli-
um tissues may contribute both to the development of air-
way fibrosis and the subsequent decline in ung function.

Our colocalization data showed the presence of TL-11
mRNA within MBP-positive cosinophils. Previous data
from our laboratories have demonstrated the presence of
transforming growth factor-B; (TGF-B,) within the asth-
matic airways, which also localized to eosinophils. 3! TGF-
B, is a potent stimulator of IL-11 protein production,
mRNA accumulation, and gene transcription in human
fibroblasts, alveolar and bronchial epithelial-like cells, and
smooth muscle cells. 1141632 Therefore it is possible that
TGF-B, also exerts an autocrine-paracrine action and
might be a stimulant for eosinophil IL-11 production with-
in asthmatic airways. Regardless of whether such a path-
way exists, eosinophil-derived MBP has been previously
shown to participate in the production of IL-11 by lung
fibroblasts.!” The finding of IL-11 expression by eosino-
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FIG 4. Immunoreactivity for collagens type | and type il in
bronchial biopsy specimens from patients with mild, moderate,
and severe asthma compared with nonasthmatic control subjects.
There was a significant increase in collagen types | and i
immunoreactivity in the airways of moderate {n = 10} and severe
(n = 9) asthmatics compared with mild asthmatics {(n = 13} and
nonasthmatic controf subjects {n = 9). Asterisk, P < .05 compared
with control subjects and those with mild asthma, except for type
| collagen where increase in collagen immunoreactivity in moder-
ate asthma was onfy significant in comparison to heaithy control
subjects; pound sign, P < .05,

phils gives further evidence to support the involvement of
these cells in the development of structural remodeling of
the airways in asthma. In addition, the demonstration that,
tike TGF-B,,3t IL-11 expression correlates to asthma
severity has important implications for biology and for
disease pathogenesis. This observation raises the possibil-
ity that some of the biologic effects attributed to TGF-B,,
espectally the fibrogenic response, are in fact mediated by
IL-11. Neutralization in vitro ot in vivo stadies with anti-
IL-11 and anii-TGF-B, antibodies will need to be per-
formed to determine whether any effects of TGF-8; are
mediated through the induction of IL-11 and vice versa.
Because the expression of both IL-11 and TGF-B, seem
to be closely associated, it would be of interest to compare
them in the same asthmatic specimens to determine
whether there is concomitant expression.

In keeping with the close association of IL-11 with IL-
6, it is interesting to note that our colocalization of 1L-11
to eosinophils is consistent with the production of IL-6
by these cells? and the recent intracellular localization
of this cytokine to the matrix of the crystalloid granule 33
IL-6 has also been implicated in the pathogenesis of asth-
ma and is also produced by epithelial cells.34

In summary, we have shown increased numbers of cells
expressing IL-11 mRNA within the bronchial mucosa and
airway epithelial cells of severely asthmatic subjects.
Within the subepithelial cell layer this cytokine mRNA
was colocalized to MBP-positive eosinophits. The patho-
physiologic features of moderate and severe asthma
involve the up-regulated expression of 1L-11 mRNA, and
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therapeutic strategies aimed at regulating the expression of

IL-11 may be of use in the treatment of asthma.

The thank Ms Lisa Cameron and Dr Rame Taha for their contri-

hutions in the preparation of this manuseript. Special thanks also go
to Ms Elsa Schotman for technical assistance.
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IL.-11 and IL-17 Expression in Nasal Polyps:
Relationship to Collagen Deposition and
Suppression by Intranasal Fluticasone

Propionate

Sophie M. Molet, PhD; Qutayba A. Hamid, MD, PhD; Daniel L. Hamilos, MD

Objectives/Hypothesis: Chronic hyperplastic sinus-
itis (CHS) with nasal polyps (NP) is characterized I.)y
extensive mucosal thickening, goblet cell hyperpl{lsxa,
and subepithelial fibrosis. These features are described
to be part of remodeling in the lower aimzays. The cyto-
kines interleukin (IL)-11 and IL-17 are believed to play a
role in lower airway remodeling, but there has been
very little work so far examining these cytokines and
their relationship to fibrosis in CHS/NP. The aims of this
study were to examine the deposition of collagens types
1, IL and V in CHS/NP, evaluate the relationship of
collagen deposition to expression of IL-11 and IL-17, and
to examine the effect of treatment with iptranasal f:luh-
casone on these features. Study I?esign.- Sixteen subjects
were included in this double-blind, placebo-coxoxtmlled
study. NP biopsies were obtained at the baseline and
after 4 weeks of treatment with intranasal fluticasone
propionate (FP, Flonase) or placebo. Normal c'ontrol
middle turbinate biopsies from eight nonallergic sub-
jects without sinusitis were used as a cont?ol for cyto-
kine and collagen expression. Methods: Tissues were
assessed for deposition of collagen types I, III, and V
using immunocytochemistry. The expression of the cy-
tokines IL-11 and IL-17 was examined by immunostain-
ing or in situ hybridization. The pre- to posttreatment
results were analyzed using paired t test, and the mag-
nitude of changes were estimated using one-way analy-
sis of variance (ANOVA) statistical test fo-llowed by least
significance difference post hoc comparisons of means.
Results;: Compared with normal control nasal turbinate
tissues, collagen types L, III, and V were increased in all
NP tissues, with a predominance of types III and V.
Collagen deposition was most abundant in the submu-
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cosal connective tissue and in the basement membrane
zone, FP treatment had no significant effect on deposi-
tion of any collagen type. Expression of IL-11 and 1L-17
was also greatly increased in NP compared with control
nasal turbinate tissues. IL-11 expression was observed
in both inflammatory cells and the epithelium, whereas
IL-17 expression was primarily associated with inflam.
matory cells. In the pretreatment NP, a correlation was
found between the presence of IL-11 and collagen type I
(r = 0.59, P = .02) and also between IL-17 and both CD4*
and CD8* T lymphocytes (r = 0.52, P = 05; r = 0.60, P =
{02, respectively). Treatment with FP significantly re-
duced IL-11 expression in subepithelial inflammatory
cells and in the epithelial compartment. In contrast,
although IL-17 expression was reduced by FP, this ef-
fect did not reach statistical significance., Conclusion:
NP manifest an increased expression of collagen types
11, V, and I and an increase in profibotic cytokines IL-11
and IL-17. A correlation exists between deposition of
collagen type I and expression of IL-11, suggesting a
possible role for IL-11 in NP remodeling. Collagen dep-
osition was not reversed by FP treatment, whereas
IL-11 expression was suppressed. These results are con-
sistent with a partial insensitivity of NP to FP treatment
but also suggest that longer-term treatment or perhaps
earlier intervention with FP* might reduce proinflam-
matory cytokine signals and ultimately have a benefi-
cial effect in preventing airway remodeling in NP, Key-
words: Nasal polyps, fluticasone, [L-11, IL-17, collagen.
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INTRODUCTION

Chronic sinusitis is defined as sinus inflammation
persisting for longer than 8 to 12 weeks. In noninfectious
chronic sinusitis, patients have mucosal thickening asso-
ciated with nasal polyposis in approximately 20% of cases.
These patients are labeled chronic hyperplastic sinusitis
with nasal polyposis (CHS/NP). CHS/NP is one of the most
common indications for sinus surgery.! Considerable at-
tention has been given to investigating mechanisms gov-
erning the inflammatory process in CHS/NP. Immuno-
pathologic features include increased numbers of CD45*
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inflammatory cells, MBP* or EG2™ eosinophils, tryptase*
mast cells, and CD4" T cells.? Among the numerous cyto-
kines expressed in CHS/NP are granulocyte macrophage-
colony stimulating factor (GM-CSF), interleukin (IL)-3,
IL-4, IL-5, and interferon (IFN)-y, with differential ex-
pression according to the allergic status of CHS/NP pa-
tients.? Similar features have been described in asthma,
and at least 50% of CHS/NP patients have associated
asthma.

Most of our knowledge about inflammation-induced
structural changes or remodeling of the airways comes
from studies of subjects with asthma.* We and others have
reported that one feature of this airway remodeling is
subepithelial fibrosis, which could be caused by deposition
of types III, V, and to a lesser extent, type-I, collagens
beneath the basement membrane.®® This fibrosis has
demonstrated to contribute to asthma pathology and dis-
ease severity.”® During the pathogenesis of lung fibrosis,
local over-expression of cytokines or growth factors stim-
ulate resident lung fibroblasts to synthesize increased
amounts of extracellular matrix (ECM). Among these me-
diators, transforming growth factor (TGF)-B has been re-
garded as a major fibrogenic cytokine!?, and we demon-
strated that increased expression of TGF-B in asthmatic
airways was directly related to the degree of airway fibro-
sis.® TGF-B1 stimulates epithelial cells, airway smooth
muscle cells, and fibroblasts to produce IL-11. In a murine
model, over-expression of IL-11 within the lungs leads to
subepithelial fibrosis and other structural changes that
mimic those seen in severe asthma.!!''2 IL-11 was shown
to induce smooth muscle hyperplasia and fibroblast pro-
liferation.’® We previously demonstrated that IL-11 is
expressed in asthma and associated with increasing se-
verity of the disease.®

More recently, we put our interest in a newly de-
scribed cytokine, IL-17,* which has been shown to be
produced primarily but not exclusively by CD4* and
CD8* T lymphocytes.'®® A major effect of IL-17 was
found to be the stimulation of stromal cells to secrete IL-6,
IL-8, GM-CSF, prostaglandin E2, and nitric oxide,1¢~2°
We also found that IL-17 increased the synthesis of IL-6
and IL-11 by bronchial fibroblasts, and we demonstrated
that IL-17 is up-regulated in asthma and that eosinophils
are one source of its production.?' These findings sug-
gested that IL-17 might also play an indirect role in air-
way remodeling in asthma by contributing to the amplifi-
cation, regulation, or perpetuation of local airway
inflammation and profibrotic cytokine production.

Although lower airway remodeling is thought to be
the consequence of repeated inflammatory episodes in
asthma, little has been shown regarding mediators and
mechanisms leading to tissue remodeling in upper air-
ways. Some cytokines, including TGF-a and -8, IL-6,
platelet-derived growth factor (PDGF), basic fibroblast
growth factor (bFGF), and GM-CSF, have been suggested
to be involved in the pathogenesis of NP by way of their
connective tissue remodeling actions.?22® However,
whether inflammation causes changes to matrix struc-
tures such as epithelium, basement membrane, and the
collagen matrix is not known. CHS/NP is characterized by
structural changes reported also in asthma, including
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basement membrane thickening, atypical gland forma-
tion, goblet cell hyperplasia, mononuclear cell infiltration,
and subepithelial edema. On the basis of these observa-
tions, we speculated that upper airway remodeling in
CHS/NP might be pathologically similar to that of asthma.

Allergic inflammation has been demonstrated to be
amenable to treatment with topical steroids. Corticoste-
roids, administered by aerosol or systemically, are known
for their efficacy in the treatment of NP disease even
though a subset of subjects show progression of NP dis-
ease despite topical steroid treatment.?® Fluticasone pro-
pionate (FP) is a highly potent topical intranasal steroid,
and we previously demonstrated that a 4-week intranasal
FP treatment led to a modest improvement in nasal peak
flow rates and a reduction in the number of eosinophils,
CD4* T lymphocytes, and cytokine (IL-4, IL-13) mRNA*
cells.2® Much less is known about the ability of intranasal
FP to prevent or reverse the structural alterations occur-
ring in vivo. Because tissue remodeling plays an impor-
tant role in CHS/NP disease progression, we wished to
examine whether intranasa! FP would cause a reduction
in collagen deposition or a reduction in the expression of
the profibrotic cytokines IL-11 and IL-17 in NP.

METHODS

Study Subjects

This study was approved by the Human Subjects Commit-
tee at Washington University School of Medicine. Subjects were
recruited through advertisements and physician referral. The 16
subjects (6 female, 10 male with mean age of 47.9 * 11.1 years)in
this study were participants in a previous double-blinded,
placebo-controlled study of intranasal FP versus placebo for
treatment of nasal polyposis disease.?? Each subject had symp-
tomatic chronic sinusitis with NP. Systemic and intranasal ste-
roids were withheld for a minimum of 1 month and 2 weeks,
respectively, before the initial NP biopsy. Beginning at the
screening visit, all intranasal medications were stopped, and
none were allowed throughout the study. Subjects were allowed
to continue other medications, including oral decongestants, an-
tihistamines, and medications for asthma throughout the study.
No new medications were allowed from the time of the screening
visit until the end of the study.

The initial NP biopsies were obtained 1 week before initia-
tion of the intranasal study drug. Subjects were instructed to use
two 50 pg puffs of FP (n = 8) or two sprays of matching placebe-
containing diluent (n = 8) per nostril twice daily for 4 weeks.
Subjects were evaluated at weekly intervals during treatment.
The clinical responses to intranasal FP were previously report-
ed.2® Nasal mucosal biopsies obtained from the middle turbinate
of eight nonallergic subjects without sinusitis served as the nor-
mal control tissues for cytokine and collagen expression, as in
previous studies.?

NP Biopsies

The nasal passages were decongested with 0.5% Neo-
Synephrine and then sprayed with 4% Xylocaine solution to anes-
thetize the nasal mucosa, Percutaneous 2 to 3mm biopsy speci-
mens from NPs or the middle turbinate mucosae were obtained
with 5 mm Thrucut (Smith and Nephew, Memphis, TN) biopsy
forceps. Generally, two to four specimens were obtained from both
the right and left sides.

Molet et al.: IL-11/IL-17 Expression in Nasal Polyps
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Tissue Preparation . _ o
A portion of the biopsy specimen was embedded in or;uhhme

carbamoyltransferase (OCT), frozen in 95% ethanol plus dry ice, and

then stored at —70°C until processing for immunocytochemistry.

nocytochemistry

Immgryostgt sections (6 pm) were cut from th(f frozen biopsy
specimens, air dried for 1 hour, and fixed in a mlxture.of eqm?l
parts of acetone:methanol, and stained with the following anti-
bodies: anti-IL-17 (1 ug/mL) and anti-IL-11 (20 pg/mL) from B&D
Systems (Minneapolis, MN), and antitype [ (5 pg/mL), antftype
1II (5 pg/mL), and antitype V (5 pg/mL) coll.agen{s from Medicorp
Inc. (Montreal, Canada). The reaction was wsua.hzed through the
use of the alkaline phosphatase anti-alka.lm'e phospha.ta.se
(APAAP) method (IL-11, collagens) or the blotm/strgptawdm—
alkaline phosphatase complex method ( IL-17_), as prev?ously de-
scribed.21:3° Species and isotype-matched ant.:lbodxes of m‘el'eva.nt
specificity were used to confirm the specificity of each antibody.
The details of immunostaining of NP for inflammatory T cells
(CD4, CDB), eosinophils (MBP), macrophages (g)gDGS), and mast
cells (tryptase) have been described previously.

To colocalize cytokines with specific inflammatory cells,. we
used a double immunostaining technique vfrith in situ hybridiza-
tion for IL-11 and IL-17 and immunostaining for T lymphc')cytes
(CD3), neutrophils (elastase), or eosinophils (MBP) as previously
described.>® Results were expressed as the percentage of
cytokine-positive cells for IL-11 and IL-17.

tification .
Quagor /ifnmunocytochemistry, sections were counted hy. a sin-
gle “blinded” observer in a coded random ord('er by using an
Olympus microscope (Tokyo, Japan) wit}} an eyepiece graticule at
%200 or X400 magnification. The graticule was oriented along
the epithelial basement membrane, and cell counts (IL-17, Ilel,
and type V collagen) were expressed as mean counts per h.lgh-
power fleld. Then results were expressed as number of positive
cells per square millimeter of tissue. Re.ga.rdm'g type‘I and type III
collagens, a score estimating the staining intensity, extent of
collagen deposition, and subepithelia} basgment 'm.embrane thick-
ness was given. Similarly, IL-11 epithelial staining was scored
from 1 to 4 depending on intensity.

atistics o
St All analyses were done using Statistica 4.3B software pack-

age (StatSoft Inc., Tulsa, OK). The pre- to posttr‘eatment results
were analyzed using paired t test, and the' magnitude of changes
in cytokine and collagen expressions and mﬂamxl}atory markers
in the FP versus placebo groups were cqmpared using the cne way
analysis of variance (ANOVA) statist:f:al test followe;dl by least
gignificance difference post hoc comparisons of means. Corte}a—
tion studies between cytokine express:on‘and collagen‘ and in-
flammatory markers were evaluated_ by hnear. regression. AP
value of .05 was regarded as statistically significant in all

comparisons.

RESULTS

Collagen Depasition in Normal Control Nasal
Turbinates versus NP

Expression of collagen types' I, 111, and V was exam-
ined in normal control nasal turbinates ar}d ux?treated NP.
As shown on Figure 1 and illustrated in Figure 2, the
expression of types IIL, V, and to a lesser extent, type I
collagens was significantly increased in NP compared
with control turbinates (P = .002, P = .001, and P = .02
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respectively). Significant deposition of type I and III col-
lagens was found beneath the reticular layer of basement
membrane and in the submucosa. In contrast with type I
and III collagens, type V collagen staining was primarily
cell associated.

Effect of FP versus Placebo on Type I, III, and V
Collagen Expression in NP

A trend was observed toward increased collagen type
I and III expression in subjects receiving placebo treat-
ment; however, neither increase was statistically signifi-
cant (Fig. 1) (P = .20 and P = .07, respectively). In con-
trast, the number of type V collagen expressing cells
increased significantly in subjects receiving placebo (Fig.
1) (P = .02). FP treatment had no effect on type I or III
collagen deposition or on the number of type V collagen
expressing cells (Fig. 1) (P = .83, P = .63, and P = .86,
respectively).

To further analyze the impact of FP treatment on
collagen expression in NP, the magnitude of change in
type I and III collagens as well as in the number of type V
collagen expressing cells were compared after placebo ver-
sus FP treatment. Even when the data were analyzed in
this way, FP treatment could not be shown to have any
significant effect on expression of collagen types I, III, or
type V collagen positive cells in NP. There was a tendency
for FP treatment to decrease the number of type V colla-
gen expressing cells, but this effect did not reach statisti-
cal significance (P = .06) (Fig. 1).

IL-11 and IL-17 in Normal Control Nasal
Turbinates versus NP

The numbers of IL-11 and IL-17 immunoreactive
cells (Fig. 2) were increased in NP compared with normal
control nasal turbinates (Fig. 3) (P = .001 and P = .002,
respectively). IL-11 immunostaining was also seen in the
epithelium, and the extent of this staining was signifi-
cantly increased in NP compared with normal control
nasal turbinates (Fig. 4) (P = .001).

Effect of FP versus Placebo on IL-17 and IL-11
Expression in NP

As shown in Figure 3A, the number of IL-11 immu-
noreactive cells increased in subjects receiving placebo (5
of 7 subjects) but decreased in subjects receiving FP (5 of
8 subjects). By simply comparing the number of IL-11
immunoreactive cells in pre- and posttreatment samples,
neither of these results reached statistical significance.
Similarly, the IL-11 epithelial score increased in subjects
receiving placebo (Fig. 4) (P = .05) but decreased in sub-
jects receiving FP, although the latter decrease did not
reach statistical significance.

Figure 3B shows that the number of IL-17 immuno-
reactive cells increased significantly in subjects receiving
placebo in all but one case. In contrast, in subjects receiv-
ing FP, the number of IL-17 positive cells decreased (5 of
8 subjects). Again, by simply comparing the number of
IL-17 immunoreactive cells in pre- and posttreatment
samples, the only significant change was the increase in

IL-17 immunoreactive cells in subjects receiving placebo
(P = .04).
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Fig. 1. Expression of type 1 {A), type il
{B), and type V (C) collagens in control
nasal turbinates and nasal polyp (NP}
tissues befare and after intranasal fluti-
casone propionate (FP) versus placebo
treatment for 4 weeks. Type | and it
collagen expression was graded by a
score {from 1-8) whereby typs V colla-
gen exprassion was expressad as num-
ber of immunoreactive cells psr square
millimater of nasal polyp tissue. A P
value of .05 was regarded as statistically
significant. The expression of types i, i,
V coftagen was significantly increased in
NP compared with controts.
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Fig. 2. Collagen type I, Ill, and V and the cytokines interleukin (IL)-11
and IL-17 in normal control nasal turbinates and nasal polyp tissues.
Representative tissue sections and examples of the response of
nasal polyp tissue to fluticasone treatment (magnification x40 ex-
cept for the panels ilustrating IL-11 immunostaining, which are at
x20).

To further analyze the impact of FP treatment on
IL-11 and IL-17 expression in NP, the magnitude of
change in each cytokine was compared after placebo ver-
sus FP treatment. In comparison with placebo treatment,
the change in IL-11 after FP treatment (in both inflam-
matory and epithelial cells) was statistically significant
(Figs. 3 and 4) (P = .05, respectively) whereas the change
in IL-17 did not quite reach statistical significance (Fig. 3)
P = .07).

Inflammatory Cells in Normal Conirol Nasal
Turbinates versus NP

The number of inflammatory cells, including MBP™
eosinophils, CD4* T lymphocytes, CD8* T lymphocytes
(Fig. 5) (P = .001, P = .05, and P = .007, respectively), and
tryptase® mast cells (P = .029) but not CD68* macro-
phages (P = .27) was increased in NP compared with
normal control nasal turbinates.

Effect of FP versus Placebo on Inflammatory
Cells in NP

As shown in a previous study,?® there were no signif-
icant changes in the total number of inflammatory cells or
the numbers of MBP"* eosinophils, CD4* and CD8" T
Iymphocytes, CD68" macrophages, or tryptase™ mast
cells after placebo treatment. FP treatment did not reduce
the total number of inflammatory cells but caused a sig-
nificant reduction in the numbers of MBP"* eosinophils
(P = .02) and CD4" T lymphocytes (P = .03) (Fig. 5).
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Cellular Sources of IL-11 and IL-17

The cellular sources of IL-11 and IL-17 were deter-
mined by double immunostaining (see Methods). For IL-
11, the predominant cellular sources (not including the
epithelium) were eosinophils (37.3 * 4.7%), neutrophils
(31.5 * 7.3%), and T lymphocytes (7.8 + 2.5%). Other cell
types accounted for 23.4 * 7.7% of IL-11" cells. For IL-17,
the predominant cellular sources were T lymphocytes
(43.3 = 9.1%), neutrophils (25.5 * 5.9%), and eosinophils
(17.5 = 4.6%). Other cell types accounted for 13.7 * 8.7%
of IL-177 cells.

