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Immune-checkpoint inhibitors (ICI), although revolutionary
in improving long-term survival outcomes, are mostly effective
in patients with immune-responsive tumors. Most patients with
cancer either do not respond to ICIs at all or experience disease
progression after an initial period of response. Treatment
resistance to ICIs remains a major challenge and defines the
biggest unmet medical need in oncology worldwide. In a
collaborative workshop, thought leaders from academic, bio-
pharma, and nonprofit sectors convened to outline a resistance
framework to support and guide future immune-resistance
research. Here, we explore the initial part of our effort by

Introduction

The clinical development of immune-checkpoint inhibitors (ICI),
specifically those targeting the T cell-inhibitory receptors cytotoxic T
lymphocyte antigen-4 (CTLA-4) and programmed death-1 (PD-1),
radically shifted the cancer treatment paradigm and transformed
oncology practice. Survival outcomes from large, randomized trials
with at least 4 to 5 years’ follow-up are known for melanoma and non-
small cell lung cancer (NSCLC) populations. Reported outcomes
from melanoma trials approximate the 4-year survival rate of patients
treated with the anti-CTLA-4 therapeutic ipilimumab between 19%

'Worldwide Medical Oncology, Bristol Myers Squibb, Princeton, New Jersey.
2Immunai, New York, New York. *Department of Immunology, The University of
Texas MD Anderson, Houston, Texas. “Instil Bio, Dallas, Texas. °Translational
Medicine, Bristol Myers Squibb, Cambridge, Massachusetts. ®Department of
Surgical Oncology, The University of Texas MD Anderson, Houston, Texas.
"Parker Institute for Cancer Immunotherapy, San Francisco, California.
8Department of Microbiology and Immunology, University of California San
Francisco, San Francisco, California. °ESSA Pharma Inc., South San Francisco,
California. °Department of Cancer Immunology, Genentech, South San
Francisco, California. "Department of Human Genetics, Genentech, South San
Francisco, California. 12Department of Translational Molecular Pathology, The
University of Texas MD Anderson Cancer Center, Houston, Texas. *Global Drug
Development, Bristol Myers Squibb, Lawrenceville, New Jersey. “Department
of Radiation Oncology, City of Hope National Medical Center and Department
of Immuno-Oncology, Beckmann Research Institute, City of Hope, Duarte,
California. ®Lady Davis Institute for Medical Research, Montréal, Québec,
Canada. ®University of Texas MD Anderson Cancer Center, Houston, Texas.
Department of Informatics, Parker Institute for Cancer Immunotherapy, San
Francisco, California. 18Univers,ity of California San Francisco, San Francisco,
California. ®Department of Medicine, Section of Hematology/Oncology, Uni-
versity of Chicago, Chicago, Illinois. 2°Committee on Immunology, University of
Chicago, Chicago, lllinois. 2’Comprehensive Cancer Center, University of
Chicago, Chicago, lllinois. 2’Lineberger Comprehensive Cancer Center, Uni-
versity of North Carolina, Chapel Hill, North Carolina. 2The Institute of Cancer
Research, London, UK. 2*Translational Oncology, Early Oncology Development

collating seminal discoveries through the lens of known bio-
logical processes. We highlight eight biological processes and
refer to them as immune resistance nodes. We examine the
seminal discoveries that define each immune resistance node
and pose critical questions, which, if answered, would greatly
expand our notion of immune resistance. Ultimately, the
expansion and application of this work calls for the integration
of multiomic high-dimensional analyses from patient-level data
to produce a map of resistance phenotypes that can be utilized
to guide effective drug development and improved patient
outcomes.

and 36%, the anti-PD-1 therapeutic nivolumab at 46%, the anti-PD-1
therapeutic pembrolizumab at 44%, and the combination of nivolu-
mab plus ipilimumab at 53% (1-6). Similar trends are emerging in the
NSCLC population treated with anti-PD-1 monotherapy, where the
estimated 5-year survival rate of previously treated patients is appro-
ximately 16% with nivolumab (CM209-003), 15% with pembrolizu-
mab (KN-001), and of treatment-naive patients is 23% with pem-
brolizumab (KN-001; refs. 7, 8). Most recently, it was reported that
first-line NSCLC patients with a programmed death ligand 1 (PD-L1)
tumor proportion score of at least 50% demonstrated a median overall
survival (OS) of 26% (KN-024; ref. 9). Although such outcomes are
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impressive, most patients with advanced cancer treated with anti-
CTLA-4 or anti-PD-1/anti-PD-L1 [anti-PD-(L)1] agents do not
achieve durable benefit and show resistance to therapy between
3 months to 3 years after initiating treatment.

