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Mechanisms of Resistance to Immune Checkpoint
Blockade: Why Does Checkpoint Inhibitor
Immunotherapy Not Work for All Patients?

Charlenie M. Fares, MD?; Eliezer M. Var Allen, MD?; Charles G. Drake, MD, PhD®; James P. Allison, PhD% and
Siwen Hu-Lieskovan, MD, PRD®

The emergence of immune checkpoint blockade therapies over the last decade has transformed cancer
treatment in a wide range of tumor types. Unprecedented and durable clinical responses in difficult-to-treat
cancert histologies have been observed. However, despite these promising long-term responses, the majority of
patients fail to respond to immune checkpoint blockade, demonstrating primary resistance. Additionally,
many of those who initially respond to treatment eventually experience relapse secondary to acquired re-
sistance. Both primary and acquired resistance are a result of complex and constantly evolving interactions
between cancer cells and the immune system. Many mechanisms of resistance have been charactetized to
date, and more continue to be uncovered. By elucidating and targeting mechanisms of resistance, treatments
can be tailored to improve clinical outcomes. This review will discuss the fandscape of immune checkpoint
blockade response data, different resistance mechanisms, and potential therapeutic strategies to overcome

resistance.

INTRODUCTION

Immunotherapy has recently become a viable option
for cancer treatment; however, the concept of har-
nessing the immune system to fight malignancy dates
back over a century, In the 1890s, Dr. William Colay
observed improved clinical outcomes in patients with
cancer who experienced postsurgical infections.
Based on these observations, Coley experimented hy
introducing bacterial toxins to patlents with sarcama.
Although results were inconsistent, he was able to
demonstrate tumor regression in a subset of patients.?
However, with the advent of chemotherapy and ra-
diotherapy, immunotherapy went largely overlooked, In
the 1950s, Ehrich formulated the concept of immu-
nosurveillanice, which proposed that emergence of
malignant cells is a frequent event, bui evolution to
clinically relevant disease is suppressed by the im-
mune system unless immunily is weakened.? Although
these early hypotheses fueled the field of cancer im-
munotherapy, better understanding of immune acti-
vation, reguiation, and interaction with turmor cells and
the micreenvironment was needed.

Now we know that the process of T-cell-mediated
immunity is a complex sequence of everts, with
constant interplay between stimulatory and inhibitory
signals that promote adaptive responses against for-
eign antigens while avoiding autoimmunity. Antigen-
specific T cells initiatly undergo clonal selection, with

subsequent priming and activation following T-cell
receplor recognition of corresponding antigens an
major histocompatibility complexes (MHCs) expressed
by antigen-presenting ceils. For full activation, a cos-
timulatory signal Is heeded hetwean antigen-presenting
cellsand T cells. After activation and proliferation, T cells
are trafficked to specific sites by following a chemokine
gradient. Upon ercountering cognate antigen on MHCs,
effector T cells (Teffs) release interferon gamma {IFN-y)
and other cytokines, promoting cytotoxicity and tumor
cell killing. Following cancer cell eradication, memory
T cells form and remain quiescent until antigen re-
exposure.

Under normal physiologic conditions, immune check-
points function as negative feedback to regulale in-
flammatory responses following T-cell activation. The
CTLA-4 immune checkpoint receptor was first char-
acterized by Brunet etal® in the 1980s. Seminal work by
Krummel and Allison* demonstrated that CTLA-4 an
T cells competitively hinds to B7 ligands on antigen-
presenting cells, interfering with CD28 interactions, thus
preventing costimulation and the priming phase of T-cell
activation (Fig. IA). Subsequently, blockade of CTLA-4
with antibodies demonstrated tumor rejection and
emerged as proof of cancept for immune checkpoint
inhibitors.® Another immune checkpoint receptor, PD-1,
was cloned in 1992° with subsequent characterization
of ils ligand, PD-L1.™® Interaction of PD-1 with its
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PRACTICAL APPLICATIONS

» Immune checkpoint inhibitors provide durable
clinical responses in multiple difficuli-to-treat
turnor types.

« The tumar microenvironment, tumor immuno-
genicity, antigen presentation, and classic on-
cologic pathways play roles In response and
resistance to immune checkpoint blockade.

« By understanding resistance mechanisms to
immune checkpoint blockade, therapies can be
developed to overcome resistance and treat-
ment failure.

» Combination treatment strategies with immune
checkpoint inhibitors are being fested in clinical
trials, with several already in clinical use.