Relationships Between Collagen Deposition,
Cytokine Expression, and Inflammatory Cells in
NP Before Treatment

The relationship between IL-11 and IL-17, collagen
deposition, and the inflammatory cells present was exam-
ined for the entire group of NP before treatment with
either placebo or fluticasone. The number of subepithelial
IL-11 immunoreactive cells correlated strongly with the
level of epithelial IL-11 expression (r = 0.935, P =
.000001). A correlation was observed between subepithe-
lial IL-11 immunoreactive cells and collagen type I (r =
0.59, P = .021) but not with collagen type IIl or type V (r =
0.40, P = .134; r = 0.40, P = .176, respectively). No
correlation was demonstrated between IL-11 expression
and the number of MBP™* eosinophils or other inflamma-
tory cell types in untreated NP. This was somewhat un-
expected because we had previously found that, in the
submucosa of asthmatic subjects, the predominant cellu-
lar source of IL-11 was eosinophils. By comparison, no
correlation was found between IL-17 expression and col-
lagen type I, III, or V. However, IL-17 expression corre-
lated with the presence of CD4* T lymphocytes (r = 0.516,
P = .049) and also with CD8"* T lymphocytes (r = 0.601,
P = .018)in NP.

DISCUSSION

CHS/NP is an upper airway inflammatory disease in
which the structural modifications of epithelium (secreto-
ry hyperplasia and squamous metaplasia) and lamina pro-
pria mucosa (basement membrane thickening, ECM accu-
mulation, and collagen deposition) are associated with
inflammatory cell infiltration. The pathologic processes
leading to these structural modifications are complex and
poorly understood. Several growth factors have been iden-
tified in NP that likely contribute to this process, includ-
ing TGF-a, TGF-B, bFGF, PDGF, GM-CSF, 11-6.22-28 Re-
cent studies suggest that additional cytokines, such as
IL-11 and IL-17, may also be involved in these modifica-
tions at least in the case of asthma. For instance, a recent
study from our laboratory found over-expression of IL-11
and IL-17 in asthmatic airways and a relationship be-
tween these and collagen deposition.®-%2232 Ip view of the
many similarities in airway remodeling between asthma
and nasal polyposis, we undertook to examine whether
these same cytokines and collagen types might also be
involved in mucosal remodeling in nasal polyposis.

Previous studies in humans and in an animal model
of polyp formation suggested that the formation of NPs
requires ECM accumulation.3334 In this study, we con-
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leukin (IL)-11 and IL-17 immunoreactive
Placebo FP cells in NP were increased compared

firmed that collagen components of the ECM, in particular
the deposition of collagen types III, V, and I in NP, were
indeed increased in NPs in comparison with normal con-
trol nasal turbinate tissue. To our knowledge, this is the
first study that examines specific collagen types in NP.
Interestingly, basement membrane thickening in asthma
is largely composed of collagen types III, V, and to a lesser
extent, type 1.> We found that the predominant collagen
type in the reticulin layer beneath the basement mem-
brane was type III with a lesser amount of I. In contrast,
most of the type V collagen was found to be cell associated.
Although we have not directly compared the results in NP
with those in the lower airways of asthma, our results at
least raise the possibility that the pattern of deposition
may be somewhat different in these two conditions.
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with controls.

We found an increased expression of IL-11 in NP
compared with a very low level of expression in normal
control nasal turbinate tissues. IL-11 expression was in-
creased in submucosal inflammatory cells and also in the
epithelium. IL-11 has potent immunomodulatory proper-
ties, including the ability to induce substantial remodeling
of the airways in animal models.!!''2 The present study is
the first to report an increase in the expression of IL-11 in
NP. This increased expression was found both in inflam-
matory cells (e.g., eosinophils, neutrophils, and T lympho-
cytes) and in the epithelial compartment. In fact, we found
a strong correlation between subepithelial and epithelial
IL-11 expression. The reason for this is unclear but at
least suggests the possibility that an inherited tendency
for IL-11 over-expression may be an important feature of
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cant. In comparison with the changg af-
ter placebo, the change in IL-11 epithe-
lial score after FP freatment was
statistically significant.

NP disease. A correlation was also observed between
IL-11 expression and the deposition of collagegA type 1.
Because over-expression of IL-11 in a transgenic mouse
model of asthma was associated witl_x an increase in col-
lagen deposition in the lungs,'” it is possible tl_lat the
latter correlation reflects an impo?tant pathologic rela-
tionship. Furthermore, overproduction 9f IL-11 by NP ep-
jthelium could contribute to the localized subeplthgllal
accumulation of collagen (i.e., “basement membrane thick-
ening”) that we noted particularly for collagen' types III
and I and that is characteristic of NP. In a previous study
of endobronchial biopsies from subjects with asth'ma, we
found a strong correlation between. IL-l} e:presswn and
tissue infiltration with MBP" eosinophils. 'I.'he present
study did not demonstrate such a co'rr.elat.lon in NP. Tl}xs
may reflect a more prominent parhcxganqn of other in-
flammatory cell types in IL-11 production in I:IP In sup-
port of this, we found that 31.5% of the IL-11* cells were
ophils. .

neuti&l;ossible role for IL-17 in airway remodeling was
only recently suggested.?! IL-17 is generally igglzzrded asa
product of CD4* and CD8* T lymp}focytes: »16 A major
effect of IL-17 was found to be the stimulation (.)f stromal
cells to secrete IL-6, IL-8, GM-CSF, prostagla{:dm E2, and
nitric oxide.’6-2° IL-17 was also foum.i to increase the
synthesis of IL-6 and IL-11 by bro.nch.xal fibroblasts. In
support of a potential role for IL-17 in airway remode(limg,
we previously reported that IL-17 is ‘up-regulate . 1;:
asthma and that eosinophils were a major source of it.
By analogy, we reasoned that IL-17 mx’ght be up-regplgte:i
and contribute to the airway remode'lmg characteristic o
NP. Indeed, in this study, we found increased expression
of IL-17 in NP compared with norxglal control nasal turb;
nate tissue. Consistent with previous reports, we foun
that TL-17 expression in NP correlated with the presence
of CD4* and CD8* T lymphocytes. By colocalization im-
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munostaining, we confirmed that 43.3% of the IL-17*
inflammatory cells were T lymphocytes. Not surprisingly,
other inflammatory cells, including neutrophils and eosin-
ophils, were also found to produce it. IL-17 production was
also occasionally seen in the NP epithelium, but the extent
of this staining was quite variable among the NP
specimens.

Administration of systemically or topically applied
corticosteroids (nasal spray or powder) is an established
form of treatment in allergic chronic sinusitis and for
prevention of recurrences after surgical removal of NP.
Topical corticosteroids may also reduce the size of NP
without prior surgery. Interestingly, we found that FP
treatment for 4 weeks had no significant effect on collagen
deposition in NP. This was perhaps the expected outcome,
but it is interesting that we observed an increase in col-
lagen deposition in the subjects who received placebo. We
acknowledge that the extent of extracellular deposition of
collagens in NP tissue is difficult to quantify and could be
affected by the expansion of extracellular space such as
might occur with extracellular edema. Because FP is
known to reduce extracellular edema, this may have par-
tially offset any effect on suppression of collagen deposi-
tion. However, this effect would not likely explain why
collagen deposition appeared to increase in the subjects
receiving placebo. Furthermore, it could be postulated
that collagen deposition in the lamina propria might be
more difficult to suppress than subepithelial collagen, ow-
ing to limited penetration of the FP. However, in a previ-
ous study, we found that this same dose and duration of
FP treatment had a significant effect to suppress expres-
sion of P-selectin on vascular endothelium.2® This would
suggest that the lack of effect of FP on lamina propria
collagen deposition was not caused by a lack of FP pene-
tration to this depth. A more precise analysis of collagen
synthesis in response to FP treatment would require use
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sues in response to fluticasone propi-
onate (FP) versus placebo treatment for
4 weeks. A P value of .05 was regarded
as statistically significant.
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of other techniques, such as examination of procollagen
mRNA by in situ hybridization or reverse transcriptase
polymerase chain reaction (RT-PCR) or measurement of
amino-terminal procollagen propeptides of specific colla-
gen types.3> It would also be of interest to study colla-
gen deposition in an earlier state of polyp forma.txon to
better understand the relationship between cytokine ex-
pression and collagen deposition. '

In contrast with its lack of effect on collagen deposi-

tion, FP treatment was more effective at suppressing }:he
expression of the profibrotic cytokine IL-11. A similar
suppressive effect was observed in terms of !L-ll expres-
sion in subepithelial inflammatory cells and in the eplthe-
lium. To our knowledge, this is the first demonstration of
reduction in IL-11 expression on corticosteroid treatment
i lergic disease.
" a1Ingclontras|:, the expression of 1L-17, albeit reduced,
was not significantly affected by FP treatment (P = .07).
To date, the effect of corticosteroids on IL-17 expression in
vivo has not been extensively studied. However, we pre-
viously demonstrated that IL-17 expression was signifi-
cantly reduced in bronchial biopsies from moderate to
severe asthmatic subjects after a 2 week course of oral
corticosteroid treatment.3? This suggests that a longer
period of treatment with FP might have had a more pro-
found effect on IL-17 expression in NP. Moreover, we and
others demonstrated that some of the downstream }L-17-
inducible responses were also decreased by corticoste-
roids, including synthesis of the cytokines IL-6, IL-11, aqd
GM-CSF and of chemokines IL-8 and Gro-«.}7?%2! We did
not find any particularly interesting correlations between
IL-17 expression and collagen deposition in NP. o

Like most previous studies of airway remodeling in
human asthma or NP disease, the results of this study. are
only descriptive, having focused on only two cytokines
potentially involved in the remodeling process. Further-
more, we only looked at correlations between effect§ on
IL-11 and IL-17 and collagen expression. On the basis of
in vitro evidence and animal models, it is a;knowledgefi
that multiple cytokines and growth factors likely partici-
pate in this process. Further insight into t_he remodeh.ng
process will require that we focus attention on specific
biochemical events in the complex cascgdg of events lead-
ing to such processes as collagen deposition. )

This study was also limited by the relatively small
sample size, which limited our ability to detect small
changes in cytokine expression, cellul?.r numbers, or co!-
lagen deposition. In our previous studies of NP, the vari-
ance for immunostaining of inflammatory c'ells pre fnd
posttreatment with FP, including eosinophils, CD4. T
cells, and GRB™ cells, ranged from 32.7% to+ 40%. Sun.l‘
larly, the variance for IL-4 and IL-5 mRNA™ cells !)y in
situ hybridization was 45%. Given these levels of variance
and assuming that we wish to detect a treatment effect
with a power of 80% at an alpha level of 0.95, we would
need to see more than a 50% change in.the mﬂammgtory
marker to reach statistical significance in a sarflple size of
eight. The tissues used in this study'were use:d in previous
studies, and therefore our sample size was limited by the
supply of remaining tissues. Our use of 'normal .contr(')l
middle turbinate tissue as a comparator with NP tissue is
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consistent with our previous work.>2® The basic premise
is that both tissues are lined by pseudostratified columnar
respiratory epithelium and that the middle turbinate mu-
cosa is the closest area to sinus mucosa that can be easily
biopsied in a subject who is not undergoing sinus surgery.
Our studies have consistently found that middle turbinate
tissues from nonallergic subjects without sinusitis are un-
inflamed and show minimal evidence of tissue remodeling.

In summary, our data suggest that IL-11 and IL-17
may contribute, at least partly, to the structural abnor-
malities such as stromal fibrosis and the basement mem-
brane thickening that characterize NP disease. In addi-
tion, the results of this study are consistent with a
differential sensitivity of various components of tissue
remodeling to the effects of topical FP. This may partially
account for the modest improvement in symptoms and
gradual reduction in NP size afforded by FP treatment as
described in our previous study.?® The results of this study
are also consistent with an important relationship be-
tween IL-11 and collagen deposition in NP and further
suggest that longer-term treatment or perhaps earlier
intervention with FP might reduce proinflammatory cyto-
kine signals and ultimately have a beneficial effect in
preventing airway remodeling in NP.
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Clinical Relevance

Numerous antifibrotic strategies have been used in the clinic
with limited success. Here we show that 1L-13 is an attractive

target for idiopathic pulmonary fibrosis (IPF), being associated
with rapidly progressive IPF. Moreover, blocking IL-13 in

a humanized mouse model of IPF inhibits Jung fibrosis and
reduces epithelial apoptosis in the lung.

Idiopathic pulmonary fibrosis (IPF) is
characterized by progressive scarring of the
tung and ultimate decline in lung function
(1, 2). One of the salient features of IPF

is excess parenchymal deposition of
extracellular matrix (ECM), which
promotes the progressive decline in lung
function observed in these patients (3).
Whereas an increase in ECM components

serves to promote wound sterility, restore
barrier protection, and maintain the
intricate architecture and function of the
alveolus, this process is cleatly aberrant in
IPF, leading to a scarred, ablated alveolar
unit unable to facilitate gas exchange (4).
The cellular mechanisms leading to IPF are
not completely understood, but epithelial
damage is commonly observed in the lungs

of these patients, and mediators from these
cells, such as growth factors and cytokines,
directly contribute to an increase in and
the persistence of activated fbroblasts and
myofibroblasts (5). IPF is highly
heterogeneous, with a subset of patients
showing rapid progression to death within
1 to 2 years of diagnosis and another subset
of patients showing a more slowly

{Received in original form July 29, 2013: accepted in final form November 25, 2013}
This work was supported by National Institutes of Health grants RC2 HL10174C (C. L EJAMKRF, HEZ, SRO, ALC, and ELLH.) and HL102033.

Author Contributions: Conception and design: L.M., MAAS., C.M.H. Analysis and interpretation: LM, HZ.. S.RO.. ALC, AH, MAS., ELH., CMH.
Substantial acquisition of daia: H.Z,, SR.O., ALC., KRF., JL, DAK, F.JM., ELH. Writing the manuscript: .M., C.M.H.

Correspondence and requests for reprints should be addressed to Lynne A. Murray, Ph.D., Maedimmune Ld, Grania Park, Cambiidge CB21 6GH, UK. E-mail:

murrayl@medimmunea.com

This article has an online supplement, which is accessidie from this issue's tabie of contents at www.atsjournals.org

Am J Respir Ceft Mol Biol Vot 80, iss 5
ight © 2014 by the American Thoracic Society
aily Published in Press as DOL 10.1165/remb.
ntemet address: www.atsiournals.org

. D 985-994. May 2014

2013-03420C on Decembper 10, 2013

Murray, Zhang, Oak, et & IL-13 and Rapidly Progressive IPF

985

Ex. 2001 - Page1486



progressive disease course over a 5-year
period or longer (6). The clinical
heterogeneity likely reflects biological
heterogeneity in aberrant lung repair
pathways,

Among the more widely implicated
cytokines in fung fibrosis is IL-13 (7). This
Th2-type cytokine promotes lung fibrosis
in a number of experimental settings (8-13),
leading to the hypothesis that targeting this
key profibrotic mediator alone might
prevent or slow the progression of
pulmonary fibrosis (7, 14). During chronic
fung remodeling, there are numerous
immune cell types that can produce IL-13,
inchuding T Iymphocytes and alternatively
activated macrophages, but other putative
cellular sources of IL-13, including structural
cells, have not been extensively studied.
Blocking IL-13 with tralokinumab, a human
1L-13-neutralizing immunoglobulin G4
monoclonal antibody, in moderate to severe
uncontrolled asthma improved FEV, in
a recent phase 2 trial (15). Tralokinumab is
currently being tested clinically. The same
beneficial effect on FEV, was reported in
patients with uncontrolled asthma in
another anti-1L-13 clinical trial (16). In 1PE,
lung levels of 1L-13 are elevated (17-19) and
correlate inversely with FVC (19). Both IL-
13 receptor subunits (IL-13Ral and IL-
13Ra2) are highly expressed by IPF
fibroblasts (20, 21), thereby enhancing the
responsiveness of these cells to IL-13
compared with normal fibroblasts (18).
Controversy surrounds the mechanism
whereby IL-13 promotes pulmonary fibrosis,
with studies showing that it does so in either
a transforming growth factor (TGF)-
B-dependent (22, 23) or a TGE-
-independent (11, 24) manner. {L-13
signals through its respective receptor
subunits via a JAK2-§TAT6-dependent (25)
and AP1-dependent (23) pathways, but this
cytokine can drive lung fibrosis in a STAT6-
independent manner (13), and further
controversy surrounds the signaling role of
IL-13Ra2 in the lung (26). Thus, IL-13 and
its receptor subunits contribute to the
pathogenesis of pulmonary fibrosis through
a poorly defined but targetable mechanism.

In this study, we further explored IL-
13-directed mechanisms in pulmonary
fibrosis via the use of tralokinumab, an
investigational human IgG4 monoclonal
antibody that selectively neutralizes human
IL-13 (27-29). We observed that the IL-13
pathway was significantly enhanced in
biopsy samples from patients who exhibited

986

a rapidly progressing form of IPF compared
with patients with IPF with a slower rate
of lung function loss (30), and inhibition
of human IL-13 with tralokinumab
attenuated established pulmonary fibrosis
in a humanized SCID mouse model of
IPF, notably with a reduction in lung epithelial
cell damage. Together these data highlight that
targeting fL-13 inhibits the fibrosis and
promotes repair processes in the hung.

Materials and Methods

Additional information is provided in the
online supplement.

Patient Recruitment

All studies were performed with human
institutional care approval at Yale University
School of Medicine, The University of
Michigan School of Medicine, or UCSF,
Patients with a diagnosis of IPF according to
the ERS/ATS consensus statement (2} were
recruited for involvement in these studies.
Additional information is provided in the
online supplement,

Humanized SCID Mouse Model of IPF
All studies were approved by the
Ingtitutional Animal Care and Use
Committee at the University of Michigan
Medical School. Female C.B-17-scid-beige
(C.B-17SCID/bg) mice received single-cell
preparations of IPF and normal fibroblasts
(2 % 10% cells/ml} via tail vein injection.
In IL-13 neutralization studies, mice were
treated with PBS control, CAT251 (1gG4
mAD control, 3 mg/kg), or tralokinumab
(anti-1L-13) (MedImmune, Cambridge,
UK), a human recombinant 1gG4 mAb that
specifically binds IL-13 and blocks
interactions with IL-13Ral and IL-13Ra2,
3 mg/kg, intraperitoneally every other day
starting on Day 35. Mice were killed on
Day 63 after the human pulmonary
fibroblast transfer. Bronchoalveolar lavage
(BAL) was taken by flushing the lungs with
sterile PBS, and serum was prepared

from a post mortem blood draw. Whole
lung lobes were dissected for histological
and biochemical analysis (see below).

Gene and Protein Analyses

The following samples were analyzed: single
cell samples or for lung tissue analysis, lung
biopsy tissue from patients with PF/jusual
interstitial pneumonia, patients with
nonspecific interstitial pneamonia (NSIP),

the normal margins of lung tumor
resections, or lungs from mice and were
processed for total RNA was obtained using
TRIzol reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s
instructions. Gene expression levels were
quantitated using real-time RT-PCR
(Applied Biosystems, Foster City, CA) or
branched-DNA-technology-based
QuantiGene Reagent System (Panomics,
Freemont, CA) according to the
manufacturers’ protocols. Transcript levels
of genes of interest measured by
quantitative RT-PCR were normalized to
B-actin mRNA. For protein analysis,
cytokine levels were measured by bead-
based Luminex analysis or specific ELISA.
Serum CC16 levels were measured via
CC16 assay (Caltag Medsystems,
Buckingham, UK) as per the
manufacturer’s instructions. BAL caspase 3
activity was measured using CaspaseGlo
(Promega, Mannheim, Germany) as per the
manufacturer’s instractions.

in Vitro Fibroblast and Epithelial

Cell Assays

All fibroblast cell lines were propagated via
serial passaging, and purity was assessed
using morphological and
immunohistochemical staining as
previously described (46). Fibroblasts were
grown and assaved in DMEM media,
normal bronchial epithelial cells (NHBECs)
were grown, and assays were performed
using bronchial epithelial growth media
(Cambrex, Lonza, Slough, UK). Fibroblasts
or NHBECs were plated into 96-well plates
(Costar, Corning, NY) at 1 X 107 cells/well
and allowed to adhere for 8 hours. The cells
were washed with PBS and cultured
overnight in serum-free media containing
1% penicillin and 1% streptomycin at 37°C
in 5% CO,/air, Cells were stimulated with
or without recombinant human [L-13
(R&D Systems, Minneapolis, MN). At the
designated time points, supernatants were
removed, and gene expression levels were
quantitated using branched DNA
technology (Panomics) as per the
manufacturer’s instructions. Gene
expression fold induaction was determined
after calibration of IL13Ra2 expression
with GAPDH and normalized to
corresponding unstimulated cells.

Histologic Analysis
Formalin-fixed and paraffin-embedded lung
sections were stained with hematoxylin and
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eosin to assess gross morphology or
Mallory’s trichrome stains to visualize
collagen deposition. A modified Ashcroft
histopathology scoring scale was used to
quantify fibrotic alterations by a reviewer
unaware of the treatment groups (32).
Briefly, the entire left lung lobe from each
animal was scanned and reviewed for
fibrotic alterations in the alveolar septa. The
alterations varied from none (i.e., normal)
to confluent fibrotic masses in at least
50% of the visible lung structure (Grade 5).
Five to eight whole lung sections were
scanned from each group of mice.
Formalin-fixed and paraffin-embedded
lung sections were analyzed for
immunohistochemical localization of IL-
13Re2. These assessments are described in
the online supplement.

Statistics

Normally distributed data were expressed as
means = SEM and assessed for significance
by Student’s # test or ANOVA as
appropriate. Data that were not normally
distributed were assessed for significance
using the Wilcoxon rank sum test or Mann-
Whitney U test. Patient demographics
were compared using Student’s ¢ test or
Mann-Whitney analysis. Categorical
variables were compared using Fisher’s
exact test. P values were determined for
multiple comparisons using the Bonferroni
correction. Data were clustered using the
absolute value of correlation coefficients
{distance measure) with hierarchical
clustering, thereby identifying the
transcripts that were strongly related to

>

200-
(n=8)

-
o
<

0
d

each other using the R version 2.13.0
program {(47). The “Ward” method, which
derives spherical clusters, was used as the
agglomeration algorithm for forming
clusters. Values of P << 0.05, P < 0.01, and
P == 0.005 were considered significant.