Clinical progression on ICIs has been broadly conceptualized into
three categories aligned to clinical response scenarios, namely, primary
resistance (no response to checkpoint inhibition), adaptive resistance
(functional antitumor response that is limited or shaped by immu-
nosuppression), and acquired resistance (initial response followed by
eventual disease progression; refs. 10-12). Although these categories
closely approximated clinical observations, a deeper understanding
of immune resistance necessitates a more expansive framework that
can accommodate both dynamic biological complexity and clinical
response outcomes.

The approach necessary to derive a resistance framework that will
guide future research and facilitate reverse translation is likely to
include a systematic characterization of resistance to ICIs, where
molecular and clinical definitions are integrated into a structure that
can be utilized to identify therapeutic interventions. Critical elements
of such a resistance framework should include (i) identification of
resistance patterns, (ii) characterization of patterns to define discrete
resistance phenotypes, (iii) relational mapping between individual
resistance mechanisms and resistance phenotypes, and (iv) integrated
validation of resistance phenotypes to clinical outcomes. As part of
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a workshop sponsored by the Parker Institute for Cancer Immuno-
therapy (PICI), the Cancer Research Institute (CRI), and the Society of
Immunotherapy of Cancer (SITC), we constructed a view of immune
resistance by aggregating the evidence of known resistance mechan-
isms that undermine key biological processes and block successful
antitumor immunity. We organized the evidence into eight biological
converging points and denote them as immune-resistance nodes,
collectively representing the emerging hallmarks of resistance to ICIs
(Fig. 1). For each immune-resistance node, we examined the seminal
discoveries that define each node and posed critical questions
(Table 1), which if answered would greatly expand our notion of
resistance. We then speculated on how these core immune-resistance
nodes might integrate with additional aspects of malignancy, including
tumor development, treatment modalities, detection of resistance, and
approaches to target resistance (Fig. 2). Although in this Perspective
article we interchangeably utilize the terms checkpoint inhibitors, ICIs,
immunotherapy, and immune resistance, our focus is centered around
resistance to anti-PD-(L)1 and anti-CTLA-4 therapies and predicated
primarily on clinical and translational data from blockade of PD-1 and
PD-L1. We recognize that anti-PD-(L)1 and anti-CTLA-4 ICIs work
through distinct mechanisms but we lack balanced clinical and
translational data sets to delineate whether they may be provoking
distinct resistance mechanisms and resistance patterns. As monother-
apy, anti-PD-(L)1 agents have demonstrated clinical efficacy across a
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Figure 1.

The hallmarks of resistance to ICls are supported by seminal data sets and organized into key biological processes referred to as resistance nodes.
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Table 1. Critical questions to address in future investigations of resistance to ICls.

Resistance node Critical questions

Oncogenes and oncoproteins How do functional “driver” mutations influence the immune repertoire and tumor immunogenicity?
Do driver mutations influence antigen presentation, CD8" T-cell priming, and CD8™" T-cell tumor infiltration?
How do comutations in tumor suppressors influence response and/or resistance to therapy?

Is there a hierarchy among comutations, and are their effects direct or indirect?

What is the combined frequency and degree of HLA class | loss across tumor histologies?

Are HLA class | loss patterns clustered by mechanisms of action? What are the triggers for loss?
How do tumors subvert HLA class | loss?

What is the timing of HLA class | loss in the context of a primary tumor vs. metastatic disease?
Loss of sufficient and suitable antigens Given HLA and antigen diversity, are there identifiable patterns that predict ICl resistance?

What features of the neoantigen-specific T-cell population are required for tumor clearance?

Do neoantigens need CD4™ (HLA class II) and CD8™ (HLA class I) to circumvent resistance?

