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Abstract

The sole application of an inhibitor of the dipeptidyl peptidase DP IV (also DP 4, CD26, DPP-IV or DPP-4) to a mammal subsequently
leading to improved glucose tolerance marks a major breakthrough in metabolic research bearing the potential of a new revolutionary
diabetes therapy. This was demonstrated in rat applying the specific DP IV inhibitor isoleucyl thiazolidine. It was published in 1996 for the
first time that a specific DP IV inhibitor in a given dose was able to completely block glucagon-like peptide-1 (GLP-1) degradation in vive
resulting in improved insulin response accompanied, by accelerated peripheral glucose disposal. Later on, these results were confirmed by
several research teams applying DP IV inhibitors intravenously or orally. Today, the DP IV inhibition for the treatment of metabolic disorders
is a validated principle. Now, more than 10 years after the initial animal experiments, first DP IV inhibitors as investigational drugs are tested

in phase 3 clinical trials.
© 2005 Published by Elsevier B.V.
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1. Introduction

The discovery of the bloed glucose lowering potential
of the incretins GLP-1 and glucose-dependent insulino-
tropic peptide (GIP) and their properties as growth
hormones opens up a totally new pathway for causal
diabetes therapy. Since both hormones are characterized by
an acute insulinotropic action and a sustained effect upon
insulin resistance and the glucose sensitivity of the cells of
the islets of Langerhans a pleiotropic treatment of different
diabetic symptoms seems possible for the first time.

Since both hormones are also deactivated simultaneously
by the cardiovascular exopeptidase dipeptidylpeptidase IV
(DP 1V) in contrast to hormone montherapy, 2 multivalent
method of treatment is opened up by the inhibition of this
enzyme. Interestingly, other bioactive peptides are also DP
IV substrates, for example vasoactive intestinal peptide
(VIP), somatostatin, pituitary adenylate cyclase-activating

* Carresponding author. Tel.: +49 345 5559900; fax: +49 345 5559901,
E-mail address: hans-ulrich.demuth@probiodrug.de (H.-U. Demuth).

1570-9639/§ - sce front matter © 2005 Published by Elsevier B.V.
doi:10.1016/.bbapap.2005.05.010

DOCKET

_ ARM

polypeptide (PACAP) and neuropeptide Y (NPY). Con-
sequently, additional synergy potentials may arise by the
inhibition of DP IV activity. Unlike hormone therapy,
however, which functions with pharmacologically active
doses of GLP-1 or its analogues, a DP IV inhibitor
modulates “only” the endogenous released hormone con-
centrations. The following article thus gives a review of the
development of DP IV inhibitors as potential antidiabetics.

2. DP IV—a short historical perspective

DP IV (EC 3.4.14.5, also DP 4, CD26, DPP 1V, DPP-IV
or DPP-4) was discovered in the 1960s as an amino-
peptidase [1]. In the 1970s, the enzyme served initially as a
model protein for the study of the catalytic mechanism of
serine peptidases and for the investigation of the specifics
of proline peptide bonds [2]. In the 1980s, the potential of
the enzyme to convert bioactive peptides in vitro was
discovered, which intensified the search for its function in
vivo [3]. The early 1990s is characterized by numerous
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studies on the role of DP IV in immune responses, in
particular T cell activation, signal transduction and T cell
proliferation [4—6].

DP IV was identified as characteristic antigen marker
CD 26 of T cell activation and it was demonstrated that the
protein is a component of the T cell receptor complex.
Different binding partners were found within this context,
for example adenosine deaminase (ADA) [7], the HIV
mantle protein gp 120 [8], tyrosine phosphatase CD 45 [9],
fibronectin [10] and the renal sodium proton antiporter
NHE3 [11}.

A controversial debate erupted in this area in 1993
when the hypothesis was put forward that CD26 is co-
responsible for the entry of HIV into T cells [12]. New in
vivo functions of the enzyme were being debated when in
the middle of the 1990s, the involvement of DP IV in
metabolism and the regulation of the cytokines, chemo-
kines and different peptide hormones triggered programs
for the development of DP IV inhibitors [13].