Restults

Overexpression of IL-13 and Not iL-4
in IPF

IPF is characterized by excess ECM
deposition in the lung due in part to an
inappropriate IL-13-driven fibrotic process
(3). Analysis of biopsied lung tissue from
patients with IPF (n = 8) and patients with
a histologically fibrotic-dominant form of
NSIP (# = 4) or a histologically cellular-
dominant form of NSIP (» = 3) indicated
that #1-13 gene expression was more highly
expressed in IPF lung tissue (Figure 1A)
and that il-4 was most up-regulated in
fibrotic NSIP (Figure 1B}, in comparison to
nonfibrotic control tissue. To further
extend this observation, we confirmed the
expression of IL-13 at the protein level in
lung sections using immunohistochemical
approaches. Biopsies from the following
histologically verified hung diseases were
assembled on a tissue microarray and
examined concomitantly for the presence of
1L-13 protein: respiratory bronchiolitis
interstitial lung disease (Figures 2A and
2C), IPF with acute exacerbation

(Figure 2B), normal lung tissue (Figure 2D),
fibrotic NSIP (Figure 2E}, and IPF

(Figure 2F). Under higher magnification

vy

10+

}

non-fibrotic trof)

b

1.
\

o
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\QQ

Fold Increase in IL-13 mRNA Expression
{above non-fibrotic control)
8

Fold Increase in IL.-4 mRNA Expression

(X200}, it was apparent that IL-13 was
most abundantly expressed in the
interstitial areas of the biopsies obtained
from patients with IPF who exhibited an
acute exacerbation (Figure 2H) or rapid
progression of disease in the first year
of follow-up after disease diagnosis
(Figure 2K). Substantially less IL-13 was
detected in normal and stable IPF biopsy
samples. Together, these data suggested
that 1L-13 was expressed in IPF,
particularly in severe forms of this
disease.

Increased IL-13 Pathway Activation in
Patients with IPF Who Rapidly
Progress from the Time of Diagnosis
Hierarchical cluster analysis of multiple IL-
13-associated and profibrotic mediators in
IPF biopsies revealed that there was

a statistically significant clustering of many
of these mediators; notably, ccl26, ccl2,
and ccll were strongly associated with
cecam5, gata3, and mmp7 (Figure 3A).
More importantly, chi3ll, periostin, statG,
Sfibronectin, il-13ra2, and il-dra strongly
correlated with the clinical parameter
“percent predicted FVC” (FVCPPRED),
although the relationship between these
transcripts and FVCPPRED were either
negative {(ie., negative values) or positive
(Figure 3A). In another cohort of patients
with IPF in which disease progression was
known, 11 IL-13-associated transcripts,
including est2, cecam5, cpa3, cnripl,
mfsd2a, cdh2e, gsn, dnajci2, ptgsl, flg, and
¢hi312, more abundantly expressed in
biopsy samples from patients that exhibited

(n=4)

Figure 1. Elevated IL-13 transcript tevels in the lungs of patients with idiopathic pulmonary fibrosis (IPF). (A, B) mRNA expression measured by
quiantitative RT-PCR in whole fung biopsy tissuie from patients with IPF (n = 8} and from nonspecific interstitial pneurnonia (NSIP)-fibrotic (n = 4) and NSiP-
cellufar (7 = 3) patients and normatized o normal lung controt tissue for #-13 (A} and i-4 (B},

Murray, Zhang, Oak, et & IL-13 and Rapidly Progressive IPF
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Figure 2. immunolocalization of IL-13 in interstitial lung diseases. Lung biopsy sections, taken from patients with interstitial lung disease at the time of
diagnosis, were stained with anti~{L-13 to visualize the expression of IL-13. Consacuitive sections were stained with igG control (see Figure Et in the

experienced an acute exacerbation within 1 year of diagnosis (B and Hj}, normal lung tissue (D and G, fibrotic NSIP (£), or IPF (F, I-K). (G-K) Representative
ristological sections from normal patients and patients with IPF are at X200 magnification.

a rapidly progressive disease compared with
those who exhibited more stable disease
(Figure 3B). Analysis of airway epithelial
brushing samples indicated that these cells
were pnlikely to be the source of IL-13
because we did not detect transcripts for
this mediator in any of the brushing
samples (data not shown), but a subset of
epithelial cells from patients with [PF was
found to express IL-13-associated targets,
including il-4re, il-13racl, gata3, and mmp7
(Figure 3C). In contrast, primary human
fibroblasts cultured from patients with IPF,
particularly those who showed a rapid
course of disease, appeared to be one source
of 1L-13 in the lung (Figure 3D}, whereas
normal human lung fibroblasts did not
spontaneousty release IL-13 (data not

988

shown). Likewise, analysis of plasma from
patients with IPF revealed that the IL-
13-inducible chemokines CCL2 (Figure 3E)
and CCL11 (Figure 3F) were significantly
increased in the rapid form of IPF
compared with age-matched healthy
control subjects or stable patients with IPF.
Finally, in this rapid cohort, an inverse
correlation between plasma IL-13 levels and
event time from diagnosis was observed
{Figure 3G). The assessment of the
relationship between lung #-13ra2 and FVC
indicated an inverse correlation where
patients that had worse lung function had
increased il-13ra2 (Figure 3H). Moreover,
lung il-13ra2 positively correlated with lung
col3al expression, suggesting patients with
greater matrix and fibrosis having elevated

il-13ra2 expression (Figure 3I). Together,
these data confirmed that there is a strong
1L-13 signal in IPF whole lung biopsies and
plasma, particularly in patients who
exhibited a rapidly progressive form of this
disease.

iL-13 Directly Up-Regulates IL-13Ra2
in IPF Fibroblasts and Lung

Epithelial Cells

To determine the direct effects of IL-13 on
1L-13Ra2 expression, IPF fibroblasts or
NHBECs were stimulated with IL-13, and
il-13ra2 gene expression and protein
expression were assessed (Figure 4).
Fibroblasts from patients with IPF were
stimulated with increasing concentrations
of 1L-13 for 24 hours, and elevated #l-13ra2

American Journal of Respiratory Gelf and Molecular Biology Volume 50 Number 5 | May 2014
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Figure 3. Elevated iL-18 pathway activation in the lungs and circulation. more closely associated with rapidly progressing IPF. {4} Correlations in levels of
mRNA expression between IL- 13 pathway genes and fibrosis markers in IPF lung bicpsies {n = 62). Lighter colors represent greater coretations between
genes. The larger value indicates a stronger the correlation. Negative values represent a negative correlation. (B) Increased IL-13 pathway gene
expression, as measured by RT-PCR, with rapidly progressing IPF and stabling progressive IPF lung biopsies in comparison 1o normal healthy king
tissue. (C) Increased iidr, i13ra?, gatal3, and mmp7 in epithelial cell brushings from a subset of patients with {PF as measured by RT-PCR. (D)
Spontaneous release of IL-13 from fibroblasts isolated from the iung biopsies of rapidly prograssive patients with IPF. IL-13 was measured using specific
ELISA. Data are mean = SEM from four different patients with 1PF. €, £} Circulating CCL2/MCP-1 (£} and CCL1 1/eotaxin (F} were measwred in the plasma of
stable {n = 19) and rapid (7 = 14} patients with IPF and healthy age-matched nommal control subjects (n = 20). (G} Correlation of plasma IL-13 levels and
the time of the first clinical event postdiagnosis in the rapid IPF patient subgroup. Carrelation of tung tissue i-73ra2 transcript expression and FVC 9 predicted
{H) and cofiagen 3ai {} determined by RT-PCR. Each data point represents an individual patient. *P < 0.05, P < 0.01, and P < 0.005.

gene expression was detected by branched  cell viability or apoptosis observed in the ECM deposition {30) was used to explore

DNA technology (and presented as fold in vitro cultures (data not shown). the role of human [L-13 in the progression
increase above unstimulated controls) of pulmenary fibrosis. Lung-engrafted
{Figure 4A), which was confirmed and immunoneutralization of Human IL-13 fibroblasts also increased mouse i-13, il-
quantitated at the protein level via with Tralokinumab Therapeuticaily 13rael, and il-13r@2 transcript levels in
immunolocalization of IL13R«2 (Figures Inhibits the Pulmonary Fibrotic a time-dependent manner in SCID mouse
4B-4F). NHBECs were also stimulated with Response in a Humanized whole lung samples (Figures 3A-5C). To
IL-13 for 24 hours, and il-13ra2 gene SCID Model determine whether the IL-13 generated by
induction was quantitated using branched A humanized SCID mouse model in which  human fibroblasts contributed to the lung
DNA technology (Figure 4G). There were  intravenously injected IPF fibroblasts remodeling, SCID mice were treated

no direct effects of 1L-13 on epithelial engraft in the Jung and promote aberrant  with tralokinamab from Days 35 to 63 after
Murray, Zhang, Oak, ef al.: IL-13 and Rapidly Progressive IPF 989
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Figure 4. iL-13 stimulation of IPF fibroblasts or epithetial cefis results in an up-regulation of IL-13Ra2. (A-F) Fibroblasts from patients with {PF were
stimulated with increasing concentrations of IL-13 for 24 hours. Supematants were taken for ELISA analysis, whereas cell monolayers were lysed and
assessed for changes in gene expression compared with unstimulated controls using branched DNA fechnology {(Panomics: A) or IL-13Rn2
immunolecalized using anti-L-13Re?2 staining and quantitated (Cellomics; B-F). Lung epithelial cells were stirmulated with 1L-13 for 24 hours, and ii-73ra2
expression was determined using branched DNA technology (G). For fibroblast studies, data shown are mean = SEM from four different donors
{gene) and are representative of one individual donor for IL-13Ra2 surface expression {ower graph, pictures). Data are mean = SEM. *P < 0.05 and “F <
0.01 signifficance in comparison to unstimuiated controis.

the injection of the human fibroblasts from
a patient who showed rapidly progressive
disease (Figures 5D-5M). Although human
IL-13 can signal via murine IL-13 receptors
(31), tralokinumab only targets human
IL-13 and has no neutralizing capacity on
mouse 1L-13 (31), indicating that these data
are a consequence of inhibiting IPF
fibroblast-derived human [L-13. At Day 63
after human fibroblast administration, the
immunoneutralization of IL-13 reduced
alveolar wall, airway epithelium, and
basement membrane thickening, as
observed in trichrome-stained lung sections
{Figures 5D-5F). Moreover, fibrotic
alterations were independently quantified
using a modified Asheroft histopathology
scoring scale (32), and tralokinumab-
treated mice exhibited significantly
decreased fibrosis in comparison to PBS- or
isotype control-treated SCID mice at Day
63 after the injection of human fibroblasts
{Figure 5G). Tralokinumab also reduced
serum CC16 (ie., a marker of epithelial
injury) (Figure 5H) and reduced BAL
caspase 3 activity (Figure 51} in this model.
Next, the expression of IL-13Ra2 was
determined via immunohistochemical
analysis of whole lung samples from SCID
mice at Day 63. This analysis demonstrated

990

that there was a marked reduction of the
intensity of staining in the airway
epithelium of tralokinumab-treated mice
when compared with both control groups
(Figures 5J-5M). Further examination of
lung tissue by guantitative PCR analysis
showed that there was no difference in
human vimentin across the three SCID
groups (Figure 6A), indicating that the
beneficial effects induced by blocking IL-13
were not due to an alteration in the total
number of fibroblasts in the lung.
Moreover, there was no difference in the
transcript levels of TGF-8; in SCID mice
treated with tralokinumab, control IgG,
or PBS (Figure 6B). In contrast,
tralokinumab treatment enhanced the
expression of epithelial-associated genes,
including E-cadherin and all of the
surfactants, compared with the PBS
control-treated SCID mice (Figures
6C-6G). Together, these data demonstrate
that human IL-13 promotes lung fibrosis in
the humanized SCID model.

Discussion

IL-13 has emerged as a potent mediator of
tissue fibrosis in experimental and dinical

fibrotic lung disease settings, indicating that
it is a key regulator of ECM generation
(14, 33). Controversy surrounds the activity
of the second « subunit of the IL-13
receptor (whether stimulatory {23] or
inhibitory {34} in mediating cell activation
and the TGE- dependency of this cytokine
during the fibrotic process (11, 22, 24,

26). Herein, we confirm published findings
{19-21) that most extracellular and
intracellular components of the IL-13
pathway show increased expression in lung
biopsies from patients with IPF but
present the novel finding that the strength
of IL-13 signal in lung and blood samples
correlates with rapidly progressive IPF.
The testing of IL-13 targeting approaches in
pulmonary fibrosis has been largely limited
to experimental approaches targeting
murine IL-13 {7), whereas the data
presented herein are among the first to
show that targeting fibroblast-derived
human IL-13 with a novel human mAbD,
tralokinumab, attenuated lung fibrosis and
the accumulation of ECM in a humanized
SCID model of IPF. In this 1PF model,
the targeting of human IL-13 led to
improvements in the expression of
transcripts associated with healthy lung
epithelium, as indicated by reduced lung
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Figure 5. Neutrafization of fibroblast-derived iL-13 inhibits lung fibrosis in ar established fibrobiast-driven disease setting in humanized SCID mice. (A-C)
Isolated 1PF fibroblasts {n = 5) or normal lung tissue fibroblasts (n = 8) were injacted intravenousty to SCID mice, and animals were kitled at specific
subisequent time points, Whole lung mRNA expression was measured by guantitative RT-PCR for #-13 (4), 7 13ra i (B), and - 13ra2 (C) and normalized to
lung mRNA expression levels from mice that had received normal iung tissue-derived fioroblasts. (D-A! Thirty-five days after IPF fibroblast engraftment,
mice were randomized and treatad with PBS control, control IgG4, or tralckinumab (anti-IL-13 mAb} every other day until analysis at Day 63.
Reprasentative mouse lung sections stained with Masson's trichrome to depict the degree of fibrosis at Day 63 from SCIDAPF mice treated with PBS
control (D), CAT251 1gG, isotype controf {£), and tralokinumab anti-IL-13 antibody (F). Fibresis was quantiiated in all animals using a modified
Ashcroft score of histalagical sections (G). Tralokinumab attenuated serum CC16 levels as measured by ELISA {(H) and BAL caspase 3 activity (. Data are
mean * SEM (n = 5). (U-M) Representative immunachistochemistry localizing IL-13Ra2 expression in the lungs of control SCID mice that have not
received PF fioroblast {4} or SCIDAPE mice treated with PBS control (K}, isotype control (L), or tralokinumaks (M), Original magnification: top panels, X40;
bottom panels, #200. "P < 0.05, P < 0.01, and ™P < 0.005.
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Figure 6. Enhanced epithslial markars in the lungs of SCIDAPF mice treated with tralokinumab. Whole lung mRNA expression from mice treated with

isotype control or tralokinumab {ant-IL- 13} was measured using guantitative RT-PCR. Levels of vimentin (A}, TGF-p1 (B). surfactant protein a

{C)

).

surfactant protein b (D}, surfactant protein ¢ (), surfactant protein ¢ {F), and e-cadherin (G) were guantitated and normalized to fung mRNA expression
levels from SCIDAPF mice that had received PBS control only. Data are mean = SEM {n = 8). *P < 0.08.

apoptosis and markers of epithelial injury.
Thus, the results from this study
demonstrate that IL-13 is elevated in and
contributes to IPF, perhaps leading to the
rapid progression of this disease due to its
inhibitory effects on lung repair
mechanisms.

Patients with IPF experience a gradual
worsening of symptoms (2, 6) or a rapid
disease course punctuated by acute
exacerbations (6), which highlights the
heterogeneity in the clinical course of this
disease (35, 36). When patients exhibit
physiologic decline or a clinical event in the
first year of follow-up, they are considered
to have “rapid progression” (36).
Although longitudinal changes in lung
physiology (i.e., FVCPPRED) have been
extensively studied as a surrogate of lung
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hbrosis (37), these measurements provide
no information about biological pathways
that might be driving hung fibrosis in

each patient. Recent studies have suggested
that the IL-13 pathway might predict
progression in IPF. For example, elevated
levels of periostin, an IL-13-inducible
matriceflular protein, have been recently
described to be associated with rapidly
progressive forms of IPF (38).
Experimentally, periostin promotes
myofibroblast differentiation and
contributes to bleomycin-induced lung
fibrosis (39). From the present study, there
was a strong inverse correlation between
FVCPPRED and many IL-13-induced
factors, inclading chi3L1, state, ful, il13ra2,
and il4ra in IPF. It was also evident

that additional IL-13-related factors,

including cst2, gsn, and cdh26, were
significantly enhanced in biopsy samples
from patients who exhibited a rapidly
progressing form of IPF compared with
those patients with IPF with a slower rate
of lung function loss. Specifically, gelsolin
(gsn) is an actin-regulating protein that
has been shown to contribute to cardiac
remodeling after experimental myocardial
infarction (40), but its role in pulmonary
fibrosis requires further investigation.
Other [L-13-inducible factors, including
profibrotic CCL2 (18) and CCL11 (41),
were detected at elevated levels in the
circulation of patients with rapidly
progressive disease compared with normal
lung biopsies or with biopsies from
patients who exhibited a more stable
course of disease. Although freshly isolated
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epithelial cells from patients with IPF did
not appear to be a source of 1L-13, these
cells appeared to be affected by this
cytokine on the basis of the increased stat6
expression status in these cells compared
with normal epithelial cells. Surprisingly,

a prominent source of 1L-13 appeared to be
stromal fibroblasts on the basis of our
survey of histological lung biopsy samples
and cultured primary lung fibroblasts.
Thus, 1L-13 and several of its induced
factors were prominently expressed in IPF,
particularly in a subset of these patients
who exhibited a rapid progression from the
time of diagnosis.

The discovery that human IPF
fibroblasts generate IL-13 allowed for an
in vivo study directed at the role of this
cytokine in a humanized SCID model of
IPF (30, 42}. An antibody-based approach
was used in this model using a recombinant
human I1gG4, tralokinumab, which blocks
homan 1L-13. The administration of
tralokinumab at Day 35 after the injection
of human IPF fibroblasts and the
establishment of fibrosis in the lungs of
SCID mice (42) led to a significant
reduction in quantifiable histological
(i.e., reduced alveolar wall thickening,
airway epithelium thickness, and basement
membrane thickness), circulating
(i.e, serum CC16)}, and lung-associated

(i.e., reduced BAL caspase 3 activity)
markers of lung fibrosis compared with
PBS- or control IgG4-treated SCID mice
that received the same IPF fibroblasts.
Taken together, these data indicate that
tralokinumab reduced lung fibrosis by
inhibiting the profibrotic pathway evoked
by IPF fibroblast-derived human IL-13 in
a SCID IPF model, leading to improved
lung repair. The improved epithelial
appearance and reduced apoptosis observed
in the tralokinumab-treated humanized
SCID mice did not appear to be a direct
consequence of IL-13 on the mouse airway
epithelium because we observed no
proapoptotic effects of IL-13 on the
epithelium in vitro. However, fibroblasts
isolated from fibrotic lung tissue have been
shown to promote epithelial cell apoptosis
(43), so it is plausible that IL-13 may be
acting to modulate the levels of
antiapoptotic factors in vivo. For example,
prostaglandin E, has been shown to
attenuate epithelial-fibroblast profibrotic
responses {(44), and dinoprostone protects
epithelial cells from apoptosis while
promoting fibroblast apoptosis (45). In
addition, there may also be a wider role for
[L-13 in patients with IPF because
fibroblasts are not the only source of IL-13
in IPF, and other cells, including T and

B cells, appear to be involved in the

pathogenesis of this disease. This is one of
the limitations of using a SCID model, in
that T and B cells are absent. However, on
the basis of our immunolocalization
studies in our in vivo model, fibroblasts
appear to also be a source of this profibrotic
cytokine, and blocking IL-13 with
tralokinumab had a significant antifibrotic
effect in this humanized SCID system.
Thus, further assessment of the link
between IL-13 and epithelial protective
factors, including prostaglandins, in this
model is warranted in future studies.

In conclusion, the present study
demonstrates that IL-13 contributes to the
progression of IPF via its profibrotic and
antirepair effects in the lung. The strong
correlation between the IL-13 pathway and
rapidly progressing IPF is of considerable
clinical importance given that predicting
rapid progression shouvld allow for timely
referral of eligible patients for clinical
therapeutic trials or for lung
transplantation. N
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Supplemental Information

MATERIALS AND METHODS

Patients: All studies were performed with Human Investigations Committee
approval at Yale University School of Medicine or University of Michigan
School of Medicine. For the plasma and monocyte studies, inclusion criteria
were: All patients were greater than 18 years of age who had been diaghosed
with IPF/UIP based on the ATS/ERS 2002 guidelines were eligible for
enrolment. Exclusion criteria included current or recent use (within 2 months)
of immunosuppression or experimental therapy; chronic infection such as HIV,
tuberculosis, or hepatitis; known pulmonary hypertension, COPD, or asthma;
unstable cardiovascular, renal or neurologic disease; and inability to provide
informed consent.  Healthy, age-matched controls who self-identified as
normal were recruited from the greater New Haven area. Following enrolment
and written informed consent, demographic data concerning age, race, sex,
and co-morbid conditions were collected on all subjects. in addition, data
regarding restrictive ventilatory defect (decreased forced vital capacity, or
FVC) and diffusion impairment (decreased diffusion capacity for carbon
monoxide, DLCQ) and how the diagnosis of IPF/UIP (biopsy or CT scan) was
made were obtained from chart abstraction on the patients with IPF/UIP.
After one year of follow up, patient charts were reviewed for the foliowing
IPF/UlIP-relevant outcomes and the time point of occurrence since diagnosis
was recorded: Significant (10%) decline in FVC in 6 months foliowing
enrolment, new oxygen requirement, hospitalization or treatment for
exacerbation of IPF/UIP, and death by any cause.