Can epigenetic therapies reverse silencing and thereby boost neoantigen expression?

What is the role of mutation-based neoantigens and intra/intertumor heterogeneity?

Which cell subsets are the primary influencers of ICI resistance?

How is T-cell “activatability” shaped after exposure to immunotherapy?

Can the “state” of T-cell functionality be monitored continuously in vivo?

Can costimulation be measured in vivo?

What is the role for costimulatory pathways beyond CD28?

What is the role of 4-1BB signaling in T-cell anergy and antitumor immunity?

How can IFNy sensitivity be utilized to identify patients who are potentially resistant to ICI?
What aspects of IFNy signaling directly affect ICI resistance and its relationship to disease stage?
How interdependent are fluctuations in IFNy signaling in the context of ICl resistance?

What characterizes the antigen repertoire against a “successful” CD8" T-cell memory response?
Is there evidence of continual immunologic memory in long-term survivors?

How is immunologic memory generated and dependent on a persistent T-cell memory clone?
What interactions among immune subsets are needed to generate durable CD8" T-cell memory?
Are the immune-excluded and immune-desert phenotypes sufficiently defined?

Does the tumor cell of origin affect the different mechanisms underlying the cold phenotypes?
Does the spatial positioning of immune cells dictate or influence resistance to ICI therapies?
What key influencers of trafficking and infiltration can be therapeutically targeted?

Are there dominant chemokine networks within TME that promote ICI resistance?

Are the mechanisms of immune exclusion uniquely influenced by various therapies?

Deregulated tumor immunometabolism How does therapy induce immune metabolic signature switching toward ICl resistance?

Does resistance involve modified mitochondrial biogenesis and immunometabolism plasticity?
Can longitudinal metabolic signatures of circulating cancer and immune cells predict resistance?
Can immunometabolism-based resistance be correlated with TME and immune infiltrate?

Is the gut microbiome predictive of patient resistance to ICl treatment?

Can we modulate the gut microbiome to improve immune capacity and “fitness”?

Can specific clusters of microbes predict, prevent, and/or stop ICI resistance?

Does the gut microbiome affect toxicity to ICI?

What is the impact of lymphocyte count and humoral factors (CRP and LDH) on ICI resistance?
How do subclinical chronic infections and inflammation shape resistance to immunotherapy?
What are the effects of hormones and prostaglandins?

How is immune capacity defined, and can it serve as a clinically meaningful measure of resistance?

Genetic and epigenetic dysfunction

Dysfunctional T-cell compartment

Lack of inflammation in the TME

Influence of the microbiome

Inept host immunity

Abbreviations: CRP, C-reactive protein; LDH, lactate dehydrogenase.

wide range of tumor indications, which makes it possible to examine
the range of resistance. Notwithstanding, this question remains vitally
important for future work, especially because both anti-PD-(L)-1 and
anti-CTLA-4 ICIs are now used in combination regimens with each
other and with other drugs that may elicit unique resistance patterns.

Impact of Oncogenes and
Oncoproteins

Oncogenic signaling is the least understood aspect of functional
immunogenicity, but has a dramatic influence on the tumor micro-
environment (TME) and normal tissue surrounding the tumor mass.
Evidence for key oncogenic processes that can potentially foster

374 Cancer Immunol Res; 10(4) April 2022

resistance to immunotherapy includes: (i) oncogenic cooperation, (ii)
exclusion of CD8" T cells, (iii) induction of regulatory T cells (Treg)
and myeloid-derived suppressor cells (MDSC), and (iv) deregulation
of IFNY signaling and PD-L1 expression.

Oncogenic cooperation and the coevolution of tumors and their
immune environments were elucidated in recent analysis from The
Cancer Genome Atlas (TCGA) database that landscaped 10 canonical
cancer pathways (13). This exploration of mutually exclusive and co-
occurring pathways indicated the potential influence of oncogenic
synergies that can promote treatment resistance and potentially
immune evasion. Oncogenic cooperation between Kras and Myc to
produce highly proliferative tumors with an inflamed, angiogenic, but
immunosuppressed stroma was also demonstrated using a mouse lung
cancer model of conditional KrasS'*" and inducible Myc (14),
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Figure 2.