« Responhse to immunotherapy may be better
predicted by using a wide set of biomarkers.

ligands, PD-L1 and PD-L2, inhibits the effector phase of
T-cell activation, thus dampening the immune response.'©
Many turmnors are now known to hijack this mechanism to
avoid T-cell Kkilling, and inhibitory antibodies directed against
the interaction between PD-1 and its ligands have demon-
strated antitumor respenses.™

CLINICAL RESPONSE TO IMMUNE CHECKPOINT INHIBITORS

To date, seven immune checkpoint inhibitors have received
U.S. Food and Drug Administration approval: one CTLA-4
inhibitor (ipilimumab), three PD-1 inhibitors (nivolumab,
pembrolizumab, and cemiplimab), and three PD-L1 in-
hibitors (atezofizumab, durvalumab, and avelumab). [pii-
mumab was the first immune checkpoint inhibitor to gain
approval in 2011 for the treatment of melanoma,*? In 2014,
nivolumab and pembrofizumab were approved in mela-
noma and have now gained indications for use in non—small
cell lung cancer (NSCLC), renal cell carcinoma, head and
neck squamous cell carcinema, urothelial carcinoma, and
microsatellite instabifity-high colorsctal cancer, among
several other tumor types.'*% Atezolizumah, avelumab,
and durvalumab are approved in many of the same his-
tologies as the PD-1 inhibitors.34? Most recently, cemi-
ptimab was approved for treatment of metastatic culaneous
squarmous cell carcinoma.*®

One of the hallmarks of immunotherapy is the durability of
the responses that can be translated into survival benefit,
Indeed, in approved indications, checkpoint inhibitor im-
mznotherapy prolonged survival in patients with responding
disease, raising the tail of patient survival curves, However,
only a subsat of tumor histologies and a smali percentage
of the patients in each histology are responsive to these
inhibitors. The response rates of different tumor types to
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PD-1/PD-L1 checkpoint blockade tend to be proportional to
their corresponding tumor mutational burden (TMB), pre-
sumably from the immunogenic neoantigens that are rec-
ognized as foreign by cytotoxic T lymphocytes (CTLs).4+%
However, tumors with simitar TMB can have very different
response to checkpoint inhibitors, indicating that response
to immune checkpoint blockade {ICB) is complex, het-
erogeneous, and inconsistent and that additional mecha-
nisms are at play. Increased PD-L1 expression has been
cotrelated with immune response and is currently usad as
a biomarker for ICB therapy in NSCLC and urothelial car-
cinoma.®%  Additionally, elevated numbers of tumor-
infiltrating [ymphocytes (Ttls) have been noted in re-
sponsive cancers. 5452

MECHANISMS OF RESISTANGE

The biggest challenges for the cancer immunotherapy field
are to understand the complex resistance mechanisms and
o develop effective combination strategies to overcome
resistance. According to the timing of cccurrence, re-
sistance can be primary, as in never-responders, or ac-
quired, which emerges after a pericd of response.
Resistance can alse be classified as intrinsic or extrinsic to
tumor cells. Intrinsic resistance is seen when cancer cells
alter processes that are related fo immune recognition, cell
signaling, gene expression, and DNA damage response.
Extrinsic resistance occurs external to tumor cells throughout
the T-cell activation process.

Tumor Immunogenicity

The ability for tumors to induce adaptive immune responses
relies on recognition of cancer cells as foreign. High TMB,
with accompanying elevated necantigen expression, plays
an impottant role in antitumor immunity.***2 With improved
sequencing techniques, nonsynonymous mutations were
found to generate tumor neoantigens that drive cylo-
toxic responses against cancer cells,®® Van Allen and
colleagues™ demanstrated that mutational load was sig-
nificantly associated with response to anti~CTLA-4 treat-
ment in patients with metastatic melanoma. Additionatly,
Rizvi et al*>46 showed that response o anti-PD-1 treatment
correlated with high TMB and neoantigen load in patients
with NSCLC. In keeping with these studies, poorly immu-
nogenic tumors with lew TMB, such as pancreatic and
prostate cancers, are inherently more resistant to treatment
with checkpoint inhibition.**

Extrapolating from these data, mechanisms leading to loss
of neoantigen expression by cancer cells may result in
acquired resistance o ICB. The concept of immunoediting
exemplifies the impact of neoantigen loss on tumor im-
munogenicity and explains how resistance might be formed
against cancers with high TMB. immunoediting suggests
that constart interactions between the immune system and
cancer cells result in selection of subclones within the tumor
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FIGURE 1. T-Gell Activation and
Cosignaling

(A) T-cell receptor interacts with
antigen/major histocompatibility
complex on APCs. Costimulatory
signal Is provided by B7/CD28
Interaction for T-cell activation.
CTLA-4 competes with CD28 for
B7 binding, providing coirhibltory
signals. (B) Costimulatory signals
currently belng targeted to im-
prove T-cell activation. {C} Ex-
pression of colnkibitory receptors
leads to T-cell exhaustion. Coinhi-
bitory receptors serve as thera-
peutic targets to enhance antiturnar
immune respanse.