Immunohistochemical localization of IL13Ra2 in histological tissue
sections. Formalin-fixed and paraffin-embedded lung sections were
analyzed for immunohistochemical localization of IL13Ra2 as previously
described (1). Sections were blocked with normal rabbit serum (Vectorstain
ABC-AP kit, Vector Laboratories, Burlingame, CA). Rabbit anti-mouse
IL13Ra2 antibody (R&D Systems) and control normal rabbit IgG were diluted
in PBS to a final concentration of 5 ng/ml. A secondary rabbit anti-goat
biotinylated antibody (Vector Laboratories) was added to each section, then
each slide was thoroughly washed and receptor localization was revealed
using HRP-Dab Staining Kit (R&D Systems).
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FIGURE LEGEND

S1. Corresponding 1gG control staining of the lung sections stained for IL-13
in Figure 2.
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Therapeutic Activation of Signal Transducer and Activator
of Transcription 3 by Interleukin-11 Ameliorates Cardiac
Fibrosis After Myocardial Infarction

Masanori Obana, MS; Makike Maeda, PhD; Koji Takeda, MD; Akiko Hayama, MS;
Tomomi Mohri, PhD; Tomomi Yamashita, BS; Yoshikaze Nakaoka, MD, PhD;
Issei Komuro, MD, PhD; Kiyoshi Takeda, MD, PhD; Goro Matsumiya, MD, PhD;
Junichi Azuma, MD; Yasushi Fujio, MD, PhD

Background—Glycoprotein 130 is the common receptor subunit for the interleukin (IL)-6 cytokine family. Previously, we
reported that pretreatment of IL-11, an IL-6 family cytokine, activates the glycoprotein 130 signaling pathway in
cardiomyocytes and prevents ischerma/reperfusion injury in vivo; however, its Jong-term effects on cardiac remodehing
after rayocardial infarction (M) remain to be elucidated.

Methods and Results—MI was generated by ligating the left coronary artery in C57BL/6 mice. Real-time reverse
transcription polymerase chain reaction analyses showed that TL-11 mRNA was rerarkably wpregulated in the hearts
exposed to ML Intravenous injection of IL-11 activated signal transducer and activator of transcription 3 (STAT3), a
downstream signaling molecule of glycoprotein 130, in cardiomyocytes in vivo, suggesting that cardiac myocytes are
target cells of IL-11 in the hearts. Twenty-four hours after coronary ligation, 1L-11 was administered intravenously,
followed by consecutive administration every 24 howrs for 4 days. IL-11 treatment reduced fibrosis area 14 days after
M, attennating cardiac dysfonction. Consistent with a previous report that STAT3 exhibits antiapoptotic and angiogenic
acuvity in the heart, IL-11 treatment prevenied apoptotic cell death of the bordering myocardium adjacent to the infarct
zone and increased capillary density at the border zone. Importantly, cardiac-specific ablation of STAT3 abrogated
IL-11~mediated attenuation of {ibrosis and was associated with left ventricolar enlargement. Moreover, with the use of
cardiac-specific transgenic mice expressing constitutively active STAT3, cardiac STAT3 activation was shown 1o be

sufficient to prevent adverse cardiac remodeling.

Conclusions—IL-11 attenmated cardiac fibrosis after MI throngh STAT3. Activation of the IL-11/glycoprotein 130/STAT3
axis may be a novel therapeutic strategy against cardiovascular discases. (Circulafion. 2810;121:684-691.)

Key Words: interleukins ® myocardial infarction ® remodeling ® signal transduction

fter myocardial injury, various kinds of neurchumoral

factors and cytokines modulate cardiac remodeling.
Araong them, leukemia ishibitory factor (LIF) and
cardiotrophin-1, which belong to the interleukin (IL)-6 fam-
ily. play important roles in cardioprotection.® LIF and
cardiotrophin-1 are secreted froo cardiorayocytes n tesponse
to pathological sitress.®> These cytokines bind and activate
LIF receptor in cardiomyocytes.® Activated LIF receptor
rakes a dimer with glycoprotein 130 (gpl30), followed by
activation of signal transducer and activator of transcription 3
(STAT3).7” STAT3 activation promotes cardiomyocyte sur-
vival and vascular formation 1o the heart.5-19 Thus, cardiac
activation of the gpl3(/STAT3 system may be a potential

therapeutic strategy against cardiovascular diseases; however,
therapies targeting gpl130 have not been proposed.

Clinical Perspective on p 691

The difficulty ip therapeutic activation of gpl30 is derived
fromt its receptor systern. Gpl30 is expressed ubigoitously as
the common receptor subunit of IL-6 family cytokines.’! IL-6
family cytokines bind their specific receptor « subunits
foliowed by activation of a common gpi30 receptor. P,mo»
tropic effects of 1L-6 family cytokines are explained by the
differential expression of receptor a subunits. Most members
of the IL-6 family, whose receptor ¢ subugits are expressed
abundantly in inflammatory cells, would evoke severe in-
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flammation!® as a serions adverse event if admimistered
systemically. Therefore, to achieve clinical use of IL-6 family
cytokines, the cytokine that induces only a tolerable level of
inflapunation should be selected.

IL-11 is @ hematopoietic TL-6 family cytokine with pleiotropic
effects. IL-11 exhibits thrombopoietic activity, and recombinant
homan -11 is used clinically for thrombocytopenia.’® In
contrast o other B.-6 family mernbers, L-11 exhibits anti-
inflammatory activity against chronic inflammatory diseases,
such as Crohn disease.’* Morcover, recombinant homan IL-11
protects epithelial cells of the iutestine from tssue damage,
suggesting its cyloprotective property.’ Recently, we demon-
strated that the TL-11 receptor is expressed in cardiomyocytes
and that pretreatment of IL-11 confers resistance to ischemia/
reperfusinn injory in a mudne model as 2 preconditioning
effect.’® When the limited level of clinical adverse effects of
recombinant human 1L-11 is considered,’? IL-11 may be a
candidate to be available clinically as cardiac gp130-targeting
therapy agaiost heaxt diseases,

In this study, we investigated the long-term efiects of IL-11
treatment after myocardial infarction (Ml). In addition, we
report that IL-11 treatroent prevents adverse caxdiac remod-
eling through the STAT3 pathway.

Methods

Animal Care

The care of all animals was in compliance with the Osaka University
animal care guidelines. The 1nvestigation conforms to the Guide for
the Care and Use of Laboratory Animals published by the US
National Institutes of Health (National Institutes of Health publica-
tion No. 85-23, revised 1990).

Coronary Artery Ligation and [1L-11 Treatment

MI was generated by coropary artery ligation according to the
previous report! with minor modifications. Briefly, C57BL/6 mice (8
to 10 weeks old; Japan SLC) were anesthetized and ventilated with
8C% oxygen containing 1.5% isofturane (Merck). After left-side
thoracotomy, the left coronary artery was hgated with 7-0 silk
sutures. Infarction was confirmed by discoloration of the veutricle
and ST-T changes on ECG. The chest and skin were closed with 5-0
sifk sntores. In preliminary experiments, we confirmed that the
operation reproducibly generates infarction with the initial area at
risk 20% to 25% per left ventricular {LV) area, as analyzed by Evans
biue exclusion assays.'® Sham-operated mice were subjected to
similar surgery, except that no ligature was placed. Twenty-four
hours after MI operation, mice were randomly assigned to 2 groups:
the IL-11 group and control group. In the IL-11 group, recombinant
human IL-11 (Peprotech) was administered tntravencusly for 5 days
consecutively; the control group received the same volume of
phosphate-buifered saline (PBS) during the same period.

Real-Time Reverse Transcription Polymerase
Chain Reaction

Real-time reverse iranscription polymerase chain reaction (RT-PCR)
was performed according to the manufacturer’s protocol. Total RNA
was prepared from hearts at various time points after operation. In
some experiments, the hearts were cut into 2 pieces: infarct area and
remote area. The infarct area is the damaged or fibrotic region with
its swrrounding border zone, and the remote area is the portion
separated from the infarct area by >1 mm.

Total RNA (1 pg) was subjected to first-strand ¢cDNA synthesis
with oligo(dT) primer. IL-11 was quantified by real-time RT-PCR
with the use of the ABI-PRISM 7700 sequence detection syste
(Applied Biosystems Inc) with the SYBR green system (Applied

IE.-11 as a Novel Cardioprotective Cytokine 685

Biosystems). As an internal control, the expression of GAPDH
mRINA was estimated with the SYBR green system. The priruers for
IL-11 or GAPDH are as follows: IL-11 forward: 5'-CTGCCC-
ACCTTGGCCATGAG-3"; TL-11 reverse: 5 -CCAGGCGAGACA-
TCAAGAAAGA-3; GAPDH forward: 5'-GCCGGTGCTGAGTAT-
GTCGT-3"; GAPDH reverse: 5-CCCTTTIGGCTCCACCCTT-3.

Inununoblot Analyses

Immunoblot analyses were performed as described previousty.??
Heart homogenates were prepared in buffer containing 150 mumol/L.
NaCl, 10 mmolL Tris-HCE (pH 7.5), 1 mmoVL. EDTA, i% Triton
X-100, 1% deoxycholic acid, and 1 mmol/L dithiothreitol. Proteins
were separated by SDS-PAGE and transferred onto the polyvinyl-
dene diflnoride membrane (Millipore). The membrane was immu-
noblotted with anti-phospho-STAT3 (p-STAT3) (Cell Signaling
Technology, Danvers, Mass), anti-Rcl-2 (BD Transduction Labora-
tories), anti-survivin {Samta Cruz Biotechnology, Inc, Santa Cruz,
Calif), or anti-cleaved caspase 3 (Cell Signaling Technology) anti-
body. The membrane was reprobed with anti-STAT3 (Santa Cruz
Biotechnology) or anti-GAPDH (Chemicon, Temecula, Calif) anti-
body to show equal amounnt loading.

Histological Estimation of Cardiac Fibrosis

The frozen sections (5-um thick) were prepared from the portion
n distal to the ligation point and stained with Masson's
trichrome. Photomicrographs were and fibrotic circumierence
and arca were measured with the use of Scion Image (Scion Corpora-
tion) by a vesearcher who was blinded to the weatment. Fibrotic
circumference and area were calculated as & percentage of LV circum-
f ctively. Infarct wall kness was measured
perpendicular to the infarcted wall at 3 separate regions and averaged.

g

erence and area, Ie

Amnalysis of Cardiac Function

Fourteen days after MI, mice were anesthetized (50 mg/kg pento-
barbital} and hep: ed (50 U) via intraperitoneal injection. The
hearts were excised rapidly and placed in ice-cold modified Tyrode’s
sofution (140 mumol/L. Nall, 5.4 mmol/L KT, 1.8 mmol/L CaCl,,
0.45 mmel/L MgCl,, 0.33 munel/L NaH, PO, 5.5 mmo¥/L glucose,
5 mmol/l. HEPES [pH 7.4]). The aorta was cannulated and retro-
gradely perfused at a constant pressure of 100 mm Hg with Tyrode’s
solution bubbled with 80% oxygen at 37°C. The experiments were
performed at 37°C by tmmersing the heart in Tyrode’s solution in a
keted chamber. The hearts were paced at 420 bpm. The
fluid-filled balloon was inserted into the LV to monitor cardiac
function. The balloon was attached to a pressure transducer, which
was coupled to a 48 PowerLab (AD Instruments). LV developed
pressure and *=dP/dt were measured.

Immunofluorescent Microscepic Analyses

The hearts wer vested 15 minntes after intravenous injection of
IL-11, and the frozen sections were prepared. The sections were
stained with anti-p-STAT3 and anti-sarcomeric w-actinin (Sigma)
antibodies. Alexa Fluor 488--conjugated goat anti-rabbit IgG (Mo-
fecular Probes) and Alexa Fluor 546—conjugated goat anti-mouse
I2G (Molecular Probes) were used as secondary antibodies. Nuclei
were also stained with Hoechst 33258,

Apoptotic cell death was detected by a terminal deoxynucleotide
transferase-mediated dUTP nick-end labeling (TUNEL) staining
with an in situ Apoptosis Detection Kit {TaKaRa). The section was
costained with anti-sarcomeric a-actinin antibody to identify the
cardiac myocytes. For quantitative analyses, apoptotic myocytes
were connted in number by a researcher who was blinded to the
assay conditions.

Immoumohistochemical Analyses

The frozen sections were prepared as described above. Capillary
density was examined by immunohistochemical staining with the use
of the Vectastain ABCU kit (Vector Laboratories) with anti-CD31
antibody (BD Biosciences, San Jose, Calif). To estimate capillary

Downloaded from higp/oire.ahajournals.ory’ by guest on September 21, 2015

Ex. 2001 - Page1502



686G Circulation February 9, 2810

density guantitatively, the namber of capillaries was counted by a
researcher who was blinded to the assay conditions.

Conditional Ablation of the STAT3 Gene in
Cardiomyocytes of Adult Murine Heart

The transgenic mice in which C
estrogen bprtOI domains {

ve recombinase fused to the mutated
Mer) were driven by the cardio-
i ain (a-MHC) promoter, desig-
a MH( -MerCre Mel mice, were a gift from Dr Molkentin, 18

rossed the a-MHC-MerCreMer mice with mice that carried
floxed STAT3 alfeles (STAT3Y19Y19 and produced a-MHC-
MerCreMer/STAT3™ 9% myant mice. To induce Cre-mediated
recombination, mice were treated with 20 mg/kg tamoxilen (Sigma,
St Louis, Mo) by iutraperitoneal injection ounce per day for 5
consecutive days. Five days after the last treatment, the level of
STATS expression decreased dramatically, and the mutant mice
underwent M as described above.

Cardiac-Specific Transgepic Mice Expressing
Constitutively Active STAT3

Generation of cardiac-specific transgenic mice expressing coustin-
tively active STAT3 was described previously.®

Statistical Analysis

Data are presented as mean®SD. Comparisons between 2 groups
were performed with the use of the unpaired 7 test. One-way
ANOVA with the Bonferront test was used for multiple compart-
sons. Differences were considered statistically significant when the

calculated (2-tailed) P value was <<0.05.

Resulis
fL.-11 Is a Cardiac Cytekine That Activates
STAT3 in Cardiomyocytes In Vivo
We analyzed the expression of IL-11 mRNA in hearts at various
time potats after M1 Heacts were sepacated into infacct area and
remote area, and the expression of IL-11 mRNA was measured
by real-time RT-PCR (Figure 1A). The expression of -1l
teanscript was elevated, with its peak at 1 day after M, and was
gradoally reduced at both 1nfarct and remote areas, In the infarct
area, the enhanced expression of IL-11 was sustained for 14
davs. These data indicate that 11-11 is produced in the heart
during cardiac remodeling after ML

Next, we examined whether intravenous administration of
T-11 stmulates STAT3 i heads by irmrancoblot analysis
with anti-p-STAT3 antibody (Figure 1B). STAT3 phosphor-
viation was induced rapidly and reduced to the basal level
within 180 minutes after IL-11 injection. IL-11 activated
STAT3 in the heaxt in a dose-dependent manner (Figaee § in
the online-only Data Supplement).

To confirm that STAT3 activation occurred in cardiomyo-
cyles, we performed immonochistological analyses to detect
the nuclear localization of activated p-STAT3 (Figure 1C).
Nuclear staining of p-STAT3 was detected in the IL-11-
treated hearts but sot i» ustreated hearts. Notably, >90% of
nuclei of sarcomeric a-actinin—positive cells were also posi-
tively stained with anti-p-STAT3 antibody. indicating that
IL-11 weatment results in STAT3 activation in cardiomyo-
cyles in vivo. As is the case with noninfarcted mice,
p-STAT3 was localized mainly in cardiomyocyie nuclei of
posticfarct hearts, and TL-11 treatowent ipcreased the fre-
quency of p-STAT3-positive cardiac myocytes (Figure 11 1o
the online-only Data Supplement).
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Figure 1. The transcript of iL-11 was elevated after Mi, and 1L-11
activated STAT3 in cardiomyocytes in murine hearts. A, Expression
of iL-11 in infarct area or remote area of postinfarct hearts was
analyzed by real e RT-PCR. Expression of IL-11 was normalized
with that of GAPDH. Data are shown as mean=8D (n=4 mice for
each condition). *FP<<0.05 vs non-Mi (shan) by 1-way ANOVA foi-
lowed by Bonferroni test. B, IL-11 (8 pa/kg) was administered in-
travencusly in mice for the indicated time. The lysates from hearts
were immunobiotted with anti-p-8TAT3 antibody. Blots were
reprobed with anti-STATS antibody. Representative data are
shown {eft). Quantitative analyses of p-“TATu are shown {right).
Data are shown as nmeant80 (n=4 mice for each condition).
*FP<0.05 vs 0 minutes by 1-way ANOVA followad by Bonferron
test. C, Fifteen minutes after injection of iL-11 (& ug/kg) or PBS,
frozen sections were prepared from the hearts. The sections were
costained with anti-p-STAT3 and anti-sarcomeric a-actinin anti-
bodies. Hoechst 33258 staining was also performed to identify the
nuctei. The images are representative of 20 fields obtained front 4
mice. Bar=50 pum.

IL-11 Adminisivation Aitenuates Cardiac
Remodeling After MI

To examine the effects of IL-11 on adverse cardiac remod-
eling, I.-11 was admiuistered to the mice after MI operation,
and cardiac fibrosts was bistologically estimated at day 14
after MI (Figure 2). Both fibrotic circumference and {ibrotic
area were redoced by IL-11 18 a dose-dependent maoner
(Figures 2B and C). Treatment of IL-11 at 8 pg/kg achieved
a subraximal reduoction in nnotu, circumference by 28.9%
(PBS, 58.6£9.6%; IL-11, 41.710.0%) and fibrotic area by
33.1% (PBS, 39.8£9.3%: IL- H., 26.6=7.4%). Interestingly,
IL-1i-treated hearts showed an increase in infarct wall
thickness compared with PBS-treated hearts (Figure 2D). To
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Figure 2. IL-11 attenuated cardiac fibro-
sis after Ml Heart sections (3 sections
from each mouse) were prepared 14
days after Mi and stained with Masson’s
trichrome. A, Images are representative
of 24 to 27 obtained from 8 to 8 mice.
Bar=1 mm. B to D, Ratic of fibrotic cir-
cumference to LV circurierence (3},
ratic of fibrotic area to LV area (C), and
infarct wall thickness (D} were quantita-
tively estimated. Data are shown as
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examine the effects of IL-11 on LV hypertrophy, we analyzed
expression of a-skeletal muscle actin mRNA, a well-known
marker of LV hypertrophy (Figure Il in the online-only Data
Supplement). IL-11 weatment showed a tendency to reduce
a-skeletal moscle actin expression, althoogh its reduction was
not statistically significast.

To clarify whether IL-11 prevents cardiac dysfunction after
M, we measured LY developed pressure and *=dP/dt by a
Langendorfi apparatus. As acute myocardial damage, Ml rapidiy
impaired LV developed pressure and £dP/dt at day 1 {(TableIin
the online-only Data Supplement) before 1L-11 administration
was started. Because [L-11 treatroent attenuated caxdiac fibrosis
that occurred dudng the following 2 weeks, we examined the
effects of 11-11 on cardiac function 2 weeks after MI (Table).
1L-11 treatment ameliorated chronic cardiac dysfunction in a
dose-dependent manner compared with the PBS-treated group.
Consistent with the attepuation of fibrosis, treatment of L-11 at
a dose of 8 pg/kg submaximally prevested cardiac dysfunction.
Thus, further experiments were performed with the use of IL-11
at a dose of 8 pg/kg.

We also confirmed the inhibitory effects of TL-11 on
adverse cardiac remodeling 28 days after MI. IL-11 treatment

Table. Effects of IL-11 on Cardiac Function at Day 14 Afler M

iL-11, pg/kg

Parameters PBS 3 8 20
LVDP, mmHg 324144 348163 45.3:6.3 44.3::135%
+dP/dt, 884113 888162 12102:148% 1243324
mm Hy/s

—dP/dt, —~713483 737476 102222100 —1043:1326*
mim Hy/s

Data are mean 8D (n=8 mice for PBS; n=9 mice for 3 ng/kg; n=9 mice
for 8 pug/kg; =8 mice for 20 pg/kg). LVDP indicates LV develoged pressure.
*P<20.05 vs PBS by 1-way ANOVA foilowed by Bonferroni test.

mean=SD {(n=8 mice for PBS; n=9 mice
for 3 po/kg: n=9 mice for 8 pgkg; n=8
mice for 20 pg/kg). *P<0.05 va PBS by
1-way ANOVA followed by Bonferroni
test.

prevented cardiac fibrosis and preserved cardiac function
Figure 1V in the online-ouly Data Supplement).

To examine whether HL-11 reduces infarct size, infarct size
was seasured by Evans blue exclusion 2 days after M1 There
was po significant difference in infarcct size (PBS, 23.0:4£7.1%;
IL-1% 8 pekel, 22.024.3%: n=4 mice for each group).

¥1L.-11 Treatment Exhibits Antiapopietic and
Proangiogenic Activity in the Heart
Granulocyte colony-stimulating factor (G-CSF) was reported
to prevent cardiac remodeling after MI, accompanied by
antispoptotic and proangiogenic effects through STAT3.2
Because H.-11 activated STAT3 in cardiomyocytes (Figure
1), we examined the effects of TL-11 on cardiomyocyie
survival and vascular formation in postinfarct myocardiuvm.
To evaluate the antiapoptotic effects of IL-11, TUNEL
starning was performed (Figure 3A). TUNEL-positive cardio-
myocytes were detected mainly at the border zone, adjacent
to the ischemic area, at both day 2 and day 4 after ME
Importantly, Y-11 teatment significantly reduced the num-
ber of apopictic cardiomyocytes compared with the PBS
group. To further confirn the cytoprotective effects, the
cleavage of caspase 3 was examined by immunoblot analyses
with cleaved caspase 3—specific antibody (Figure 3B). Com-
pared with PBS weatment, IL-11 significantly reduced the
band intensity for cleaved caspase 3. To address the antiapo-
ptotic pathways downstream of the IL-11 signal, we exam-
ined the expression of cell survival proteins (Figure 3C).
Immunoblot analysis revealed that Bel-2 and survivin pro-

teins, both of which bave been charactetized as dowunstream
targets of STAT3*-2* were increased in the IL-11 group
(Bel-2, 1.9-fold; survivin, 1.5-fold).

Because activation of STAT3 mediated vascular formation
during cardiac remodeling,?>%* capiilary density was immu-
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nohistochemically estimated with anti-CD31 antibody (Fig-
ure 4). In the border zone, capillary density increased by
1L-11 in a dose-dependent manner. Because the frequency of
apoptosis was higher at day 2 than at day 4 (30.927.1 versus
5.7+2.8 TUNEL-positive cardiomyocytes/mm?, respec-
tively; £#<00.01), cardiomyocyte loss occurs mainly at days 1
to 3. Ou the basis of this finding, to clarify the relation
between antiapoptosis and augiogenesis mediated by IL-
11. we compared the effectiveness between cytokine treat-
ment at days | to 3 and that at days 3 to 5 (Table } in the
online-only Data Supplement). fL-11 treatment at days 1 1o
3 attenuated cardiac fibrosis, whereas that at days 3 to §
did not. Interestingly, treatment at days 1 to 3 increased
capillary density, whereas that at days 3 to 5 did not,
Therefore, 1L-11-mediated increase in capillary density is
iikely to be closely associated with improved myocyte
viability.