Efforts to better understand resistance continue to be of great interest to the oncology community. We postulate that resistance mechanisms to immune-checkpoint
blockade converge on eight resistance nodes. A deep and systematic characterization of the eight resistance nodes, using integrated multiomic measurements, is
likely to inform better clinical trial design, identify clinically actionable insights, discover composite biomarkers, and reveal new drug targets and treatment
combinations. Future advancements will likely provide highly accurate prediction capabilities, making it possible to identify patients who might resist
immunotherapy so that more meaningful treatments can be applied. CyTOF, cytometry by time of flight.

AACRJournals.org Cancer Immunol Res; 10(4) April 2022 375

2202 AelN 2z uo 18sn YO - Yoseasay Jeoued jo anpsul Aq Jpd-z/€/662801E/22E/v/01 /spd-ajoile/saljounwiwiisoues 610 sjeunolioee)/:diy woly papeojumoq



Karasarides et al.

indicating the ability of Myc overexpression to rapidly clear the tumor
of innate and adaptive immune lymphocytes. Several reports suggest-
ing that Myc gain of function can influence antitumor immunity and
immunotherapy response further substantiate these findings (15-18).

Oncogene-driven T-cell exclusion is another process by which tu-
mors can shut down antitumor immunity and is evidenced by gain-
of-function alterations of the B-catenin-Wnt pathway. Analyses of
human melanoma samples revealed that upregulation of [3-catenin-
Wnt signaling was associated with a lack of T cells in both the pri-
mary tumors and distant metastases (19, 20). Analyses in a conditional
Braf"*®F and inducible B-catenin mouse model revealed a causal
relationship between activation of B-catenin signaling, lower T-cell
infiltration, and lack of response to checkpoint inhibition (21-24).
Additionally, oncogenic signaling can induce suppressive immune-cell
populations as exemplified by the potential of oncogenic KRAS to
convert CD4" T cells to functional Tregs (25) and the inactivation
of p53 to induce MDSCs (26). Similarly, the hedgehog pathway can
have profound impact on the composition and functionality of tumor-
infiltrating immune cells and upregulation of PD-L1 expression
(27-29). The activity of oncogenes, particularly members of the
receptor tyrosine kinase (RTK)-RAS pathway, has recently been
linked more directly to immunosuppression. RAS signaling can up-
regulate PD-L1 expression on tumor cells by stabilizing PDLI mRNA
(30), an observation that is consistent with the reported association of
KRAS expression with increased PD-L1 expression suggesting that the
KRAS-IRF3 pathway can support immune suppression and resistance
to immunotherapy (31).

Clinical trial observations indicate that patients whose tumors
harbor driver mutations do not respond well to ICIs (e.g., KRAS
mutations in colorectal carcinoma and EGFR mutations in NSCLC),
although melanoma tumors with either BRAF*°°E or BRAF" " alleles
potentially respond similarly to anti-CTLA-4 or anti-PD-(L)1 agents.
Careful analysis of emerging data sets for a better understanding
of the local and systemic impact of driver mutations in the context
of ICI therapy is key.

Genetic and Epigenetic Dysfunction

Human leukocyte antigen (HLA)-directed antigen presentation is
the basis for T cell-mediated antitumor responses. Substantial evi-
dence suggests that tumor cells can evolve to escape immune recog-
nition by reducing HLA proteins on their surface (HLA loss), thus
creating an important avenue for ICI resistance (32, 33).

Genetic (“hard”) and epigenetic (“soft”) mechanisms leading to
HLA loss can directly affect HLA class I including its transcriptional
regulation, or indirectly target genes that are part of the antigen-
presentation machinery (APM). In a recent study from the TRACERx
consortium analyzing 258 tumor regions from 88 prospectively
acquired tumors, 56% of lung adenocarcinomas and 78% of lung
squamous cell carcinomas showed evidence of antigen-presentation
disruption, through either HLA loss of heterozygosity (LOH) or APM
mutations (34). Complete loss of beta-2 microglobulin (B2M) alleles,
an essential component of major histocompatibility complex class I
(MHC-I) required for antigen presentation, was evident only in ICI
nonresponders, whereas permutations of the B2M gene (absence of
tumor-specific expression, frameshift mutations, or LOH) were
observed in ~30% of ICI nonresponders (35).