Abbravlation: APC,
presenting cell.

antigen-

T-Cell

that lack expression of neoantigens, subsequently con-
ferring poor Immunogenicity and resistance to JCB.5657
With increased intratumor heterogeneity, there is greater
likelihood that a poorly immunogenic subclone could be
selected, thus decreasing sensitivity to checkpoint in-
hibition.®®® A recent study by Anagnostou et al®® showed
that relapse of NSCLC tumors after treatment with PD-1/
PD-L1 and CTLA-4 inhibitors demonstrated loss of seven
to 18 putative neoantigens, supporting the role of immu-
noediting in acquired resistance (Table 1). Another study
recently showed that expression of IFN-y paradoxically fa-
cilitates immunoediting by CTLs, with resulting gene cony
number alteration contributing to immure resistance. &

Genetic instability due to alterations in DNA repalr and
replication genes can increase immunogenicity through
high mutaticnal berden with subsequent necantigen for-
mation. Patients with metanoma were found to have better
response to anti-PD-1 treatment if tumor cells were
enriched for mutations in BRCAZ2, an important homologous
recombination DNA repair gene.®® Similar findings wers
demonstrated in ovarian cancer, in which BRCA1/2-
mutated tumors demonstrated high neoantigen loads.s
Afterations in additional DNA damage response genes,
including ATM, POLE, FANCA, ERCC2, and MSHSE, have
recently shown correlation with high TMB and improved

clinical outcomes to ICB in urothelial cancer.® Further-
more, tumors with deficiencies in DNA mismatch repair
genes leading to microsatellite instability demonstrated high
mutational burden with enhanced response to ICB across
a wide range of histologies, 5566

The presence of PD-LI-expressing cancer cells within tu-
mors is known fo be an important predictor of response to
ICB therapy and is commonly used as a biomarker.% it has
been shown that tumors lacking PD-L1 expression generally
show inferior cfinical outcomes to ICB compared with those
with higher levels of ligand.®® However, tumors with absent
PD-L1 can respond to ICB, as PD-L1 expression can he
induced upon activation of the IFN response pathway.
Regardless of PD-L1 expression, tissues that lack Tils are
unlikely to respond to ICB, Tumeors with larger numbers of
TILs demonstrate greater response to ICB and may serve as
another predictive biomarker. 3587 A study in patients with
metastatic mefanoma showed that pre-existing tumoral
CTiLs are a qualification for responise to anti-PD-1 therapy.®

Tumor Microenvironment

The tumor microenvironment (TME) consists of factors ex-
trinsic to cancer cells, including various immune and stromal
cells, vasculature, extraceliular matrix, and cytokines that
influence response to therapy. Immune-suppressive celis,
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TABLE 1. Mechanisims of Resistance in PD-L1-Overexpressed Tumors, Combination 1CB, Tumars With Mulated Chromalin Remadeling Complexes, and

High TMB Cancers
Specifie Clreumstances

Mechanisms of Resistance

PD-L1-overexpressed tumors

Nenreverslble and severe T-cell exbaustion

Coexpression of inhibitory receptors (LAG-3, TIM-3, TIGIT, VISTA, and
BTLA)IE?

Decreased ratio of Tils to Tregs and MDSCs
Altered metaboflsm through IDO and increased adenosine production
Mutations in PTEN, EGFR, and MYC®®

PD-1 and CTEA-4 inhibltor combination therapy

Immuncediting with loss of necantigens®®

Defetions or mutations in JAKI/Z, IFNGR1/2, and IRF18
Decreased T-cell priming and DC dysfunction

Aberrant WNT/p-catenin signaling

High copy number foss of tumor suppressor genes®®

Association with neoantigen overexpression by genellc alterations in
marmmalian SWI/SNF chromatin remodeling coimplexes

Loss-of-functlon mutations In chramatin remodeler genes (PBRMI, ARIDZ,
and BRD?) sensliize tumors to ICB and Increase accessihllity to
regulatory elemnents of IFN-y-inducible genes. Loss of ARIDIA leads to
increased microsatellite Instabllity with Inability to recruit mismatch repair
genes durlng DNA repair, increasing mutational burden and necantigen
load. Stability of chromatin remedeling complexes in tuimors contributes
to ICB resistance, 61163