Activation of STAT3 Is Necessary and Sufficient
for IL-11-Mediated Prevention of

Cardiac Remodeling

To assess the importance of cardiac STAT3 activation in
{L-11-mediated altenuation of adverse remodeling, we gen-
erated cardiac-specific conditional STAT3-deficient mice
(STAT3 CKO mice) by establishing a-MBC-MerCreMer
mice on STAT3Hewtex backgrounad (Figure 5A). The ablation
of the STAT3 gene did not induce notable histological
alterations at day 14 after sham operation. IL-11 treatment
ameliorated postinfarct fibrosis in o-MHC-MetCreMer mice
on STATIMI vackeround after MI (Figure V in the
oniine-only Data Supplement), as in the case with nontrans-

Figure 3. IL-11 treatment suppressed car-
diomyocyte apoptosis after Ml A, The fre-
quency of apoptotic cardiomyocytes was

estimated by TUNEL staining 2 days and 4
days after M. The sections were costained
with anfi-sarcomeric o-actinin antibody and
Hoechst 33258 dye. The images are repre-
sentative of 60 to 100 obtained from 4 to 3
mice (15 to 20 fields from each mouse) (eft).
Arrowheads show TUNEL-positive, apoptot-
ic cardiomyocytes. 0 . Quantifica-
tion of the apoptotic cardiornyocyies is
shown right). Visual fields (15 to 20) were
randomiy selected. Data are shown as

meanxSD (=5 mice for PBS 2 days]; n=4
mice for iL-11 {2 days]; n=5mice for PBS {4
days}; n=>5 mice for IL-11 [4 days]). "P<0.05
vs PBES by unpaired { test. B, The lysates
from hearts at day 2 after Ml were immunc-
blotted with anti-dleaved caspase 3 and
anti-GAPDH antibodies. Arrows indicate the
cleaved caspase 3 ragments with molecular
weight 17 and 19 kDa (eft). Quantitative
analysis of cleaved caspase 3 fragments is
shown (ight). Data are shown as meant8D
{n=8 rnice for PBS; n=-5 mice for IL-11).
"F<0.05 vs PBS by unpaired f test. C, Rep-
resentative results of immuncbiotting with
anti-Bol-2 and anti-sunvivin antivodies. Blots
were reprobed with anti-GAPDH antibody to
show equal amount loading. Experiments
were repeated 5 fimes with similar results.

zenic mice (Figure 2). Tmportaatly, IL-1 T-reediated preven-
tion against adverse cardiac remodeling was abrogated in
STAT3 CKO mice (Figure 5C and 5D). Interestingly, en-
fargement of LVs was observed in STAT3 CKO mice
compared with wild-type mice exposed to ME without H.-11
treatment (18.02%23.20 mm |[n=6] versus 15.08+1.81 mm
fn=81: P<C0.05), probably because STAT3 is endogenously
activated afier M1, even without IL-11 treatment (Figures 11
and VI in the online-only Data Supplement), and contributes
to the prevention of adverse cardiac remodeling. Consis-
tently, we aiso confirmed that IL-11-mediated attenuation of
cardiac dysfunction was capceled in STAT3 CKO mice
(Figure VH in the online-ouly Data Supplement). Moreover,
the increase in capillary density, which was observed in
response to IL-11 in the mice with STATI™M pack-
ground, was abrogated by STAT3 gene ablation (Figure VI
in the oniine-only Data Supplement}. These data indicate that
STAT3 is required for IL-11-mediated amelioration of ad-
verse cardiac remodeling after M1

To reinforce the wmportance of STAT3 in cardioprotection,
transgenic hearts expressing constitatively active STAT3
{caSTAT3} were exposed to ML and cardiac fibrosis was
estimated. In caSTAT3 transgenic hearts, cardiac fibrosis was
reduced by 47% compared with oonptransgenic littermates
(wild-type) (Figure 6). Moreover, similar o YL-11-reated
hearts, caSTAT3 transgenic hearts showed an increase in
fibrotic wall thickness. Importantly, cardiac dysfunction was
ameliorated 1o caSTAT3 transgenic miice compared with
wild-type mice (Figure IX in the onlige-oualy Data Supple-
ment). Therefore, activation of STAT3 in cardiomyocytes
was sufficient to suppress cardiac remodeling after ML
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Figure 4. 1L-11 increased capillary density in infarcted hearts.
Heart sections were prepared 14 days after Ml and stained with
anti-CD31 antibody. A, The images are representative of 80 to
30 obtained from 8 1o 9 mice (10 fields from each mouse).
Bar=50 pm. B, CD31-positive capiliary density was quantita-
tively estimated. Ten visual fields were randomiy selected, Data
are shown as mean+SD (n=8 mice for PBS; n=8 mice for 3
wo/kg; n=8 mice for 8§ ug/kyg; n=8 mice for 20 pgkq). *F<0.05
vs PBS by 1-way ANOVA followed by Bonferroni test.

PRS

Discussion

Tn this study, we examined the effecis of IL-11 treatment on
adverse cardiac remodeling after ME IL-11 activated STAT3 16
cardionryocytes in vivo. IL-11 ameliorated cardiac fibrosis and
attenuated cardiac dysfunction after ML 1L-11 reduced the
nupber of apoptotic niyocytes, and IL-11-treated hearts showed
an ocrease in capillary dewsity. bupottantly, the preventive
effects of IL-11 against adverse remodeling were suppressed in
cardiac-specific STAT3-deficient wmice. Moreover, cardiac
STAT3 activation was sufficient to suppress adverse remodel-
ing. These findings suggest that IL-11 treatment is a promising
strategy against adverse cardiac remodeling after ML

Previously, G-CSF and ervthropoietin were reported to ex-
hibit preventive effects against postinfarct fibrosis?2526; how-
ever, a large difference o signaling pathways exists among these
cytokines. TL-11 rapidly activates STAT3 in cardionryocyies at
a lower concentration than G-CSF, suggesting that H-11 is a
more potent activator of STAT3. Akt, another cytoprotective
signal transducer, is activated by G-CSE and erythropoietin in
cardioniyocytes>™ and to a lesser extent by IL-11 (data not
shown). Moreover, G-CSF confers resistance to ischemia/reper-
fusion through endothelial Akt activation® and JL-11 through
cardiorayoccyte activation of 5TAT3.1¢ Thus, H.-11 transduces
cardioprotective signals via pathways that are distinct from
G-CSF or erythropoietin.

IE.-11 as a Novel Cardioprotective Cytokine 689
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Figure 5. STAT3 was required for lL-11-mediated amelioration
of adverse remodeling after Ml A, Generation of STAT3 condi-
tional knockout mice. B, After tarmoxifen treatment, sham or Mi
operation was performed in o-MHGC-MerCrehMer/STATg o/ flox
{flox/flox; n=5 mice for sham; n=6 mice for Mi) or a-MHC-Mer-
CraMar/STATIWIHWi (yild/wild; n=4 mice for sham; n=6 mice
for Mi) mice, followed by IL-11 administration. Heart sections (3
sections from each mouse) were prepared 14 days after Mi and
stained with Masson’s trichrome. The images are represeniative
of 12 to 18 obtained from 4 to 8 mice. Bar=1 mm. C, LV cir-
curnference was quantitatively estimated. D, Ratio of fibrotic
cireurnference to LV circumference was quantifatively estimated.
Data are shown as mean+50. *P<<(0.05, #P<0.01 vs STAT3WIdwid
by unpaired { test.

IL-17 belongs to the L-6 cytokine family, which uses gpi30
35 its common receptor. Interestingly, LIF, a member of the H.-6
cytokine family, has been reported to enhance survival of
cardionyocytes, with mobilization of bone marrow cells to the
heart.! Similatty, G-CSF stipwlates the homing of bone marrow
celis to the heart, leading to regeneration of the injored bheart.3!
These studies propose that bone marrow cells may contribute to
cardiac repaic o yespouse 16 cytokine stimull. In our expert
ments, -1 failed to show cardioprotective effects 1 cardio-
niyocyte-specific STAT3-deficient mice. Therefore, cardionyo-
cytes are important components in the action of IL-11, and
STAT3 activation 1o cardiomyocytes s a critical factor for
H-1i-mediated prevention of adverse cardiac remodeling, al-
though we cannot exclude the possibility that bone marrow cell
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Figure 6. Activation of STATS in cardiomyocytes was sufficient
to suppress adverse remodeling. Cardiac-specific transgenic
mice expraessing caSTAT3 or wild-type mice were exposed to
Mi. At day 14 after Mi, heart sectiona were stained with Mas-
50N’ tr.chrome A, Images are representative of 15 obtained
from 5 mice (3 sections from each mouse). Bar=1 mn. B, Ratic
of fibrotic irc:umferencea to LV circumference was quantitatively
estimated. C, Infarct wall thickness was quantitatively estimated.
Data are shown as mean=80D {n=5 mice for each group).
*F<<0.01 vs wild-type by unpaired t fest.

mobilization
paractine systems.

Previously, we reported that IL-11 shows cytoprotective
effects through STAT3 and prevents ischemia/reperfusion
wjury in the heart.'® IL-11 reduced cardiomyocyte apoptosis
after M1 cousistently in this study. In additon to cell-
aulonomous cytoprotection, we have demonstrated that YL-11
promoted vessel growth in the heart. Importantly, the en-
hancement of capillary density by IL-11 was not observed in

cardiac-specific STAT3-deficient mice. Taken together with
previous repotts that cardiac activation of STAT3 promotes
vascular formation in the bheart,?® STAT3 s a critical
regulator of the interaction between myocardium and endo-
theliuni. Interestingly, IL-11-mediated enhancement of vas-
cular formation was closely associated with improvement of

regolated by cardiac STATS through some

cardinmyncyte viability. ilarly, it was reporied recently
that cardiac production of angiogenic growth factors was
impaired under decompensatory conditions during cardiac
remodeling and that angiogenesis was critical to prevent
onset of heart failure 1o respouse to pathological stress.’?
Collectively, this snggests that 1L-11 mediates cardiomyocyte
survival and capillary growth in an interdependent manner
and that these signals are coordinated by STAT3.

TL-11 exetted preventive effects agalast adverse cardiac ve-
nodeling after M at almost the same level as G-CSF,29 whose
clinical use was reported to be at least partially beneficial in
cardiovascular diseases.®® Thus, IL-11 treatment may be pro-
posed as a novel cyiokine therapy. Although one of the most
serions adverse effects of cytokine therapy s inflamration,
IL-11 is known to be an anti-inflammatory cytokine.® Indeed,
IL-17 significantly suppressed expression of proinflammatory
cytokines, such as IL-6 and tumor necrosis factor-c, in postin-
farct myocardium (Figure X 1o the oslice-only Data Supple-
raent}, which provides evidence sopporting its safety.

In summary, [L-11 transduced cardioprotective signals
through STAT3 and suppressed adverse cardiac remodeling
after ML The IL-11/gp130/5TAT3 axis may be a novel
therapautic target against cardiovascular diseases.
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CLINICAL PERSPECTIVE
In ischeniic heart diseases, myocardial damage is initially induced by reduction of blood supply and is subsequently
expanded by cardiac remodeling, leading to heart failure. A therapeutic strategy to limit myocardial remodeling, such as
angiotensin-converting enzywme inhibitors and S-blockers, improves the survival rate; however, the
failure is still not mdsfactor}n Cardiac remodeling is positively or negatively regulated by a number of neurchumoral
factors and cytokines. Here, we examsed whether interleukin (1
inf

ameliorates postinfarct remodeling, using a model of myocardial

reduced fibrosis after myocz’-.rdi'u infarction, with atfenuation of myocardial dysiunction. IL-11 decreased the frequency of
increased capillary density. H.-11 weatment resulted in STAT3 activation in cardiomyocytes in
vivo. Using conditional knockout mice and cardiac-specific transgenic mi
ry and sufficient for IL-11-mediated preve
suggest that IL-11 treatment may be useful as a therapeutic strategy against the onset of heart failure
, oprelvekin, is clini

cardiomnyocyte death and

cardinmyncyles was nece

infarction. Because human recombinant 1L-1

of adverse drug effects providing some proof of its safety, our ¢

cytokine therapy for prevention against heart failure.

sally used for thrombocylopenia, with a toler:
esuits suggest that IL-11 treatment is a prom

prognosis of heatt

11, a member of the IL-6 family of cytokines,
arction by coronary ligation. Treatment with IL-11

ice, we demonstrated that activation of STAT3 in
on of cardiac adverse rerandeling. These findings
after myocardial
e leva‘;
ising nove

Downloaded from bigp:/

Jeire.ahajpurials.org’ by guest on September 21, 2015

Ex. 2001 - Page1508



SUPPLEMENTAL MATERIAL
Supplementary Materials and Methods

Real time RT-PCR

The expression of a-skeletal muscle actin mRNA was quantified by real time RT-PCR using
the ABI-PRISM® 7700 sequence detection system with SYBR green system. The primers for
a-skeletal muscle actin are as follows;
a-skeletal muscle actin forward: 5°-AGGGCCAGAGTCAGAGCAG -3°,
a-skeletal muscle actin reverse: 5’-CCGTTGTCACACACAAGAGC -3°.

The expression of IL-6 or TNF-o mRNA was quantified by real time RT-PCR using the
ABI-PRISM® 7700 sequence detection system with TagMan Assay on Demand Reagents (PE
Applied Biosystems Inc.).

Supplementary Figure Legends

Supplementary Figure 1

IL-11 activated STAT3 in murine hearts in a dose-dependent manner.

The various concentrations of IL-11 were intravenously administered to mice. Fifteen minutes
after injection, mice were sacrificed. = The lysates were prepared from hearts and
immunoblotted with anti-phospho-specific STAT3 (p-STAT3) antibody. Blots were reprobed

with anti-STAT3 antibody. Experiments were repeated three times with similar results.

Supplementary Figure 2

IL-11 activated STAT3 in the cardiomyocytes at day 1 after MI.

IL-11 (8 pg/kg) or PBS was intravenously administered in mice at day 1 after MI. Fifteen
minutes after injection, the hearts were harvested and frozen sections were prepared. The
sections were co-stained with anti-phospho-specific STAT3 (p-STAT3) and anti-sarcomeric
a-actinin antibodies. Hoechst 33258 staining was also performed to identify the nuclei. The
images shown are representative of 15 obtained from 3 mice (5 fields from each mouse).

Arrowheads show the p-STAT3-positive nuclei. Bar, 50 pum.

Supplementary Figure 3
The effect of IL-11 on the expression of a-skeletal muscle actin after M1.
Total RNA was prepared from infarct (I) or remote (R) area of hearts after MI and real time

RT-PCR was performed for o-skeletal muscle actin. The expression of a-skeletal muscle actin
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was normalized with that of GAPDH. Data are shown as mean + S.D. (n=5 mice for each

group).

Supplementary Figure 4

IL-11 attenuated the cardiac remodeling at day 28 after M1.

Mice were exposed to MI operation, followed by the treatment of IL-11 for 5 days. PBS was
used as control. Heart sections were prepared 28 days after MI and stained with Masson’s
Trichrome method to determine fibrosis. The ratio of fibrotic circumference to LV
circumference was quantitatively estimated. LVDP and +dp/dt were measured by a
Langendorff apparatus at day 28 after MI. Data are shown as mean + S.D. (n=4 mice, for PBS;
n=7 mice, for IL-11). "P<0.05 vs. PBS, by unpaired ¢ test.

Supplementary Figure 5

IL-11 treatment reduced the cardiac fibrosis in a-MHC-MerCreMer mice on STAT3""*"
background after MI.

MI was generated in o-MHC-MerCreMer mice on STAT3™ '™ background, followed by IL-11
treatment for 5 days. Heart sections (3 sections from each mouse) were prepared 14 days after
MI and stained with Masson’s Trichrome method to determine fibrosis. (A) The images are
representative of 18 obtained from 6 mice. Bar, 1 mm. (B) The ratio of fibrotic
circumference to LV circumference was quantitatively estimated. Data are shown as mean =+

S.D. (n=6 mice for each group). “P<0.01 vs. PBS, by unpaired ¢ test.

Supplementary Figure 6

Cardiac activation of STAT3 was sustained during cardiac remodeling after MI in mice.

Mice were exposed to MI operation and the hearts were harvested at the indicated time point.
The lysates were prepared from hearts and immunoblotted with anti-phospho-specific STAT3
(p-STAT3) antibody. Blots were reprobed with anti-STAT3 antibody.

Supplementary Figure 7

STAT3 was required for IL-11-mediated amelioration of cardiac dysfunction after MI.

After tamoxifen treatment, MI was generated in a-MHC-MerCreMer/STAT3™Y™* (flox/folx,
n=4) or o-MHC-MerCreMer/STAT3V "M  (wild/wild, n=4) mice, followed by the
administration of IL-11. At day 14 after MI, LVDP and +dp/dt were measured by a
Langendorff apparatus. Data are shown as mean =+ S.D. "P<0.05 vs.
o-MHC-MerCreMer/STAT3™ ™! by unpaired ¢ test.
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Supplementary Figure 8

The enhancement of capillary density by IL-11 was not observed in cardiac-specific
STAT3-deficient mice.

After tamoxifen treatment, MI was generated in a-MHC-MerCreMer/STAT3¥x  op
0-MHC-MerCreMer/STAT3Y "4 mice, followed by the administration of IL-11. Heart
sections were prepared 14 days after MI and stained with anti-CD31 antibody, to detect
capillary endothelial cells. The CD31-positive capillary density was quantitatively estimated.
Ten visual fields were randomly selected. Data are shown as mean + S.D. (n=6 mice for each
group). P<0.01 vs. STAT3" ™ without IL-11 treatment. "P<0.01 vs. STAT3"™¥™* with
IL-11 treatment, by one-way ANOVA followed by Bonferroni test.

Supplementary Figure 9

Activation of STAT3 in cardiomyocytes was sufficient for amelioration of cardiac
dysfunction.

Cardiac-specific transgenic mice expressing constitutively active STAT3 (caSTAT3) or
wild-type mice were exposed to MI. At day 14 after MI, LVDP and +dp/dt were measured by
a Langendorff apparatus. Data arec shown as mean + SD. (n=5 mice for each group).

*P<0.05 vs. wild-type, by unpaired ¢ test.

Supplementary Figure 10

IL-11 suppressed the inflammatory reaction in post-infarct myocardium.

Total RNA was prepared from infarct hearts at day 4 after MI or sham operation. The
expression level of IL-6 or TNF-o mRNA was measured by real time RT-PCR methods and
normalized with that of GAPDH. The cytokine level was expressed as fold induction of that in
non-infarct hearts. Data are shown as mean + S.D. (n=4 mice for each group). "P<0.05 vs.
sham, *P<0.05 vs. PBS, by one-way ANOVA followed by Bonferroni test.
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Supplementary Table 1. Cardiac function at day 1 after MI before IL-11 treatment.

Parameters Baseline One day post MI
LVDP(mmHg) 83.0+8.8 53.9+12.6*
+dp/dt (mmHg/s) 2321£390 1485+£316%
-dp/dt (mmHg/s) -2030£353 -1242+290%

Data were shown as mean + S.D. (n=7 mice, for baseline; n=7 mice, one day post MI).

“P<0.01 vs. Bascline, by unpaired  test.

Supplementary Table 2. The dependency of IL-11 therapy on the treatment timing.

Fibrotic area / LV area (%) Capillaries (/mm?)

PBS 42.6x13.1 2052+118
IL-11
dl-d3 26.4+8.0* 2304+179%*
d3-d5 34.849.0 21534232

Data were shown as mean + S.D. (n=8 mice, for PBS; n=9 mice, for d1-d3; n=9 mice, for
d3-d5). “P<0.05 vs. PBS, by one-way ANOVA followed by Bonferroni test.
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Supplementary Figure 1
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Regulated Overexpression of Interleukin 11 in the Lung
Use to Dissociate Development-dependent and -independent Phenotypes
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Abstract

Standard overexpression transgenic approaches are limited
in their ability to model waxing and waning diseases and
frequently superimpose development-dependent and -inde-
pendent phenotypic manifestations. We used the clara cell
10-kD protein (CC10) promoter and the reverse tetracycline
transactivator (rtTA) to create a lung-specific, externally
regulatable, overexpression transgenic system and used this
system to express human interleukin 11 (IL-11) in respira-
tory structures. Gene induction could be achieved in utero,
in neonates and in adult animals. Moreover, gene expression
could be turned off by removal of the inducing stimulus.
‘When gene activation was initiated in utero and continued
into adulthood, subepithelial airway fibrosis, peribronchi-
olar mononuclear nodules, and alveolar enlargement (em-
physema) were noted. Induction in the mature lung caused
airway remodeling and peribronchiolar nodules, but alveo-
lar enlargement was not appreciated. In contrast, induction
in utero and during the first 14 d of life caused alveolar en-
largement without airway remodeling or peribronchiolar
nodules. Thus, IL-11 overexpression causes abnormalities
that are dependent (large alveoli) and independent (airway
remodeling, peribronchiolar nodules) of lung growth and
development, and the CC10-rtTA system can be used to dif-
ferentiate among these effector functions. The CC10-rtTA
transgenic system can be used to model waxing and waning,
childhood and growth and development-related biologic pro-
cesses with enhanced fidelity. (J. Clin. Invest. 1997. 100:
2501-2511.) Key words: emphysema « airway fibrosis «
asthma » inducible transgene expression

Introduction

Organ-specific overexpression transgenic modeling uses tis-
sue-specific promoters to drive the expression of the gene(s) of
interest. This approach has provided remarkable insights into
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the biologic effector functions and interactions of a large num-
ber of important proteins. However, this approach is not with-
out important limitations. Many occur because the promoters
that are used often initiate gene expression in utero and drive
gene expression in a largely constitutive fashion thereafter.
This confounds phenotypic interpretation by superimposing
growth and/or development-related abnormalities on the ab-
normalities that would otherwise be caused by the gene prod-
uct in an adult animal. It may also generate phenotypes that
are accurate representations of the effects of chronically ex-
pressed proteins, but are not representative of the effects of
these proteins when they are expressed in an intermittent fash-
ion. Thus, overexpression transgenic approaches have a lim-
ited ability to model waxing and waning disease processes and
differentiate the effects of genes that are dependent on and in-
dependent of organ growth and development.