Epigenetically, HLA gene expression in tumor cells can be regulated
directly through promoter hypermethylation. HLA class I gene pro-
moter methylation occurs in 49% to 60% of gastric cancer samples,
compared with 6% to 19% of adjacent normal tissue, and often results

376 Cancer Immunol Res; 10(4) April 2022

in transcriptional inactivation of MHC-Iloci HLA-A, -B, and -C (36).
Indirect epigenetic regulation of HLA gene expression, through his-
tone methyltransferases within chromatin remodeling machinery, can
subsequently impact a range of potential resistance mechanisms
including T-cell infiltration, TNFo. responsiveness, PD-L1 expression,
and MHC-1 expression (37). Similarly, expression of the HLA-A, -B,
and -C genes, and B2M are under at least partial control of the
transcription factor DUX4, which is normally suppressed epigeneti-
cally after development. In patient subsets across tumor types, genetic
variation can trigger dysregulated DUX4 expression, leading to
reduced IFNY responsiveness and decreased MHC-I expression (38).
Although evidence of HLA loss has been documented (32), a
systematic evaluation of the combined frequency and contributions
of hard and soft HLA loss across tumor types is warranted to expand
our understanding of disease etiology. Hard HLA loss, HLA hetero-
geneity, as well as previously reported HLA types, were not found to be
associated with response in a recent meta-analysis (39). It is likely that
we need to capture all mechanisms of HLA downregulation to
accurately estimate their impact on outcomes across treatment settings
and devise strategies to reverse immune resistance, or possibly prevent
a tumor from evolving an HLA loss phenotype. Additionally, partial or
complete loss of HLA proteins on tumors spotlights natural killer (NK)
cells and their role in immunosurveillance. As NK cells detect HLA
class I expression loss in infected or transformed cells and initiate
target cell killing (40), tumors displaying HLA loss must also have
evolved resistance against NK cell-mediated killing (41). Thus, explo-
ration of NK cell-based therapies might extend immunotherapeutic
options that do not require neoantigen presentation by HLA.

Lack of Sufficient or Suitable Antigen
Production

Tumor antigens can arise from multiple sources (42). The produc-
tive engagement of the T-cell receptor (TCR) complex requires not
only the presentation of antigens but also immunologically suitable
antigens in sufficient quantities to produce effective T-cell targeting
and tumor killing. Thus, antigen suitability and antigenic escape can
affect resistance to immunotherapies. Recent focus on the evaluation
of neoantigens as therapeutic targets has garnered attention from the
following observations: (i) lack of thymic deletion of T cells targeting
neoantigens relative to deletion of T cells targeting self-antigens (43),
(ii) association of predicted neoantigen number with OS and/or
clinical response (44-49), (iii) successful therapeutic neoantigen vac-
cination in mice and evaluation in patients (50-52), and (iv) evidence
of clinical responses using neoantigen-specific T cells in adoptive
transfer (53, 54).

Lack of ICI response has been associated with heterogeneous
neoantigen expression and a lack of truncal neoantigens (34, 46, 55),
even though only a minority of predicted neoantigens are truly
immunogenic in vivo (56-59). Tumors displaying either few or ample
neoantigens can succumb to immune-editing mechanisms selecting
for tumor clones with diminished neoantigen expression (60). In fact,
it is possible that primary tumors may already display a resistance
phenotype determinately characterized by a paucity of immunogenic
neoantigens. As discussed above, immunotherapy resistance can be
mediated via HLA loss and possibly enriched in tumors with immu-
nogenic neoantigen expression (61, 62). A fascinating observation
from preclinical neoantigen vaccination experiments demonstrates
that neoantigens predicted based on MHC-I binding characteristics
can stimulate CD4" T-cell responses in excess of CD8' T-cell
responses (50).
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A complete view of cancer antigens through tumor antigen expres-
sion mapping will enable an assessment of the character and suitability
of antigens to trigger productive ICI-directed antitumor immunity.
Adoptive transfer studies using tumor-infiltrating lymphocytes (TIL)
have shown that T cells enriched for a single dominant neoantigen can
elicit responses in patients with metastatic cancer. A neoantigen map
together with a computational estimate of the number of neoantigen
specificities required to promote immune responses will provide a
baseline for understanding antigen suitability. Thus, our ability to
better define neoantigens and their role in maximizing antitumor
immunity should enable approaches to prevent or reverse ICI resis-
tance and hopefully improve clinical outcomes.