It was the discovery of the role of the enzyme in energy
homeostasis which accelerated the design of potential
pharmaceutical agents for the treatment of that most
important of metabolic diseases, Type 2 diabetes, and led
to the first patent application for the use of DP IV inhibition
in the reduction of blood ghucose [14].

Further enzymes with post-proline dipeptidyl amino-
peptidase activity, which today belong to the DP IV
subfamily of the prolyl oligopeptidases (POP), were discov-
ered in the late 1990s [15].

At this time, the crystal structure of POP, a sister enzyme
of DP IV was elucidated [16].

At the beginning of the new millennium, far more had
become known of the role of cell internalization processes
and the compartmentalization of DP IV during the
association with binding partners in the expression of the
immune response [17,18],

Moreover, specific mechanisms of metastasis which
involve DP IV were clarified [19]. The most important
milestone in DP IV research is, however, the elucidation

of its three-dimensional structure. Seven structures, of
which five are human recombinant structures and one a
native pig DP IV structure, have been published since
January 2003, when resolutions of 1.8-2.6 A were
achieved., A structure determined by electron microscopy
based on crystalline mouse DP IV in shown in Fig. 1. All
structures exhibit the same principal topology of domain
organization [20-26].

The DP IV three-dimensional structures help not only in
understanding the unusual protease function of the enzyme,
but also explain additional properties which differentiate
the enzyme from the “trypsin“ serine proteases and
characterize it as an important physiological communica-
tion molecule.

3. Dipeptidylpeptidase IV—localization, structure and
substrates

DP 1V was first isolated from rat liver in 1966 [1]. Since
then, analogous enzyme activity has been detected in
various mammals and also in microorganisms and plants.
In humans, the enzyme activity is found ubiquitously in
almost all organs and tissues with the highest local
concentrations found renally in the proximal tubuli and
luminally on the epithelial cells of the small intestine [27].

With the discovery of the role of the enzyme in glucose
homeostasis, DP IV rescarch has increased since the middle
of the 1990s to such an extent that more than 1700 original
papers with the keyword DP IV are registered in the
National Library of Medicine, and more than 230 patent
applications on protein structure and enzyme inhibition have
been submitted. Many of these results have been presented
at conferences [28-32] and recently summarized in an
excellent review by Ingrid DeMeester [33].

DP IV is a membrane-bound, homodimeric class II
protein with a molecular weight of 110—150 kD per subunit.
1t is bound to the membrane by a transmembrane sequence
of ca, 22 amino acids. The 6 cytosolic amino acids play no

gide access

Fig. 1. Surface representation of DP IV obtained by electron microscopy [26]. The propeller domains with an entry pore and a large side opening can be

recognized (reproduction with kind permission of W. Reutter).
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Fig. 2. The human DP IV gene family.

unknown

role in the binding functions. In addition to its protease
function, DP IV has rcceptor properties and as extracellular
binding protein. Fig. 1 gives an impressive surface profile of
DP 1v.

The enzymes fibroblast activation protein (FAP or DP 5),
DP 8 and DP 9, and the catalytically inactive proteins, DP
L1 (DP 6) and DP L2 (DP 10), are structurally related to DP
IV [15,34].

Different structural regions of the protein are assigned
to the primary sequence in Fig. 2. Whereas the catalytically
active residues of the enzyme are localized in the region of
the a/B-hydrolase domain, the protein—protein interactions
described occur mainly with regions of the so-called B-
propeller domain (see also Fig. 1).

Structurally unrelated but furnished with similar sub-
strate specificity are the monomeric enzymes dipeptidyl-
peptidase I (DP II, DP 2 or DP 7) and attractin (Atrn).
Physiological functions have thus far not been detected for
attractin, which, like DP IV, occurs in high concentrations
in the blood stream and is also involved functionally in the
immune response, nor for DP II,
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Fig. 3. The cellular localization of DP IV-like enzymes.
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Fig. 4. Characteristics of DP IV specificity: the longer the peptide, the lesser
the enzyme is proline specific. Also, the longer the substrate, the faster it is
hydrolyzed.