In an attempt to address the limitations of overexpression
transgenic modeling, several investigators have developed
transgenic systems in which gene expression can be externally
regulated. Early attempts focused on a variety of approaches
including the use of steroid-inducible and metallothionein-
based (1, 2) promoter systems. More recent approaches have
used tet-regulatory systems based on wild-type and mutated
tetracycline transactivator fusion proteins (3-5). Subsequent
studies have demonstrated that tet-based systems can be exter-
nally regulated after direct injection into cardiac tissue (6),
transfection into mesangial cells that are subsequently injected
into visceral organs (7), and microinjection using standard
transgenic technology (8-11). To date, however, these ap-
proaches have not been shown to selectively activate trans-
genes in utero, in neonates, and in adult animals, and have not
been demonstrated to differentiate growth and development-
dependent and -independent phenotypic abnormalities.

The lung is an outstanding system in which to evaluate the
utility of externally regulatable overexpression transgenic sys-
tems. It is affected frequently by chronic waxing and waning
inflammatory disorders of the airway such as asthma. In addi-
tion, early childhood events, such as severe viral infections, are
increasingly appreciated to be associated with and potentially
involved in the pathogenesis of the asthmatic diathesis (12—
14). Overexpression modeling is being used to model asthma
(15-17) and other waxing and waning inflammatory respira-
tory disorders (18, 19). These studies have most frequently
used the clara cell 10-kD protein promoter (CC10)! and the
surfactant apoprotein-C promoter to target genes to the air-

1. Abbreviations used in this paper: BAL, bronchoalveolar lavage;
CC10, clara cell 10-kD protein; CMV, cytomegalovirus; dox, doxycy-
cline; hGH, human growth hormone; pc, postcoitus; rtTA, reverse
tetracycline transactivator; tet-O, tetracycline operator.
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way and alveolus, respectively. However, these promoters are
activated in utero during times of important respiratory mor-
phogenesis (20, 21), setting the stage for targeted transgenes to
alter lung development (21). The degree to which develop-
ment-dependent and -independent abnormalities are being
evaluated in these models has not been assessed adequately.

To characterize the merits of externally regulatable overex-
pression transgenic approaches and to facilitate the modeling
of pulmonary disorders, we developed a lung-specific exter-
nally regulatable overexpression system and used this system
to express human IL-11 for varying periods of time before and
after birth. IL-11 was chosen because our previous studies
demonstrated that it is produced by lung fibroblasts and epi-
thelial cells in response to cytokines, histamine, eosinophil ma-
jor basic protein, and respiratory tropic viruses (22-26) and is
found in the nasal secretions of children with upper respiratory
tract infections (26). The phenotypes of animals with regulated
transgene expression were compared with each other and to
the phenotype of traditional transgenic animals in which IL-11
was expressed under the influence of the same promoter with-
out this regulatable feature. These studies demonstrate that
the pulmonary phenotype of traditional IL-11 overexpression
mice is a mixture of development-dependent and -indepen-
dent manifestations. They also demonstrate that the CC10-
reverse tetracycline transactivator (rtTA) system can be used
to selectively activate transgenes in utero, in neonates, and in
adult animals, and can thus be used to differentiate develop-
ment-dependent and -independent phenotypes and define cru-
cial temporal windows during development that influence phe-
notype acquisition.

Methods

Production of transgenic mice

Transgenic mice were generated in which IL-11 was expressed in a
lung-specific fashion using genetic constructs that did and did not al-
low for external regulation of transgene expression. The constructs
that were used are illustrated in Fig. 1. Both used the CC10 promoter
and took advantage of the fact that the murine respiratory epithelium
contains 50-60% clara cells (27).

A Asp 118
CC10 - iait

CC10-rtTA-hIL-11 mice

The externally regulatable transgenic system was based on the gener-
ation of animals with two transgenic constructs. The CC10-rtTA con-
struct contained the CC10 promoter, the rtTA, and human growth
hormone (hGH) intronic, with its nuclear localization sequence and
polyadenylation sequences. The rtTA is a fusion protein made up of a
mutated tetracycline repressor and the herpes virus VP-16 transacti-
vator (5). The tet-O-CMV-hIL-11 construct contained a polymeric
tetracycline operator (tet-O), minimal cytomegalovirus (CMV) pro-
moter, human IL-11 ¢cDNA, and hGH intronic and polyadenylation
signals. In this system the CC10 promoter should direct the expres-
sion of rtTA to the lung. In the presence of doxycycline (dox), rtTA is
able to bind in trans to the tet-O, and the VP-16 transactivator acti-
vates IL-11 gene transcription. In the absence of dox, rtTA binding
does not occur and transgene transcription is not activated.

Preparation of the CC10-rtTA construct. A 2.3-kb HindIII frag-
ment containing the rat CC10 promoter was obtained from construct
pCC10-CAT (a gift from Dr. J. Whitsett and Dr. B. Stripp, Cincin-
nati, OH) (28). It was subsequently serially ligated to: («) a 1.0-kb
HindIII/BamHI fragment of plasmid 172.1 neo (a gift from Dr. M.
Gossen and Dr. H. Bujard, University of Heidelberg, Heidelberg,
Germany) (5) containing the rtTA gene; and (b) a 2.1-kb BamHI
fragment containing the intronic and polyadenylation sequences of
the hGH gene from plasmid p1017 (a gift from Roger M. Perlmutter,
University of Washington, Seattle, WA). The ligated fragments was
then cloned into the Hind III site in plasmid pBluescript II (KS*)
(Stratagene, La Jolla, CA). A 5.4-kb fragment containing the CC10-
rtTA-hGH minigene was purified and used for microinjection.

Preparation of the tet-O-CMV-hIL-11 construct. Construct pUHC-
13-3 was obtained from Dr. Gossen and Dr. Bujard (5) and a 0.49-kb
Xhol/Clal fragment containing heptamerized tet-O sequences linked
to the CMV minimal promoter was isolated. This fragment was then
ligated to hGH intronic and polyadenylation sequences and a 0.7-kb
human IL-11 ¢cDNA which had been digested previously with Smal to
remove its 3’ untranslated region. The entire DNA fragment was
then cloned into the Xhol/BamHI site of pBluescript IT (KS*) (Strat-
agene). The tet-O-CMV-hIL-11 DNA fragment was then isolated by
digestion with BssH2, purified, and used for microinjection.

All constructs were checked for correct orientation of the inserts
by restriction enzyme digestion and junction sequences were con-
firmed by sequencing. Both constructs were purified, linearized, sepa-
rated by electrophoresis through agarose, and isolated by electroelu-
tion into dialysis tubing. The DNA fragments were then purified
through Elutip-D columns following the manufacturer’s instructions
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Natd Figure 1. Genetic constructs used in the

§ generation of the IL-11 overexpression
transgenic mice. The traditional overex-
pression system (A) used the rat CC10 pro-

t moter, IL-11 cDNA, and SV-40 intronic
and polyadenylation sequences. The induc-
ible system (B) required two genetic con-
Set1d structs. The CC10-rtTA construct used the
rat CC10 promoter, 1tTA cDNA, and hGH
intronic and polyadenylation sequences.
The tet-O-CMV-hIL-11 construct used the

i tet-O, IL-11 ¢cDNA, and hGH intronic and
polyadenylation sequences.
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(Schleicher & Schuell, Inc., Keene, NH) and dialyzed against injec-
tion buffer (0.5 mM Tris-HCI/25 mM EDTA, pH 7.5). Transgenic
mice were prepared in [CBA X C57 BL/6] F, eggs by mixing and si-
multaneously injecting the constructs into pronuclei as described pre-
viously (16, 17).

CCl10-IL-11 mice

These traditional lung-specific IL-11 overexpression mice used a ge-
netic construct containing the CC10 promoter, IL-11 cDNA, and SV-
40 intronic and polyadenylation sequences. The generation of these
animals has been described previously by this laboratory (16).

Documentation of transgenic status

The presence or absence of the transgenes were initially evaluated us-
ing Southern blot analysis and later by PCR.

Southern blotting. Mouse tail biopsy DNA was digested with
BamH1 and the resulting fragments were separated by electrophore-
sis using a 1% agarose gel at 2 V/em in Tris-borate buffer. The re-
solved fragments were then transferred to a nylon membrane and hy-
bridization was accomplished using an overnight incubation in a
buffer containing 6X SSPE (3 M NaCl, 0.2 M NaH,PO,-H,0, and
0.02 M Na,EDTA), 0.5% SDS, 50% formamide, 50 pg/ml salmon
sperm DNA, and labeled rtTA or IL-11 cDNA probes (5 X 10° cpm/ml
of hybridization buffer). The rtTA probe was a 1-kb EcoR1/BamH1
fragment from plasmid 172.1. The IL-11 cDNA probe was a 1.2-kb
cDNA fragment. After hybridization, the blots were washed twice for
15 min at room temperature in 6X SSPE/0.2% SDS and then twice
for 15 min each at 55°C in 0.2X SSPE/1.0% SDS.

PCR. PCR for rtTA and IL-11 were performed using the follow-
ing upper and lower primers and incubation conditions. rtTA PCR
primers and conditions were: upper primer: 5'-GTCGCTAAAGAA-
GAAAGGGAAACAC-3'; lower primer: 5-TTCCAAGGGCAT-
CGGTAAACATCTG-3'; PCR conditions: 1 cycle of 95°C for 5 min,
35 cycles of 95°C for 1 min, 59°C for 1 min, and 72°C for 2 min. IL-11
PCR primers and conditions were: upper primer: 5'-CGACTGGAC-
CGGCTGCTGC-3"; lower primer: 5'-CTAACTAGGGGGAGAT-
AATGGCGGGGGGA-3"; PCR conditions: 30 cycles were performed.
Each cycle was heated at 95°C for 1 min, annealed at 63°C for 1 min,
and elongated at 70°C for 2 min.

All CC10-rtTA-hIL-11 lineage animals were evaluated for the
presence of both transgenes. All CC10-IL-11 lineage animals were
evaluated for IL-11 only.

dox water administration

All inducible transgenic mice were maintained on normal water until
the point in time when transgene activation was desired. At that time,
dox (0.5 mg/ml) was administered using aluminum foil wrapped water
bottles to prevent light-induced dox breakdown.

Bronchoalveolar lavage (BAL) and quantification of

1L-11 levels

Mice were killed via cervical dislocation, a median sternotomy was
performed, blood was obtained via right heart puncture and aspira-
tion, and serum was prepared. The trachea was then isolated via blunt
dissection, and small caliber tubing was inserted and secured in the
airway. Three successive washes of 0.75 ml of PBS with 0.1% BSA
were then instilled and gently aspirated. Each BAL aliquot was cen-
trifuged and the supernatants were harvested and stored individually
at —70°C. The levels of IL-11 in the BAL fluid and serum were quan-
titated immunologically via ELISA. The ELISA was performed as
previously described by our laboratory (23, 24) using antibodies 11h3/
15.6.1 and 11h3/19.6.1 provided by Dr. Edward Alderman (Genetics
Institute, Cambridge, MA).

Northern analysis

Total cellular RNA from a variety of mouse tissues was obtained us-
ing guanidine isothiocyanate extraction and formaldehyde-agarose
gel electrophoresis as described previously (16). IL-11 gene expres-

sion was assessed by probing with 3P-labeled IL-11 cDNA. Equality
of sample loading and efficiency of transfer were assessed via ethid-
ium bromide staining.

Histologic evaluation

Animals were killed via cervical dislocation and median sternotomies
were performed. The heart and lungs were then removed en bloc and
inflated to pressure (25 cm) with neutral buffered 10% formalin,
fixed overnight in 10% formalin, embedded in paraffin, and sectioned
and stained. Hematoxylin and eosin and Mallory’s trichrome stains
were performed.

Lung organ cultures

Fetal lung organ cultures were performed using modifications of the
techniques of Gross and Wilson (29). The lungs from 14-19-d-old fe-
tuses were isolated and the individual lobes were dissected and cul-
tured separately. Equal fragments (by weight) of pulmonary tissue
were placed in 35-mm plastic tissue culture dishes in Waymouth’s MB
752/1 medium supplemented with penicillin, streptomycin, and 1%
fetal bovine serum. Scratches were made on the culture dishes to en-
sure the adherence of the explants. They were then incubated in 5%
CO, at 37°C. For the first 1.5 h they were in stationary cultures and
for the remainder of the time they were incubated with gentle rock-
ing. The supernatants surrounding the explants were removed at 24-h
intervals and their IL-11 content was assessed by ELISA as de-
scribed.

Morphometric analysis

Air space size was estimated from the mean chord length of the air-
space (30). This measurement is similar to the mean linear intercept,
a standard measure of air space size, but has the advantage that it is
independent of alveolar septal thickness. Sections were prepared as
described above. To obtain images at random for analysis, each glass
slide was placed on a printed rectangular grid and a series of dots
placed on the cover glass at the intersection of the grid lines, i.e., at
~ 1-mm intervals. Fields as close as possible to each dot were ac-
quired by systemically scanning at 2-mm intervals. Fields containing
identifiable artifacts or nonalveolated structures such as bronchovas-
cular bundles or pleura were discarded.

A minimum of 10 fields from each mouse lung was acquired into a
Macintosh computer through a framegrabber board. Images were ac-
quired in 8-bit grayscale at a final magnification of 1.5 or 2 pixels per
micron. The images were analyzed on a Macintosh computer using
the public domain NIH Image program written by Wayne Rasband
at the U.S. National Institutes of Health and available at http:/
rsb.info.nih.gov/nih-image. Images were manually thresholded, then
smoothed, and inverted. The image was then subject to sequential
logical image match and operations with a horizontal and then verti-
cal grid. At least 200 measurements per field were made in transgene
positive animals and 400 measurements per field were made in the
transgene negative animals. The length of the lines overlying air
space air was averaged as the mean chord length. Standard deviation
was calculated using techniques that take animal to animal and field
to field variations into account (31, 32). At least four animals were
studied at each time point in the presence and absence of dox water.
Chord length increases with alveolar enlargement.

Statistical analysis

Values are expressed as means*+=SEM. Unless otherwise stated, group
means were compared by ANOVA with Scheffe’s procedure post-
hoc analysis using StatView software for the Macintosh.

Results

Generation of transgenic mice. To generate transgenic mice in
which IL-11 was overproduced in a lung-specific and exter-
nally regulatable fashion, the two necessary genetic constructs
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were produced and simultaneously microinjected. From these
microinjections, 10 transgenic animals were obtained. One ani-
mal had the CC10-1tTA construct only. The other nine con-
tained both of the desired genetic constructs. These founder
animals were bred with C57 BL/6 mice and the transgene sta-
tus of the offspring was similarly analyzed. This analysis dem-
onstrated that both transgenes consistently traveled with one
another and passed on to the offspring of the dual transgene
positive founder animals in a Mendelian fashion. This suggests
that the constructs inserted into the host genome in an identi-
cal and/or similar location. Of the dual founder lines, three did
not manifest inducible IL-11 production. Two of the others
were chosen for detailed analysis based on their low level of
basal IL-11 production and significant response to dox water.
Since their phenotypes were essentially identical, they are de-
scribed below in a unified fashion.

Induction of IL-11 expression. To determine if the CC10-
rtTA-hIL-11 system was functioning properly, adult (= 2 mo
of age) dual transgene positive and transgene negative mice
were maintained on normal water or water supplemented with
dox (0.5 mg/ml) for varying periods of time. Their lungs were
then removed, BAL was performed, and the levels of BAL
fluid IL-11 were evaluated by ELISA. In accord with the fun-
damental assumptions of the inducible system, human IL-11
protein was unable to be detected in the BAL fluid of trans-
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gene negative mice drinking normal water or dox water, and
IL-11 was unable to be detected, or was marginally detected,
in the BAL fluid of dual transgene positive mice drinking nor-
mal water (Fig. 2 and data not shown). In contrast, human IL-11
protein was readily detected in the BAL fluid of dual trans-
gene positive mice drinking dox water (Fig. 2 A). This induc-
tion could be appreciated after as little as 24-48 h and ap-
peared to plateau ~ 4-6 d after the addition of dox to the
animal’s water supply. At all time points, IL-11 was unable to
be detected in the serum of these animals (data not shown). In
accord with our findings with IL-11 protein, human IL-11
mRNA was unable to be detected in the lungs of transgene
negative animals on normal or dox water, and human IL-11
mRNA was barely detected or undetectable in the lungs of
dual transgene positive animals drinking normal water (Fig. 2
and data not shown). In contrast, human IL-11 mRNA was
readily detected in the lungs of dual transgene positive animals
within 24 h of the addition of dox to their water supply (Fig.
2 B). These studies demonstrate that, in CC10-rtTA-hIL-11
mice, very modest levels of IL-11 are produced at baseline and
that the IL-11 transgene is readily induced by dox water.
Cessation of IL-11 production and gene expression. The
rtTA system should allow genes to be turned on and off. Thus
studies were undertaken to determine if removal of dox from a
dual transgene positive animal’s water supply resulted in the
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Figure 2. Kinetics of induction and
cessation of IL-11 production in CC10-
rtTA-hIL-11 mice. In A and B, dual trans-
gene positive mice were grown to adult-
hood on normal water and then dox (0.5

A mg/ml) was added to their water supply.

The levels of BAL IL-11 protein (A) and
pulmonary IL-11 mRNA (B) were assessed
at intervals before and after the addition of
dox. In C and D, dual transgene positive
mice received dox water for 1 wk and then
the dox was removed. The levels of BAL
IL-11 protein (C) and pulmonary IL-11
mRNA (D) were assessed at intervals be-
fore and after dox removal. B and D are
representative experiments of n = 3. A and
C represent the mean+SEM of triplicate
determinations at each time point.

{L-11

- Ethidium
Bromide

Ex. 2001 - Page1527



cessation of transgene protein production and gene expres-
sion. In these experiments, dual transgene positive adult ani-
mals were maintained on dox water for 1 wk and were then
placed on normal water. The levels of IL-11 protein and mRNA
in their BAL fluid and lungs, respectively, were assessed at in-
tervals thereafter. As shown in Fig. 2, C and D, IL-11 produc-
tion in CC10-rtTA-hIL-11 dual transgene positive animals was
dox-dependent with IL-11 gene expression and BAL IL-11
protein levels decreasing significantly (= 80%) within 24 h of
dox removal. In addition, IL-11 gene expression and protein
production could be turned on, off, and on in these animals
without any overt dampening of the responsiveness of this sys-
tem (data not shown).

Organ specificity of dox-induced IL-11 expression. This ex-
ternally regulatable overexpression system is designed to pro-
vide lung-specific transgene expression. To determine if the
desired respiratory targeting had been accomplished, dual
transgenic animals were maintained on dox water for 1 wk and
the levels of human IL-11 in their BAL fluid and serum and
the levels of human IL-11 mRNA in pulmonary and a variety
of other tissues were compared. As noted above, IL-11 protein
was readily detected in BAL fluid. However, it was not able to
be detected in significant quantities in serum (data not shown).
In addition, IL-11 mRNA was readily detected in lung tissue
but not in RNA from a variety of other structures including
heart, intestine, kidney, liver, muscle, pancreas, skin, spleen,
testis, and uterus (Fig. 3 and data not shown). Thus, the CC10-
rtTA system successfully targeted IL-11 to the lung.

Activation of the IL-11 transgene in utero and in neonatal
animals. A desirable feature of an externally regulatable over-
expression transgenic system designed for investigations of or-
gan growth and development is the ability to activate gene ex-
pression before birth, just after birth, or in adult animals. The
data presented above demonstrate that dox activates IL-11 in
adult animals. To determine if dox was able to activate gene
expression in utero, dual transgene positive male mice and
wild-type female mice were allowed to mate and the resulting
gravid female mice were given normal water or dox water. The
levels of IL-11 gene expression in the lungs of the resulting
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Figure 3. Organ specificity of transgene activation in CC10-rtTA-
hIL-11 mice. Dual transgene positive mice were maintained on dox
water for 1 wk. The levels of IL-11 gene expression in the noted struc-
tures were then assessed by Northern analysis.
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Figure 4. Activation of the IL-11 transgene in utero and in neonatal
animals. Dual transgene positive male mice were crossed with trans-
gene negative female mice. In the left panel (Across Placenta) the
gravid female mice received normal water (—) or dox water (+) and
the transgene status and levels of pulmonary IL-11 mRNA of the
pups were assessed at birth. In the right panel (Through Breast Milk)
dual transgene positive male mice were similarly mated with wild-
type female mice and allowed to carry to term. The suckling mothers
were then given either normal water (—) or dox water (+) and the
lungs of their offspring were assessed at 2 wk of age. Comparisons
were made of the levels of IL-11 mRNA in the lungs of transgene
negative (—) and dual transgene positive (+) animals. The ethidium
bromide loading controls are seen below each panel.

pups were assessed at birth. As can be seen in Fig. 4, IL-11
mRNA was unable to be detected in the lungs of transgene
negative animals receiving normal water or dox water, and IL-11
gene expression was unable to be detected or was barely de-
tected in the lungs of dual transgene positive animals whose
mothers received normal water. In contrast, impressive levels
of IL-11 gene expression were detected in the lungs of dual
transgene positive pups whose mothers received dox water.
This demonstrates that dox is passed through the placenta in
quantities that are sufficient to activate gene expression in
utero.