Dysfunctional T-cell Compartment

Impeded T-cell activation and exhaustion

T cell-mediated antitumor immune responses are key to suc-
cessful immunotherapy, and their dysfunction is central to ICI
resistance. In the context of chronic viral infections and malignan-
cies (63, 64), exhausted T cells gradually lose their functional capa-
cities, most notably through chronic antigen exposure, upregulation
of immune-checkpoint receptors, and incomplete priming. This
T cell-exhaustion program is emerging as a specific differentiation
pathway enabled by the HMG-box transcription factor TOX via
specific epigenomic remodeling; it normally serves to ensure survival
of antigen-experienced T cells during chronic stimulation by prevent-
ing TCR overstimulation and activation-induced cell death (65-67).
Interestingly, genetic inactivation of TOX in chronically activated
T cells does not necessarily promote sustained T-cell functionality,
likely due to enhanced cell death and premature loss of TOX-deficient
T cells (65, 67). Similarly, in tumors, although it is possible to trans-
iently counteract the exhaustion of chronically stimulated tumor
antigen-specific CD8" T cells, the “rescued” CD8' T cells often
reenter a dysfunctional state (68, 69). PD-1 blockade speci-
fically acts by reactivating partially exhausted progenitor-like
TCE-1"PD-1TCD8" T cells, which can mature and execute their
function, but ultimately become terminally exhausted themselves
(69-71). Paradoxically, these observations indicate that blocking
the PD-1 pathway can accelerate the exhaustion process in
progenitor-like tumor-specific T cells, leading to ICI resistance.

A key question is whether dysfunctional T cells can be epigenetically
reprogrammed or alternatively eliminated to make space for new,
functionally stable, tumor antigen-specific T-cell populations. Addi-
tionally, PD-1 blockade of suboptimally primed CD8" T cells can
induce a specific population of dysfunctional T cells (PD-
17CD38"CD8™), suggesting that ICI resistance can be reversed with
functional antigen stimulation and implying a temporal relationship
between optimal priming and subsequent PD-1 blockade (72).

Absent or incomplete costimulation

In addition to TCR engagement of a cognate peptide-MHC com-
plex (pMHC), costimulation mediated by canonical CD28-CD80/86
engagement is critical for a productive T-cell response and for
long-lasting antitumor immunological memory. Lack of costimula-
tion during TCR-pMHC recognition has been implicated in T-cell
anergy and hyporesponsiveness. Evidence for functional T-cell
hyporesponsiveness suggests that it occurs under the influence of
either chronic antigen stimulation or TCR engagement lacking
costimulation (73). It is plausible that inadequate expression of
costimulatory molecules in antigen-presenting cells in the presence
of a progressing tumor may contribute to ICI resistance. Theoret-
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ically, this may be further exacerbated by chronic TCR stimulation
of TME-residing T cells, ultimately leading to T-cell anergy (74-76).
For example, in a tamoxifen-induced liver cancer model, naive
antigen-reactive T cells displayed hyporesponsiveness 1 to 2 days
after transfer, due to upregulation of negative transcriptional
regulators, including those associated with T-cell anergy and hypor-
esponsiveness (Batf, Egrl, Prdml, Ptpnll, Ptpnl2, Duspl, and
Dusp6) and inhibitory cell-surface receptors (Pdcdl, Lag3, Cd160,
and Ctla4; ref. 77). The inability of NFAT-AP-1 transcriptional
complexes to drive T-cell activation is a common feature of anergy
induced by lack of costimulation and checkpoint-induced immune
dysfunction (78). NFAT signaling can also drive pathways asso-
ciated with T-cell exhaustion and anergy in the absence of AP-1
(79, 80), highlighting distinct immune resistance pathways govern-
ed by this transcription factor.