The cellular localization of DP IV-like enzymes is shown
schematically in Fig. 3.

The initial work by Hopsu-Havu [1] and the enzymo-
logical characterization identify DP IV as a proline-specific
peptidase [2,3]. )

However, the extensive investigation of potential phys-
iological substrates has shown that the preferential proline
specificity is lost with increasing substrate size (Fig. 4).

The natural substrates of DP IV include chemokines,
cytokines, endomorphines, hormones of the pancreatic
polypeptide family and almost all peptides of the PACAP/
glucagon peptide family [27,35].

Because of this substrate specificity which allows DP
IV-analogous enzymes to be involved in numerous
regulation processes, the modulation of DP IV activity by
enzyme inhibitors appears to make interesting therapeutic
approaches a possibility. For example, the stabilization of
neuropeptide Y by DP IV inhibitors in the CNS leads to
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Fig. 5. Physiological processes which are affected by DP IV activity.
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significant reduction in the anxiety behavior of exper-
imental animals [34].

Since no tissue-specific activity differences have been
found for the enzyme and unlike the enzymes of the
coagulation cascade DP IV is controlled neither by limited
proteolysis nor by endogenous inhibitors, specific DP IV
inhibitors should possess therapeutic potential in different
pathophysiological processes (Fig. 5).

One such approach is examined more closely in the
following, with the example of the development of DP IV
inhibitors for the treatment of Type 2 diabetes.

4. DP IV activity in blood glucese regulation

The discovery of the insulinotropic action of endogenous
intestinal factors was a pivotal milestone in the investigation
of the regulation of glucose homeostasis.

Its considerable blood glucose-lowering activity led very
early to speculation on a therapeutic use of the incretins GIP
and GLP-1 as potential antidiabetics. Reviews by Kieffer
and Habener [35] and Vilsboll and Holst [36] report in detail
on this area of research.

Unfortunately, the short biological half-life of these active
peptides impair their sustained therapeutic use. Although the
hormones are still detectable in serum 2-4 h afier prandial
secretion by means of C-terminus specific antibodies their
biological activity is of very limited duration. Thus, the half-
life of GLP-1 is of the order of 1 min and that of GIP of the
order of 10 min [36].
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Fig. 7. Schematic representation of DP IV-modulated incretin action.

In a work published in 1993, Mentlein et al. [13]
describe the DP IV-catalyzed hydrolysis of a series of
neuropeptides and the gastro-intestinal peptide hormones
GIP and GLP-1 in vitro. It had been shown previously
by Pederson and Brown in 1976 [37] that only the intact
N-terminal hormone GIP;_4; (or GIP;_39) possesses
insylinotropic action and could be deactivated by amino-
peptidases or dipeptidyl aminopeptidases (Fig. 6). Exo-
peptidases such as inter alia aminopeptidase N and
different dipeptidyl peptidases (I, II and IV) come into
consideration for the proteolysis of the peptides in vivo as
do endopeptidases such as trypsin and neutral endopepti-
dase (NEP 22.11).

In 1996, the in vivo use of DP IV inhibitors and their
potent glucose-lowering activity confirmed the pivotal
role of DP IV in the catabolism of incretins [14,38,39]
and initiated considerable interest within the pharmaceut-
ical industry for the development of DP IV inhibitors.

Interestingly, it was recently shown that overweight is
associated with increased DP IV activity. The authors
infer here a connection between adiposity-induced Type 2
diabetes and increase incretin degradation in these patients
[40]. Meanwhile, it was demonstrated that DP IV-negative
rats and mice have extremely good glucose tolerance and,
unlike wild type animals, do not tend towards overweight
and diabetic symptoms with a fat-rich diet [41,42]. Thus,
as a principle for the therapeutic treatment of hyper-
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Fig. 8. Incretin-mediated therapy—a multivalent therapeutic approach.
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glycaemia and therewith, the associated metabolic disease
states and subsequent consequences DP IV inhibition is a
recognized current development area [43,44]. The action
of DP IV inhibitors is presented in a highly simplified
form in Fig. 7.