To determine if IL-11 gene expression was able to be acti-
vated in neonates, similar matings of dual transgene positive
males and transgene negative females were undertaken and
gravid female mice receiving normal water were allowed to
carry to term. After their pups were born, some mothers were
continued on normal water while others received dox water.
2 wk later, the IL-11 gene expression in the lungs of the pups
was assessed. IL-11 mRNA was unable to be detected in the
lungs of transgene negative pups whose mothers received nor-
mal water or dox water. IL-11 gene expression was also unde-
tectable, or barely detectable, in the lungs of dual transgene
positive pups whose mothers received normal water. In con-
trast, IL-11 gene expression was readily detected in the lungs
of dual transgene positive pups whose mothers received dox
water (Fig. 4). Thus, sufficient amounts of dox are transferred
from lactating mothers to infants to activate rtTA-regulated
genes in dual transgene positive offspring. When viewed in
combination, these studies demonstrate that the CC10-rtTA-
based system can be used to activate transgene expression in
utero, in neonates, or in adult animals.
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Figure 5. Comparison of the airway and
alveolar phenotype of CC10-IL-11 and
CC10-rtTA-hIL-11 animals when trans-

gene activation was initiated in utero and
maintained for 2 mo. A illustrates the
normal pulmonary anatomy of transgene
negative control mice. B illustrates the
peribronchial nodules and subepithelial
fibrosis seen in the airways of the CC10-
IL-11 mice. C illustrates the large periph-

eral alveoli seen in CC10-IL-11 mice. D

and F illustrate the normal pulmonary
anatomy of transgene negative mice on
normal water and dox water, respec-
tively. Fillustrates the normal pulmon-
ary anatomy of dual transgene positive
CC10-rtTA-hIL-11 mice on normal wa-
ter. G illustrates the airway remodeling,
peribronchiolar nodules, and enlarged air
spaces seen in the CC10-rtTA-hIL-11
mice when the IL-11 transgene was acti-
vated in utero and expressed chronically

Characterization of kinetics of CCI0 activation. To be able
to accurately compare the traditional CC10-IL-11 and induc-
ible CC10-rtTA-hIL-11 mice, studies were undertaken to accu-
rately define the kinetics of IL-11 production in the CC10-IL-11
animals. As described previously (16), IL-11 mRNA and/or
protein were easily appreciated in the lungs and/or BAL fluid
of 2-d-old to 6-mo-old transgene positive mice, but not their
transgene negative littermates (data not shown). To determine
if CC10 was activated in utero, lung organ cultures were pre-
pared from transgene positive mice 14-19 d postcoitus (pc)
and the IL-11 content of the supernatants of these cultures was
assessed by ELISA. In keeping with prior reports (20, 21), IL-11
could not be detected in supernatants from cultures of day 15
or 16 pc lungs, but was readily detected in supernatants from
days 17-18 pc lungs (data not shown). Thus, in traditional
CC10-IL-11 transgenic mice, CC10 promoter activation can be
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thereafter. H illustrates the morphomet-
ric features (chord length) of the alveolar
portions of the lungs from transgene posi-
tive and transgene negative animals from
both lines. *P < 0.02 comparing CC10-
IL-11 transgene positive and negative lit-
termates, and dual transgene positive
CC10-rtTA-hIL-11 mice on dox water to
transgene negative littermates on normal
or dox water or dual transgene positive
littermate mice on normal water. Original
magnification for all photomicrographs,
X39.2.

detected by days 17-18 of gestation and continues for at least 6
mo thereafter.

Comparison of phenotypes of CCIl0-ntTA-hIL-11 and
CCI10-IL-11 mice. Knowledge of the kinetics of IL-11 expres-
sion in the traditional transgenic animals was then used to al-
low us to compare the phenotype of adult (2-3-mo-old) CC10-
IL-11 mice and CC10-rtTA-hIL-11 mice in which IL-11 was
expressed for similar periods of time. The CC10-IL-11 trans-
gene positive animals had three major pathologic alterations.
As previously noted (16), their airway alterations included
peribronchiolar mononuclear cell predominant nodules and
subepithelial fibrosis (Fig. 5 B). In addition, their pulmonary
parenchyma contained impressively enlarged alveoli. These
enlarged alveoli could be appreciated histologically (Fig. 5 C)
and in the morphometric evaluations as significantly increased
chord lengths (Fig. 5 H). Respiratory abnormalities were not
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seen in the lungs of transgene negative animals receiving nor-
mal water or dox water or dual transgene positive animals re-
ceiving normal water (Fig. 5, D, E, and F, respectively). In con-
trast, dual transgene positive animals that received dox water
in utero and chronically for 2 mo thereafter manifest peribron-
chiolar mononuclear cell predominant nodules, subepithelial
fibrosis, and large alveoli documented histologically and via
morphometric analysis (Fig. 5, G and H). Thus, the histologic
abnormalities seen in the CC10-IL-11 transgenic mice can be
reproduced in the CC10-rtTA-hIL-11 transgenic mice when
the timing of gene activation in the traditional transgenic mice
is reproduced with the externally regulatable system.
Importance of timing and duration of gene expression in
determining pulmonary phenotype. To further define the im-
portance of the timing and duration of gene expression in the
generation of these pulmonary phenotypes, we compared the
lungs of CC10-rtTA-hIL-11 mice in which IL-11 gene expres-
sion was activated at different times and for brief periods or
extended intervals. When the IL-11 transgene was activated in

normal mature (> 1-mo-old) lungs, interesting results were
noted. Short periods of dox administration (2-5 d) did not con-
sistently alter pulmonary phenotype. Occasional mononuclear
cell predominant nodular changes were noted, but this was not
a consistent finding (data not shown). However, extended pe-
riods of dox administration caused peribronchiolar nodules
and subepithelial fibrosis (Fig. 6, D and E, respectively). In
spite of this extended period of IL-11 production, significant
alveolar enlargement could not be appreciated histologically
(Fig. 6 F) or with morphometric techniques (Fig. 6 G). In con-
trast, IL-11 gene activation that was initiated in utero consis-
tently led to murine lungs with large alveoli. Activation of IL-11
in utero and for 10-14 d after birth resulted in very large alveo-
lar air spaces and impressive alterations in lung morphometry
(Fig. 7, D and E, respectively). These animals had only a small
number of true alveoli and instead had lungs that were ar-
rested in the early alveolarization phase of lung development
(33). However, these animals did not manifest peribronchiolar
nodules or significant subepithelial fibrosis (Fig. 7 D). Thus,
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Figure 6. Airway and alveolar pheno-
type of CC10-rtTA-hIL-11 mice when
the transgene is activated in adult animals.

CC10-rtTA-hIL-11 mice and transgene
negative littermate controls were main-
tained on normal water until they were
2 mo old. They were then given either
normal water or dox water for an addi-
tional 3 mo. The normal histology of
transgene negative mice receiving nor-
mal water and dox water during the
3-mo interval can be seen in A and B,
respectively. The normal histology of
dual transgene positive mice that re-
ceived normal water throughout the

5-mo interval can be seen in C. D illus-
trates the subepithelial airway fibrosis
and F illustrates the peribronchiolar
nodules seen in dual transgene positive

animals receiving dox water during the
final 3 mo of the study period. F illus-
trates the normal alveolar structure of
dual transgene positive animals receiv-
ing dox water from 2 to 5 mo of age. G
demonstrates that dual transgene posi-
tive CC10-rtTA-hIL-11 mice that re-
ceived normal water or dox water dur-
ing the 3-mo interval had similar values
for chord length obtained by morpho-
metric analysis. Original magnification

for all photomicrographs, X39.2.
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Figure 7. Airway and alveolar pheno-
type of CC10-rtTA-hIL-11 mice 14 d af-
ter birth. Transgene negative and dual
transgene positive CC10-rtTA-hIL-11
mice were generated and the IL-11
transgene was either not induced or was
induced in utero and maintained until
the animal was 14 d old. The normal
histology of the lungs of transgene neg-
ative mice receiving normal water and
dox water can be seen in A and B, re-

spectively. C illustrates the normal his-
tology of the lungs of dual transgene
positive mice on normal water. D and E
demonstrate that IL-11 activation dur-
ing this time interval causes alveolar en-
largement (D and E) without causing
airway fibrosis (D). F illustrates the
chord lengths in the alveolar portions of
the lungs from the dual transgene posi-
tive animals on dox water compared
with the other transgenic groups. *P <
0.01 as versus transgene negative litter-
mate mice on normal water or dox wa-
ter or transgene positive littermate mice
on normal water. Original magnifica-

tion of all photomicrographs, X39.2.

the peribronchiolar nodules and subepithelial fibrosis seen in
CC10-driven IL-11 overexpression transgenic mice occur when
gene activation is initiated in utero or in adult animals and
maintained for an extended period of time. In contrast, the al-
veolar enlargement was the result of alveolar hypoplasia and
was only noted when IL-11 was activated in utero and/or in the
early neonatal period. These studies demonstrate that the pul-
monary phenotype of CC10-IL-11 overexpression animals con-
tains abnormalities that are dependent on (large alveoli) and in-
dependent of (airway remodeling, peribronchiolar nodules)
pulmonary growth and development and highlight the ability
of the CC10-rtTA system to differentiate among these features.

Discussion

Mouse lung development begins 9.5 d pc with an outgrowth of
paired lung buds from the foregut endoderm. This is followed
by a defined series of developmental steps that form conduct-
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ing airways and terminal acinar buds and dilatation of the
terminal lung buds to form the sac-like primary saccules that
are the gas exchanging structures present at birth (21, 33).
During the first 2-3 d of postnatal life the primary saccules en-
large and the previously smooth saccule wall is modified by the
development of low “secondary crests” (33, 34). The primary
saccules then become subdivided into alveoli by the rapid
elongation of the secondary crests, a process that occurs, in
great extent, between days 4 and 14 after birth (the alveolar-
ization phase of lung development) (33, 34). To determine if
transgene-induced alterations in this developmental format
contribute to the phenotype of overexpression transgenic ani-
mals, we compared the phenotype of animals in which IL-11
was expressed under the influence of the CC10 promoter in
the presence and absence of a genetic regulatory feature that
allowed gene expression to be induced in utero or delayed un-
til adulthood. These studies demonstrate that animals in which
IL-11 was expressed in utero, and for a significant period of
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time thereafter, manifest airway remodeling, peribronchiolar
nodules, and alveolar air space enlargement (emphysema).
They also demonstrate that animals in which IL-11 gene ex-
pression is limited to the adult lung manifest airway remodel-
ing and nodules without emphysema and that emphysema
alone was seen when gene expression was activated in utero
and stopped within 14 d of birth. Thus, the ability of 1L-11 to
cause airway remodeling and peribronchiolar inflammatory
nodules appears to be independent of pulmonary growth and
development. In contrast, the alveolar enlargement that is seen
in IL-11 overexpression transgenic animals represents alveolar
hypoplasia due to a defect in alveolarization of the developing
lung. These studies are the first to demonstrate that IL-11 can
alter pulmonary alveolar development. Importantly, they are
also the first to demonstrate that conventional overexpression
transgenic animals can have complex phenotypes that include
features that are dependent and independent of lung growth
and development and that inducible transgenic systems, such
as the one described in this report, can be used to differentiate
among these manifestations.

Numerous reports have demonstrated that the stage of al-
veolarization is a very critical period of lung development that
is highly sensitive to a variety of influences. Glucocorticoids,
hypoxia, hyperoxia, and inhibitors of thyroid function all im-
pede normal alveolar development (33, 35). The present stud-
ies further support this contention by demonstrating that the
overexpression of IL-11 during this developmental stage also
inhibits the formation of alveoli. These observations have im-
portant implications for a number of other transgenic systems
that have been reported to date. Large alveoli (emphysema)
were noted in overexpression transgenic mice in which the sur-
factant apoprotein-C promoter was used to drive the expres-
sion of TNF-a (19)and TGF-a (18). In the TNF-a overexpres-
sion mice, it was assumed that the alveolar enlargement was
the result of the rupture of alveolar septa. However, a cyto-
kine-induced defect in alveolar development, analogous to
that described in this report is an attractive alternative expla-
nation. Transgenic modeling with an inducible system might
be useful in addressing the mechanism of alveolar enlargement
in these animals.

The mechanism by which IL-11 causes alveolar hypoplasia
is unknown. However, there are a number of clues that can be
derived from the biology of IL-11 and the known mechanisms
of alveolus formation. First, a-smooth muscle actin—containing
cells (presumably myocytes and myofibroblasts) have been
shown to play an important role in lung morphogenesis, pos-
sibly by providing a mesenchymal influence that stabilizes the
lung’s branching points allowing the expansion of the distal
leading edges of epithelial tubules and terminal buds (21, 36).
The homozygous knockout of the platelet-derived growth fac-
tor-a gene (36) and the overexpression of TGF-3, (21), which
eliminate and increase the number of a-smooth muscle actin
positive cells, respectively, both lead to defects in alveolar de-
velopment. Previous studies from our laboratory demonstrated
that IL-11 induces the development of a-smooth muscle actin-
containing cells in airway structures (16). Thus, it is tempting
to hypothesize that IL-11 might be mediating its effects on al-
veolar development via stimulating a-smooth muscle actin cell
accumulation. However, if abnormalities in a-smooth muscle
actin—containing cells are noted, it is also possible that they are
the result of, and not the cause of, the IL-11-induced develop-
mental abnormalities. In addition, since TGF3; is an impor-

tant stimulator of IL-11 production by a variety of stromal tis-
sues (23, 24) it is reasonable to hypothesize that the effects of
TGF-; may be mediated, in part, by IL-11 in these overex-
pression modeling systems. An additional interesting property
of IL-11 is its ability to inhibit epithelial cell proliferation (37).
Since epithelial proliferation is required for the formation and
elongation of structures like alveolar septa (35), it is easy to
see how an inhibitor of epithelial proliferation might alter the
development of alveolar structures. Additional investigations
will be needed to differentiate among these and other possible
mechanisms of this intriguing biologic event.

Inducible transgenic systems such as the one described in
this report are most useful when the basal levels of transgene
expression are below the levels at which biologic effects of the
transgene can be seen and the induced levels of the transgene
are well within the physiologic range of the expressed protein.
An analysis of the CC10-rtTA-hIL-11 mice suggests that this
has been accomplished in our system. In the absence of dox,
BAL levels of IL-11 = 50 pg/ml were noted and histologic al-
terations in pulmonary structure were not appreciated. This
observation is in accord with a number of studies that demon-
strate that IL-11 concentrations > 50 pg/ml are required to in-
duce important IL-11 biologic effects in vitro (38-40). In con-
trast, dual transgene positive animals receiving dox water had
levels of BAL IL-11 = 0.3 ng/ml and major alterations in their
airway and alveolar structures. This is in keeping with studies
in the literature demonstrating that nanogram per milliliter
concentrations of IL-11 are found in supernatants from appro-
priately stimulated stromal cells in vitro (23, 24, 26) and that
picogram per milliliter to nanogram per milliliter concentra-
tions of IL-11 are present in the nasal washings of children ex-
periencing upper respiratory tract infections (26). However, it
is important to view these conclusions with caution for a num-
ber of reasons. First, it is impossible to know what the levels of
IL-11 are at local tissue sites in dual transgene positive animals
receiving normal water since dilution occurs during BAL. Sec-
ond, IL-11 may mediate its effects, in selected circumstances,
at very low concentrations. This is seen in the bioassays that
are used to detect IL-11 that are based on the proliferation of
specially selected plasmacytoma cells (41). Thus, although the
present system appears to meet the requirements one would
wish to have for an inducible transgenic model, the potential
limitations of the system must always be kept in mind.

Although the timing of developmental stages and their re-
lationship to birth can differ from one species to another, in
general, the major steps and mechanisms of lung development
are well preserved from species to species. Thus, insights ob-
tained in experimental animals may be extrapolated with cau-
tion to other species (33). In keeping with these similarities, al-
veolar development in humans begins at week 36 of gestation
and lasts into early childhood with 85% of human alveoli
formed after birth (33). Not surprisingly, abnormalities of alve-
olar development have been reported in a number of pediatric
respiratory disorders. Among the most common is broncho-
pulmonary dysplasia in which large alveoli can be readily ap-
preciated (42). The mechanisms responsible for these abnor-
malities have not been defined. However, modeling systems
such as the one described in this report offer, for the first time,
an approach that can be used to characterize the processes that
generate these important pathologic abnormalities.

Early events in childhood are felt to play a key role in the
pathogenesis of a variety of pulmonary disorders. This is par-
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ticularly true in asthma where associations between severe
viral respiratory tract infections in early life, atopy, and the de-
velopment of chronic asthma have been noted (12-14). Ex-
perimental modeling of viral effects in the airway have demon-
strated that temporal windows exist in which viral infections
have different manifestations. For example, parainfluenza type 1
virus caused a necrotizing bronchiolitis and interstitial pneu-
monia in neonatal and weaning rats. However, the virus also
caused airway remodeling, peribronchiolar mononuclear nod-
ules, and alveolar hypoplasia only in neonatal rats (43). Studies
of this sort demonstrate that timing is a crucial variable that in-
fluences the phenotype that arises from interactions between
environmental and inflammatory stimuli and endogenous de-
velopmental programs. The regulatable overexpression trans-
genic system described in this report provides, for the first
time, a system in which these crucial interactions can be inves-
tigated.

In summary, these studies describe the first externally regu-
latable organ-specific overexpression transgenic system and
the utilization of this system to differentiate the development-
dependent and -independent phenotypic features caused by
the overexpression of IL-11 in the murine lung. Organ-specific
externally regulatable transgenic systems of this sort can pro-
vide impressive insights into the biology of protein effector
functions, the biology of organ growth and development, and
the timing of crucial interactions between environmental stim-
uli and endogenous programs of growth and development.
This approach will allow us to model developmental, early life,
and waxing and waning biologic processes with a level of fidel-
ity not previously available with standard overexpression
transgenic approaches.
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Therapeutic Effect of Recombinant Mutated Interleukin 11
in the Mouse Model of Tuberculosis
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Earlier we demonstrated that blocking of interleukin 11 (IL-11) by systemic administration of anti-IL-11 antibodies attenuates se-
verity of Mycobacterium tuberculosis infection in mice. The substitution W147A in the IL-11 molecule creates the form of cytokine
capable to disrupt gp130/IL11R signaling complex formation, thus serving as a high-affinity specific antagonist of IL-11-mediated
signaling. We hypothesized that this mutant form of IL-11 may serve as an effective tool for inhibition of native IL-11 activity in vivo.
We established the recombinant W147A mutant form of IL-11 in an optimized Escherichia coli expression system and administered
it as the aerosol in the lungs of M. tuberculosis—susceptible I/St mice infected with M. tuberculosis. Our results show that this ther-
apeutic approach markedly inhibits tuberculous inflammation in lungs, increases the survival time of infected animals, and decreases
expression of key inflammatory factors at the RNA and protein levels. These findings are a step toward clinical evaluation of the anti—

IL-11 therapy for tuberculosis.

Keywords. tuberculosis; mouse model; IL-11; inflammation.

Immune response to Mycobacterium tuberculosis infection in
the lung involves a multitude of interacting cells possessing ac-
tivating/effector and inhibitory/regulatory functions [1, 2]. The
balance between upregulation and downregulation of immune
response pathways is critical for host protection against tuber-
culosis. Control of bacterial population by activated cells of the
immune system is beneficial for the host if only it does not lead
to excessive lung tissue damage, failure of breathing function,
and, at the population level, the spread of mycobacteria to
new hosts [Z]. Thus, the lack of balance in tuberculous inflam-
mation is a central element of the disease pathogenesis.

Despite the complexity of innate and adaptive mechanisms of
tuberculosis control, cell populations, soluble mediators, and
signaling pathways balancing immune responses and inflam-
matory reactions are relatively well characterized [2, 4-6].
However, some potentially important players participating in
tuberculosis-related regulatory cascades received less attention.
Among those are cytokines from the interleukin 6 (IL-6) family
(except IL-6 itself), whose general feature is signaling via recep-
tor complexes containing gp130 molecule [7]. In particular, the
physiological role of interleukin 11 (IL-11) in M. tuberculosis
infection was discovered and is being studied only in our labo-
ratory, although the role of this cytokine and its therapeutic
applications/blocking in other experimental and clinical settings
were explored much more intensively [8-32].
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Earlier we demonstrated that the important producers of
IL-11 are interstitial lung macrophages and that the level of
IL-11 messenger RNA (mRNA) in these cells substantially dif-
fers between mouse strains, being higher in M. tuberculosis—
susceptible I/St mice than in M. tuberculosis-resistant A/Sn
mice [13]. More recently, we showed that in vivo blocking of
IL-11 with antibodies attenuates the severity of the tuberculosis
course in genetically susceptible mice [14]. Antibody treatment
decreased the content of IL-11 and other proinflammatory cy-
tokines in the lung and downregulated 1111 mRNA expression,
indicating the existence of a positive feedback loop at the tran-
scriptional level. These results suggest that anti-IL-11 therapy
could be a useful immune modulatory treatment of tuberculo-
sis. However, systemic administration of antibodies on multiple
occasions is hardly suitable for therapeutic applications. Apart
from safety concerns, interventions of this kind often induce an
anti-idiotypic-like response against administered antibodies,
which may abrogate the effect [15, 14].

Previously it was shown that the substitution W147A in the
IL-11 molecule creates an IL-11 variant capable of competitively
disrupting formation of the gp130/IL11R signaling complex,
thus serving as a high-affinity specific antagonist of IL-11-
mediated signaling [17]. In this study, we established the recom-
binant W147A mutant form of murine IL-11 in an optimized
Escherichia coli expression system and administered it in the
aerosol form to the lungs of mice infected with a low dose of
M. tuberculosis via the respiratory tract. This therapeutic ap-
proach markedly inhibited tuberculous inflammation in the
lungs, increased the survival time of infected animals, and
decreased expression of genes encoding key inflammatory
factors. These findings are a step toward clinical evaluation of
anti-IL-11 therapy for tuberculosis.
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MATERIALS AND METHODS

Mice

Mice of the inbred strain I/StSnEgYCit (I/St) were bred and
maintained at the Animal Facilities of the Central Institute for
Tuberculosis (Moscow, Russia) in accordance with guidelines
from the Russian Ministry of Health (no. 755) and under the
National Institutes of Health Office of Laboratory Animal Wel-
fare (assurance no. A5502-11). Female mice aged 2.5 months at
the beginning of experiments were used. All experimental pro-
cedures were approved by the Central Institute for Tuberculosis
Animal Care and Use Committee (protocols 2, 6, 8, 11, and 16;
approved on 18 March 2014).

1111 Artificial Genes and Their Expression

The gene sequence was deduced from the amino acid sequence
provided by GeneBank (available at: bttp:#wwwnchbinlmnih.
gov) and reversely translated into frequently used E. coli codons,
using the Vector NTI Advance program (Supplementary Fig-
ure 1). Sequences for restriction endonucleases required for
cloning into the pQE13 vector (Qiagen, Valencia, California)
were inserted into the Il11 nucleotide sequence, and the
whole DNA molecule was split in 5 fragments of about 90
base pairs each. Complementary oligonucleotide fragments
were annealed and cloned in the coding vector pQE13 for the
expression in E. coli strain M15, using 2 intermediate plasmids
(Supplementary Figare 2). To obtain the mutant form of Il11
(m-II11), the wild-type form (wt-Il11) was mutated in vitro,
using the quick-change polymerase chain reaction (PCR)
method and reagents recommended by the manufacturer
(Stratogene, San Diego, California). E. coli strain M15 was trans-
formed by electroporation. Proteins from lysed E. coli cells were
isolated using a WB 40Ni column and reagents from Pharma-
cia, and they were detected by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis. Identical procedures were used to
develop wild-type IL-11 (wtIL-11) and mutant IL-11 (mIL-11).