High rnutation overload tumors

Decreased antigen presentation secondary te MHC, p2-micreglobulin, and
NLRCS aiterations'®*

JAKI/Z mutations and decreased {FN-y signaling

Upregulalion of alternate Inhibftory checkpoints

Abbreviations: TIGIT, T-cell lmmuncreceptor tyrosine-based inhibition motif domaln; VISTA, V-domain immunoglobulin-centaining suppressor of T-cell

activation; BTLA, B and T lymphocyte attenuator,

aleng with inhibitory cytokines in the TME, can undermine
the antitumor immune response.”®™ Regulatory T cells
(Tregs) are known to facilitate self-olerance by suppressing
Teff function through inhibitory cytokines and direct contact,
imiting inflammation.”” Infiltzation of tumors by Tregs has
been observed in many tumor types, suggesting an immu-
nosuppressive environment in some cancers.” The ratio of
Teifs to Tregs in murine models is associated with response to
ICB, in that inability to increase Teffs or decrease Tregs may
result in resistance to imimunotherapy.”™?’

Myeloid-derived suppressor cells (MDSCs) are another type
of reguiatory cell within the TME that can promote immune
evasion and tumor growth.”” MDSCs have been shown to
play a role in facilitating tumor invasion, metastasis, and
angiogenesis. "™ Clinical studies demonstrate that increased
presence of MDSCs within the TME correlates with poor
response {o ICB.5 Accordingly, by inhibiting trafficking of
MDSCs to the TME, erthanced response to anti-PD-1 therapy
was seen it a murine model of rhabdomyocsarcoma.®

Tumor-associated macrophages, particulardly M2 macro-
phages, promote tumor progression through modifications
of the TME.B* M2 macrophages are known to stimulate
imar cell motility, angiogenesis, growth, and immunza
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evasion,® Consequently, depletion of tumor-associated
macrophages in several different murine models corre-
lated with reduced tumor growth. 5% Moreover, Inhibition of
myeloid growth factor signaling in macrophages circum-
vented therapeutic resistance to ICB in a murine model of
pancreatic cancer, b8

The cytokine milieu within the TME is involved in immune
cell recruitment, activation, and proliferation, exerting both
immune stimulatory and suppressive effects.®® Several
chemokines, inciuding CCLB, CCL17, CCL22, CXCL8, and
CXCL12, play a role in recruiting MDSCs and Tregs to the
TME, thus prometing an immunosuppressive climate 239
Consequertly, inbibition of the chemokine receptor CCR4
diminished trafficking of Tregs and pramoted antitumor
effects.?9? Alternately, CXCL9 and CXCL10 recruit CTEs to
the TME, with subsequent destruction of cancer cells 9428
Expression of CXCL9 and CXCL1O can be epigenetically
silenced, reducing Tils and promoting resistance to ICB.
Epigenetic modutator therapy in a madel for ovarian cancer
reversed suppression of these chemokines and enhanced
response to 1ICB.%

Transforming growth factor beta (TGF-p} signaling In-
fluences multiple TME elements, including cell growth and
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differentiation, wound healfing, apoptosis, and fmmuno-
suppression. TGF-f limits immunosupprassion through
inhibition of CTLs while upregulating Tregs.?” In a murine
colorectal cancer modef, elevated TGF-§ signaling was
associated with poorly immunogenic tumors and limited
response to [CB, indicating resistance.®® In line with these
findings, improved antitumor response to ICB was seen with
inhibition of TGF-p in metastatic wrothelial cancer,®®

In addition to promoting angiogenesis, VEGF functions as an
immunosuppressive cytokine and is associated with re-
sistance to ICB. VEGF levels were found to be higher in
anti-PD-1 therapy nonresponders compared with re-
sponders.*® In mouse models, VEGF impeded commitment
of iymphold progenitors, reducing progression to the T-celt
fineage,1® Additionally, VEGF signaling reduces trafficking
and extravasation of CTLs into the TME while it promotes
infiltration of Tregs through a selective endothelium, %
Furthermore, VEGF increases expression of inhibitory re-
ceptors, contributing to CTL exhaustion.’® Corrobotating
this evidence, inhibition of VEGF was correlated with im-
proved response to ICB in renal cell carcinoma.’®