5. DP IV inhibitors

The possibility of the exploitation of multiple synergetic
effects of different peptidic signals in the post-prandial
phase appears especially attractive for the potential ther-
apeutic use of DP IV inhibitors. The propertics of the
incretins are summarized in Fig. 8.

Currently, more than 30 pharmaceutical and biotech-
nology companies have programs on the development of
DP IV inhibitors for the treatment of Type 2 diabetes
(Fig. 9).

DP IV inhibitors have been prepared since 1977.
Their synthesis and the different structural classes have,
in the meantime, been the subject of different reviews
[45,46]. Initial reversible and irreversible compounds
were chemically modified product analogues whose
inhibitory potency extends into the sub-nanomolar
region. More recently, compounds of non-peptidic
structure have become increasingly known from screen-
ing procedurss [46]. In addition, the three-dimensional
structures of the enzyme published since 2003 have
made a rationally motivated inhibitor structure design
possible, which, in the case of the aminopyrimidines, has
led to increases in activity of about five orders of
magnitude [46,47].

In respect of current clinical developments of the
thousands of individual compounds prepared in the mean-
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Fig. 10. Reversible product analogue inhibitors (e.g. pyrrolidines and
thiazolidines).

time, three substance classes stand out whose representatives
are under investigation in man (Figs. 10-12).

— Reversible product analogue inhibitors (e.g. pyrrolidines,
thiazolidines).

— Covalently modifying product analogue inhibitors (e.g.
cyanopyrrolidines).

— Reversible non-peptidic heterocyclic inhibitors (e.g.
xanthines and aminomethylpyrimidines).

Unlike the proteolytic enzymes which occur in the blood
stream in only very small amounts, DP IV occurs in very high
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Fig. 9. Estimated number of DP IV inhibitor patents since 1995 (as of 12/2004). (Probiodrug AG sold its DPIV patent estate for metabolic diseases in 2004 to

Prosidion Ltd., UK).

DOCKET

_ ARM

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Nsights

Real-Time Litigation Alerts

g Keep your litigation team up-to-date with real-time
alerts and advanced team management tools built for
the enterprise, all while greatly reducing PACER spend.

Our comprehensive service means we can handle Federal,
State, and Administrative courts across the country.

Advanced Docket Research

With over 230 million records, Docket Alarm’s cloud-native
O docket research platform finds what other services can't.
‘ Coverage includes Federal, State, plus PTAB, TTAB, ITC
and NLRB decisions, all in one place.

Identify arguments that have been successful in the past
with full text, pinpoint searching. Link to case law cited
within any court document via Fastcase.

Analytics At Your Fingertips

° Learn what happened the last time a particular judge,

/ . o
Py ,0‘ opposing counsel or company faced cases similar to yours.

o ®
Advanced out-of-the-box PTAB and TTAB analytics are
always at your fingertips.

-xplore Litigation

Docket Alarm provides insights to develop a more
informed litigation strategy and the peace of mind of

knowing you're on top of things.

API

Docket Alarm offers a powerful API
(application programming inter-
face) to developers that want to
integrate case filings into their apps.

LAW FIRMS

Build custom dashboards for your
attorneys and clients with live data
direct from the court.

Automate many repetitive legal
tasks like conflict checks, document
management, and marketing.

FINANCIAL INSTITUTIONS
Litigation and bankruptcy checks
for companies and debtors.

E-DISCOVERY AND

LEGAL VENDORS

Sync your system to PACER to
automate legal marketing.

WHAT WILL YOU BUILD? @ sales@docketalarm.com 1-866-77-FASTCASE