Infection, IL-11 Treatment, Colony-Forming Unit (CFU) Counts,
and Survival Curves
At day 0, mice were infected with 10®> CFU of M. tuberculosis
H37Rv (Pasteur) using an Inhalation Exposure System (Glas-Col,
Terre Haute, Indiana) exactly as described previously [27]. The
size of the challenge dose was confirmed in preliminary exper-
iments by plating serial 2-fold dilutions of 2-mL homogenates
of whole lungs obtained 2 hours after exposure onto Dubos agar
and counting colonies after incubation for 3 weeks at 37°C.
After infection in the lungs was established [28],at days +15,
+17, 419, +21, 425, +27, and +29 mice were treated with 2 g/
mouse of either mIL-11 or wtIL-11 or with saline (control) ad-
ministered via the trachea as aerosols obtained from 25 pL of
solution (Supplerventary Figure 3), using the MicroSprayer
aerosolizer and a high-pressure syringe [2%]. At indicated
time points, mice were euthanized, and apical right lung
lobes from individual mice were homogenized in 2 mL of

sterile saline. A total of 0.1 mL of serial 10-fold dilutions of ho-
mogenates was plated onto Dubos agar, and colonies were
counted after incubation for 18-20 days. Two independent ex-
periments involving groups of 9 animals each provided similar
results combined for the statistical analysis of major pheno-
types. Survival time was monitored daily starting 1 month
after infection.

Histological Analysis

Lung tissue specimens (from the middle-right lobe) were frozen
across a temperature gradient of —60°C to —20°C in the elec-
tronic CryotomeH system (ThermoShandon, Runcorn, United
Kingdom), and serial 6-8-mm-thick sections were made across
the widest area of the lobe. Lung cryosections were fixed with
acetone and stained with hematoxylin-eosin. All slides were ex-
amined by an experienced pathologist and photographed using
an Axioskop40 microscope and AxioCamMRc 5 camera (Carl
Zeiss, Berlin, Germany).

Gene Expression Evaluation

Total RNA from the lower right lobes of individual mice was iso-
lated at day 32 after challenge, using the SV Total RNA Isolation
System, and reverse transcription of mRNA was performed using
reagents and protocols from Promega (Madison, Wisconsin).
The mRNA levels for a number of inflammation-related genes
were assessed by quantitative real-time reverse-transcription
PCR on the iCycler iQ Multicolor Real-Time PCR Detection
System (BioRad, Hercules, California), using specific primers,
TagMan probes, and reagents from Applied Biosystems (Foster
City, California). Gene expression levels in individual mice
were normalized to those of GAPDH. To quantify the results ob-
tained by real-time PCR, the comparative threshold method was
used exactly as described elsewhere [30], with the expression that
the results were reported as mean fold increase + standard of the
mean (SEM) for groups of 4 mice each in 2 independent exper-
iments (total number, 8 mice).

Flow Cytometry

Left lungs were individually isolated and enzymatically disrupt-
ed as described previously [18], and single-cell suspensions
were analyzed by flow cytometry using fluorescein isothiocya-
nate— or phycoerythrin-labeled mAbs to the surface markers
CD4, CD8, CD19, F4/80, and Ly6G (Supplementary Pigure 4).
Results are presented as summarized mean + SEM for all
animals.

Cytokine Enzyme-Linked Immunosorbent Assay (ELISA)

To measure cytokine contents, lung tissue homogenates were
centrifuged, and the pellets were frozen at —70°C until assessed.
The samples were diluted in 2 mL of phosphate-buffered saline,
debris was removed by centrifugation at 500 g, and the cytokine
content was assessed in the ELISA format, using the kits for
IL-6, tumor necrosis factor oo (TNF-a), interferon y (IFN-v;
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BioLegend, San Diego, CA), and IL-11 (R&D Systems, Minneap-
olis, Minnesota), according to the manufacturers’ instructions.

Statistical Analyses

All analyses were performed using GraphPad Prism, version
4. Mortality was assessed using Kaplan-Meier survival analysis
and log-rank tests. One-tailed analysis of variance (ANOVA)
and Student ¢ tests were used as indicated in figure legends.
A P value of <.05 was considered statistically significant.

RESULTS AND DISCUSSION

Administration of Mutated IL-11 Provides Beneficial Effects Onto Major
Tuberculosis Phenotypes
We first evaluated how administration of wtIL-11 and mIL-11
influences the expression of major tuberculosis phenotypes:
survival time after challenge, mycobacterial burden in the
lungs, and lung pathology. Lung pathology and CFU counts
were assessed after 4 IL-11 inhalations (on day 24) and after 3
additional inhalations (on day 32); survival curves were ob-
tained after 7 inhalations in 3 experimental groups: mIL-11,
wtlL-11, and saline (control) recipients.

As shown in Figure 14, inhalations with mIL-11 resulted in a
moderate increase of survival time as compared to control and
wtIL-11 groups (P < .01, by Kaplan-Meier survival analysis).

These results are in agreement with those obtained with poly-
clonal anti-IL-11 antibodies [{4] and suggest that the W147A
form of IL-11 diminishes the detrimental effect of native
IL-11. This conclusion was supported by the results of CFU as-
sessment (Figure 1B and 1C): recipients of wtIL-11 controlled
mycobacterial multiplication in the lungs less effectively than
animals from other groups (approximately 3-fold difference;
P <.05, by ANOVA). In contrast to the data obtained with poly-
clonal antibodies [14], inhalation of mIL-11 did not affect CFU
counts as compared to findings for the control group. Whether
systemic versus local blocking of IL-11 has a generally different
impact on mycobacterial control in lung tissue or whether
antibody neutralization of IL-11 is more effective with respect
to the mycobacterial growth control remains to be determined.

Evaluation of lung pathology provided additional evidence of
the therapeutic effects of mIL-11 and the deleterious effects of
wtIL-11. Mice from 2 control groups developed massive diffuse
infiltration of the lung tissue at day 24 after challenge (Fig-
ure 1D). The pathology rapidly progressed, and by day 32
reached the stage of severe systemic inflammation, with affected
zones poorly delimited from the remaining breathing tissue
and necrotic granulomas in the lungs of wtIL-11 recipients
(Figure 1 D). The recipients of mIL-11 developed much milder
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Figure 1. Administration of mutant interleukin 11 {mlIL-11) has a therapeutic effect. A, Kaplan—Meier survival analysis revealed that mice treated with miL-11 had a longer
survival time than control groups treated with saline or wild-type IL-11 (wtlL-11; saline vs mIL-11, P=.001; wtlL-11 vs mIL-11, P=.01; saline vs wtlL-11 P=.074 [nonsignificant];
all Pvalues were calculated by the log-rank test). Lung colony-forming unit (CFU) counts were significantly (P< .05, by analysis of variance) higher in the recipients of wtlL-11 as
compared to those in mIL-11—treated and saline-treated groups, at day 24 (B) and day 32 (C) of infection. D, Lung pathological findings by hematoxylin-eosin staining on day 24
(upper panels; original magnification x150) and day 32 (bottom panels; original magnification x37). Low-magpnification photographs taken at day 32 display about two-thirds of
the whole-lung section, allowing quantification of pathological findings. The arrow indicates a necrotic focus in the lung of wtll-11—treated mouse.
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Figure 2. Opposite effect of mutant interleukin 11 (mIL-11) and wild-type IL-11 (wtlL-11) administration on the level of lung tissue infiltration with lymphocytes. After 4
inhalations {day 24), groups of mice did not differ by the lung CD4* T-cell {4), CD8" T-cell (B), and CD19* B-cell (€) content. After 7 inhalations (day 32), treatment with miL-11
(gray) decreased and wtlL-11 {black) increased the content of all major lymphocyte populations in the lungs of infected mice as compared to levels in the saline-treated (white)

group. *P<.05, **P<.01, and ***P<.001, by the Student f test.

pathology, expressed as an increase in the thickness of alveolar
walls at day 24 and as compact inflammatory foci, mostly sur-
rounding bronchi, at day 32. These results are also in line with
our data demonstrating attenuation of lung pathology after sys-
temic administration of anti-IL-11 antibodies [14].

Cellular and Molecular Features of Inflammatory Response

To obtain a more detailed picture of the antiinflammatory effect
of mIL-11, we assessed the content of leukocytes and the expres-
sion of a few genes encoding inflammatory factors in the lungs
of mice from 3 groups. As shown in Figure 2, at day 24 after
challenge, there were no significant differences between groups
regarding the size of major lymphocyte populations in the
lungs: mice differed neither by the numbers of CD4" and
CD8" T cells nor by the numbers of CD19" B cells. This result
was expected, since 2-3 weeks are required for initiation of an
adaptive lymphocyte-mediated anti-M. tuberculosis response in
the lungs of mice [18]. On the other hand, there were differences

in the content of cells responsible for natural immunity, F4/80"
macrophages and Ly-6G™ neutrophils, the numbers of which
were significantly lower in mIL-11 recipients (Figure 3).

By day 32, the sizes of all 3 lymphocyte populations substan-
tially increased in groups of control mice, especially in wtIL-11
recipients, but there was only a moderate increase in mIL-11 re-
cipients (Figure 2). This resulted in highly significant (P <.001)
differences in numbers of lung-infiltrating lymphocytes be-
tween experimental and control groups. The sizes of neutrophil
and macrophage populations were more stable but continued to
stay significantly smaller in mIL-11 recipients. Thus, the results
of flow cytometry analysis were in agreement with histological
observations: compared with mock-treated mice, the total num-
ber of immune cells infiltrating infected lungs was significantly
lower in mIL-11 recipients (Figure 3C). Taken together, these
results suggest that local administration of the IL-11 antagonist

has a more pronounced inhibitory effect on lung tissue cell
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Figure 3. Recipients of mutant interleukin 11 (mIL-11; gray) displayed diminished lung infiltration with macrophages (A) and neutrophils (B), as well as general cellularity
(), 24 and 32 days after challenge. Data for the wild-type IL-11 group are in black, and data for the saline group are in white. *P<.05, **P<.01, and ***P<.001, by the Student

f test.
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Figure 4. Expression of several genes involved in inflammation is downregulated in vivo following treatment with mutant interleukin 11 {mlIL-11; gray). Gene expression
levels were normalized to those of GAPDH. Results of real-time polymerase chain reaction evaluation were quantified using the comparative threshold method and expressed as
mean fold increase + standard error of the mean for groups of 4 mice each in 2 independent experiments {total number, 8 mice). Data for the wild-type IL-11 group are in black,
and data for the saline group are in white. See also the legend for Figure 2. *P<.05, **P< .01, and ***P<.001, by the Student  test.
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Figure 5. Therapy with mutant interleukin 11 (mlL-11; gray) decreases the levels
of IL-11 and proinflammatory cytokines. Levels of interleukin (IL-6; A), IL-11 (B),
tumor necrosis factor e (TNF-; €), and interferon y (IFN-y; J) in lung homogenates
were assessed at day 32 after challenge by enzyme-linked immunosorbent assay for
4 mice in each group. The results of 1 of 2 similar experiments are displayed as
means + standard errors of the mean. Data for the wild-type IL-11 group are in
black, and data for the saline group are in white. See also the legend for Figure 2.
*P<.05, **P< .01, and ***P<.001, by the Student f test.

infiltration as compared to systemic administration of anti-IL-
11 antibodies; in the latter case, a decrease in cell numbers was
observed only in the neutrophil population [14].

Evaluation of the expression of genes involved in inflamma-
tion provided results that were in line with physiological obser-
vations. Administration of mIL-11 resulted in downregulation
of the expression of inflammation-promoting Il11, Il6, Mmp8,
Mipla, Tnfa, Ifng, and 1112, whereas wtIL-11 administration up-
regulated 116 and Mipla (Figure 4).

We also assessed how administration of mIL-11 and wtIL-11
affects production of key inflammatory cytokines in the lung
tissue of infected mice at the protein level. Treatment with
mIL-11 significantly decreased the level of IL-11 itself, as well
as the levels of the proinflammatory and immune regulatory
molecules IL-6, TNF-o, and IFN-y, whereas administration of
wtIL-11 increased production of these factors (Figure ).

Overall, the therapeutic effect of the nonsignaling form of IL-11
was similar to that of polyclonal anti-IL-11 antibodies [14]. To
our knowledge, this is the first demonstration of an antiinflamma-
tory therapeutic effect provided in vivo by a mutated antagonistic
form of a cytokine. Importantly, the effect was achieved by using a
low-invasive inhalation system. Since IL-11 plays important roles
in several physiological pathways [1%], its systemic blocking may
have serious adverse effects; thus, local administration of the an-
tagonist to the respiratory tract has obvious advantages regarding
possible clinical applications.

The IL-6 family of cytokines, especially IL-6 and IL-11, is up-
regulated in many cancers and considered one of the important
cytokine families during tumorigenesis and metastasis, whose
activity is released via STAT3-signaling and inflammation
[9, 12, 203]. The role of IL-11 in infectious diseases is less well
defined. A recent pilot proteome study in patients with tubercu-
losis demonstrated elevated levels of IL-11 and IL-11Ra/
gp130 in fast responders to chemotherapy, compared with
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slow responders [21], but parallel information on lung inflam-
matory status was not provided, which prevents physiological
interpretation and comparison to the results obtained in
mice. Our results indicate that, during M. tuberculosis infection,
IL-11 plays a proinflammatory role in affected lungs, exacer-
bates lung pathology, and provides deleterious, pathogenic
effects, as reported here and elsewhere [14, 22]. On the other
hand, a few studies reported protective activity of IL-11 during
infection [23, 24]. Remarkably, this protective activity con-
cerned acute infections, in which a rapid neutrophil response
against the parasite is essential for protection [23]. Contrary,
in chronic M. tuberculosis infection, in which excessive neutro-
phil accumulation in affected lungs is pathogenic rather than
protective [25, 26], selective blocking of IL-11 provides protec-
tive effects, perhaps by diminishing the neutrophil influx in the
first instance [14].

Supplementary Data

Supplementary matevials are available at hitp://iid.oxfordjournals.org.
Consisting of data provided by the author to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the author, so

questions or comments should be addressed to the author.
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Effect of IL-11 on glomerular expression
of TGF-beta and extracellular matrix in
nephrotoxic nephritis in Wistar Kyoto rats
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Interleukin-11 (IL-11) is a pleiotropic cytokine which exerts
different actions in various cell types (1-3). Recombinant
human IL-11 (rhIL-11) is clinically indicated in the treatment
of chemotherapy-induced thrombocytopenia (4, 5) and in
von Willebrand disease (6). The effect of IL-11 on fibrosis is
controversial. It inhibits fibroblast proliferation in vitro (7) and
ameliorates fibrosis in the HLA-B27 rat model of inflammatory
bowel disease (8), but its overexpression in transgenic mice
leads to lung fibrosis and airway obstruction (9). In previous
studies, we have demonstrated that treatment with rhiL-11
reduces acute inflammation in nephrotoxic nephritis (NTN) in
rats and mice (10, 11). NTN resembles human necrotizing and
crescentic glomerulonephritis. lts pathogenesis and natural
history have been characterised previously (12).

In this study, we report the effect of IL-11 on the expres-
sion of transforming growth factor-g1 (TGF-p1), a key pro-
fibrotic growth factor; a-smooth muscle actin (0-SMA),
a myofibroblast marker; fibronectin, a component of ex-
tracellular matrix; and phospho-p38 MAPK (p-p38MAPK),
a signal transduction pathway, in NTN in rats. TGF-3, as
a positive regulator of myofibroblast differentiation, has
a central role in the development and progression of fi-
brosis. The MAPK signalling pathway has been shown
to exhibit cross-talk with the TGF-3 signalling pathway;
TGF-B-induced a-SMA expression and myofibroblast dif-
ferentiation require the activation of MAPKs (13, 14).

To our knowledge, this is the first evidence that IL-11 treat-
ment may retard glomerular expression of TGF-1 and ex-
tracellular matrix deposition in glomerulonephritis.

106 © 2011 Societa Italiana di Nefrologia - ISSN 171271-8428
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For this study, we used renal tissue from previously re-
ported experiments (10, 12).

Experiment 1: natural history of NTN in Wistar
Kyoto rats

NTN was induced in male Wistar Kyoto (WKY) rats weigh-
ing 200-250 g by intravenous administration of 0.1 mL
rabbit anti-rat glomerular basement membrane (GBM)
nephrotoxic serum (12). Rats were sacrificed at different
time points between 2.5 hours and 44 days. Three to 4
rats were studied at each time point.

Experiment 2: effect of IL-11 treatment on NTN in
WKY rats

RhIL-11 supplied by Wyeth/Genetics Institute (Cam-
bridge, MA, USA) was administered intraperitoneally to
16 NTN rats, in either 800 pg (n=6) or 1,360 pg (n=10)
daily. The first treatment was given 2 hours before in-
duction of NTN, and then once daily for 6 days. Vehicle-
treated rats (n=8) received 0.2 mL of vehicle, intraperito-
neally, on the same schedule. Rats were culled on day
6 (10).

Immunohistochemistry

TGF-p1, a-SMA and fibronectin

Immunohistochemistry on cryostat sections was per-
formed for TGF-B1 (polyclonal goat anti-mouse, sc-
146-G; Santa-Cruz Biotechnology, Santa Cruz, CA,
USA), a-SMA (mouse anti-human mAb, clone 1A4,
M0851; DAKO, Ely, UK) and fibronectin (mouse anti-
human mAb, OBT0082; Oxford Biotechnology, Oxford,
UK). The polyclonal anti-TGF-1 antibody was diluted in
0.1% bovine serum albumin (BSA) / phosphate-buffered
saline (PBS) + 0.1% polyoxyethylene sorbitan monolau-
rate (Tween 20) + 10% normal rabbit serum, and slides
were incubated overnight at 4°C. The other antibodies
were diluted in 0.1% BSA/PBS. The intensity of glom-
erular staining was assessed by semiquantitative score,
on a scale of 0 to 3, with the observer unaware of the
details of the groups. Periglomerular staining was ex-
pressed as percentage of glomeruli affected. In 6 rats of
each group, there was enough tissue for immunostain-
ing on cryostat sections.

© 2011 Societa ltaliana di Nefrologia - ISSN 11271-8428

Phospho-p38 MAPK

Immunostaining for p-p38 MAPK was performed on for-
malin-fixed, paraffin-embedded tissue. The slides were
incubated overnight with 1:100 of the p-p38 MAPK
mouse mAb (M 8177, clone p38-TY; Sigma-Aldrich,
Poole, UK) and then with a peroxidase-conjugated goat
anti-mouse antibody, for 45 minutes at 4°C. In each rat,
the number of positive cells was counted in 25 glom-
erular sections.

Statistical analysis

All parameters are expressed as mean = standard error.
Mann-Whitney U-test was used to compare the different
groups; p<0.05 was considered to be significant.

Experiment 1: TGF-B1, x-SMA, fibronectin and p-p38
MAPK expression during the natural history of NTN

TGF-B1 was first detected in the glomerular mesan-
gium on day 6 and in the tubulointerstitium on day 11,
both increasing during disease progression. o-SMA, a
marker for myofibroblasts, was detected on day 4 in
the periglomerular area, and on day 6 in both periglom-
erular and mesangial regions, which increased further
at the later stages of the disease. Fibronectin was first
detected in the glomerular mesangium on day 4 and in
the periglomerular area on day 6. The intensity of p-p38
MAPK expression was increased initially only 5 hours
after nephrotoxic serum (NTS) administration, reduced
subsequently during days 2-4, but increased again on
day 6. At these time points, staining was nuclear in the
mesangial and parietal epithelial cells and cytoplasmic in
tubular epithelial cells. Representative results are shown
in Figure 1.

Experiment 2: effect of rhiL-11 treatment

The intensity of TGF-B1 glomerular expression was re-
duced from 2.04 = 0.1 semi-quantitative score in the ve-
hicle group to 0.4 + 0.1 (p<0.005) in rats treated with high-
dose rhiL-11.

Both glomerular and periglomerular expression of a-SMA
and fibronectin were reduced by high-dose IL-11 treat-
ment (o-SMA from 1.5 + 0.1 to 0.4 + 0.1 semiquantitative
score, p<0.01, and from 92% = 2.5% to 9.6% + 2% of
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Fig. 1 - Fibrotic processes in nephrotoxic nephritis (NTN).
A) TGF-B1 was not detected in the normal rat tissue. B) In-
creased glomerular TGF-B1 expression was detected after
induction of NTN. C) In normal control kidneys, ®x-SMA was

detected only in vascular smooth muscle cells. D) Increase in
glomerular and periglomerular «-SMA staining was detected
after induction of NTN. E) Fibronectin was not detected in
normal control kidneys. F) Glomerular and periglomerular ex-
pression of fibronectin was increased after induction of NTN.
G) Only very low levels of phospho-p38 MAPK (p-p38 MAPK)
were detected in normal control rats. H) Increased expres-
sion of p-p38 MAPK after induction of NTN.

glomeruli, p<0.01, respectively, and fibronectin from 1.5
+ 0.1 to 0.6 + 0.1 semiquantitative score, p<0.02, and
from 94% + 1.9% to 26% + 4.9% of glomeruli, p<0.005,
respectively) (Figs. 2 and 3). Treatment with low-dose IL-
11 did not affect significantly the expression of TGF-B1,
o-SMA and fibronectin (data not shown).

Fig. 2 - Treatment with rhiL-11 in nephrotoxic nephritis
(NTN). Increased renal expression of TGF-B1 (A), x-SMA
(C), fibronectin (E) and p-p38 MAPK (G) was detected in ve-
hicle-treated rats 6 days after induction of NTN. Treatment
with high-dose rhiL-11 (1,360 pg daily) reduced expression
of TGF-B1 (B), ®-SMA (D) and fibronectin (F). There was
also a slight reduction of p-p38 MAPK (H) in the glomeruli
of IL-11-treated rats.

In rats receiving IL-11 there was a slight reduction in the
number of glomerular and tubular cells expressing p-p38
MAPK, and in the intensity of the staining, compared to
vehicle group, but this reduction did not reach statistical
significance (Figs. 2 and 3). The effect of low-dose IL-11
on renal p-p38 MAPK was not studied.
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