Antigen Presentation and Evolution of Immune Response

The evolving immune response, from initial antigen expo-
sure to cancer cell cytotoxicity and memery T-cell formation,
can be manipulated fo evade antitumor Immunity. The in-
ability of T cells to proliferate and adequately diversify likely
contributes to ICB resistance. Impaired priming of naive
T cells through suppressed dendritic cell (DG} recruitment
was associated with lack of Tils and [CB resistance in
melanoma, %% Deficiencies in antigen presentation have
been shown to play a role in ICB resistance. Multiple studies
demonstrated that downregufation of MHC class | (MHC-)
allows tumor cells to resist immune surveillance. 19%1% | oss of
function of p2-rnicroglobulin results in disruption of MHC-I
felding and transport fo the cell surface, thus mediating
immune evasion of tumor cells.’®11! An important study of
patients with melanoma found truncating mutations in p2-
microglobulin, leading fo foss of MHC-I expression and ac-
quired resistance to 1CB.1'2 Additionally, mutations within
the T-cell receptor binding domain of MHC-i have been
identified in colorectal cancer, abrogating cytotoxicity and
contributing to immune escape,!®®

The IFN-y sigraling pathway mediates immune response
through the JAK/STAT family of receptors and transducers.
IFN-y signaling upregulates expression of MHC-, resulting in
enhanced antigen presentation (Fig. 2A).2* Howevar, IFN-y
alse functions within a negative-feedback loop to increase
expression of PD-L1, conferring adaptive resistance to tumor
cells. %18 i the context of PD-1 blockade, amplification of
PD-L.1 in Hodgkin lymphorma correlated with improved re-
sponse to therapy.’ Multiple studies have demonstrated
that loss of JAK/STAT signaling results in resistance to PD-1

and CTLA-4 blockade through inability to upregulate MHC-f
and PD-L1 expression, 2 11812!

Overexpression of alternate immune checkpoints has been
linked to anti-PD-1 and anti-CTLA-4 therapeutic failure.
Adaptive resistance to ICB was observed secondary o com-
pensatory upregulation of alterative immune checkpoint re-
ceplors, including T-cell immunoglobulin, mucin domain-3
protelr: (TIM-3), and lymphocyte-activation gene 3 (LAG-3),
across multiple studies.!#* Alternate immune checkpaint
recepltors continue fo be discovered (Fig. 10}, including 8 and
T ymphocyle attenuator (BTLAY, T-cell immunoreceptor
tyrosine-based inhibition motif domain (TIGIT), and V-domain
immunoglobuiin-containing suppressor of T-cell activation
(VISTA) 25127 Coexpression of multiple immune checkpoints
has been associated with a severely exhausted T-cell state.
Thommen et al**® demanstrated a positive correlation between
progressive T-cell exhaustion and increased coexpression of
PD-1, CTLA-4, TIM-3, LAG-3, and BTLA, with subsequent
resistance to ICB in NSCLC. Thus, these alternative immune
checkpoint receptors may serve as potential therapeutic tar-
gets for blockade.

In addition to expression of inhibitory receptors, exhausted
T cells demonstrate impaired effector function and altered
transcriptional state compared with Teffs. T-cell exhaustion
presents as & spectrum, with association seen between pro-
gressive loss of function and antigen persistence.* Chronic
exposure to cognate antigen also results in elevated PD-1
expression, with subsequently impaired T-cell function.’®
Studies have shown that tumors with fow or intermediate
expression of PD-1 can be refnvigorated with ICB. However,
high expression of PD-1 was correlated with accumulating
T-cell exhaustion and poor response to therapy.}¥:132 Re.
cently, epigenetic changes were linked to T-cell exhaustion, in
that exhausted cells were found fo have a unique chromatin
landscape that influenced transcriptional state and limited
effector function. % Moreover, the type of distinct chromatin
state determined if exhausted T cells could be reprogramimed
after therapy to avoid terminal exhaustion. 3¢

Following effector activity, a minority of T cells enter
a memory phase, remaining quiescent until antigen
rechallenge.™ '8 Chronic antigen expasure renders pre-
cursor memory T cells exhausted, with eventual deletion
and lack of memary formation.'23° Given that success of
ICB is highlighted by marked response durability, memory
T-cell formation plays an important role in avoiding re-
cutrence and resistance following cessation of treatment,
Accordingly, patients who responded poorly to anti-PD-1
therapy were shown to harbor fewer tumor-associated
memory T cells compared with responsive patients. ¥

Classic Oncologic Pathways

Through aberrations in oncogenes and tumor suppressors,
oncologic signaling pathways can regulate immune
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