Additional costimulatory pathways including 4-1BB have been
known to compensate for CD28 signaling (81), and both CD28 and
4-1BB have been used as costimulatory domains in the development
of chimeric-antigen receptors (CARs; ref. 82). Ultimately, delin-
eating the role of costimulation from immune agonism will expand
our understanding of T-cell activation and possibly identify new
strategies to prevent the influence of hyporesponsiveness and
anergy on ICI resistance. Ongoing clinical studies, using monoclo-
nal or bispecific antibodies triggering costimulatory targets, will
help elucidate the importance of costimulation in the context of
treatment resistance.

Dysfunctional IFNy signaling

IFNY, the quintessential effector cytokine of Type I immunity, is
produced by activated cytotoxic CD8* T cells, 8 T cells, and NK cells
and can exert pleiotropic effects. IFNY signaling through IFNGRI-
IFNGR2 complexed heterodimers recruits JAK1 and JAK2 and leads to
STAT1 phosphorylation. Phosphorylated STAT1 modulates IFNy-
regulated gene expression (including genes encoding MHC-I, APM,
and costimulatory molecules), induces the expression of CCL9 to
recruit CD11b" dendritic cells, skews macrophages toward an M1
proinflammatory phenotype, and inhibits immune suppressive cells
including Tregs, Th2, Th17, and MDSCs (83-86).

Mice lacking IFNYy, IFNY receptors, or STAT1 develop tumors more
rapidly and with increased frequency, demonstrating the central role of
IFNY signaling in tumor surveillance and antitumor immunity (87).
IFNY acts directly on tumor cells to enhance tumor cell immunoge-
nicity through MHC-I upregulation and plays a role in tumor escape
by inducing tumor cells to become selectively unresponsive to IFNY. In
melanoma, acquired resistance to PD-1 blockade is associated with
IFNYy-pathway defects involving truncating mutations in JAKI and
JAK2 (88). In adaptive resistance, IFNy can potentially compromise
antitumor immunity by directly upregulating both PD-L1 and PD-L2
on tumor and immune cells (48, 89, 90) and can drive resistance to
checkpoint blockade by PD-Ll-dependent and -independent
mechanisms (91). Furthermore, interrupting chronic IFNYy signaling
in tumor cells leads to increased IFNY production by exhausted T cells
and enhanced IFN-stimulated gene expression in tumor and immune
cells. As expected, tumors with adequate MHC-I and antigen are killed
by T cell-mediated mechanisms that produce IFNYy, and tumors with
low expression of MHC-I or limited antigen are killed by PD-
1*TRAIL" NK cells receiving maturation signals from IFNy (92).
Despite divergent roles for IFNY signaling, altering these pathways can
enhance response to ICIs (92), and IFNG RNA gene-expression
signatures have been shown to predict response and survival with
anti-PD-1 therapy (93).
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Impaired generation of CD8" T-cell immune memory

T-cell memory, in particular tissue-resident memory (TRM) CD8™"
T cells, may be a crucial mediator of antitumor immunity and ICI
resistance. Understanding the mechanisms and conditions needed to
improve the generation and maintenance of CD8" T-cell immune
memory against tumors is critical for the improvement of immuno-
therapy outcomes, especially if immune memory can yield durable
complete responses.

The importance of TRM CD8" T cells is supported by data in
patients with melanoma who responded to anti-PD-1 and harbored
expanded CD8" effector memory T-cell populations (94) and in
patients with breast cancer whose TRM CD8™ T cells contributed to
immunosurveillance (95). Epigenetic and genomic studies character-
izing the CD8" TILs indicated that a subset of these cells have a
progenitor-exhausted phenotype, resembling stem cell-like memory
cells, characterized by TCF-1 expression and associated with clinical
benefit to anti-PD-1 therapy (96). Furthermore, although CD8*
T cells are viewed as key effectors in immune-mediated tumor
rejection, as their presence and persistence have been correlated with
therapeutic outcome, it is important to recognize that a productive
and long-lasting antitumor immune response likely involves the
cooperation of multiple immune cells working in concert with CD8"
T cells (97, 98). Thus, fully understanding T-cell memory generation
and T-cell persistence will likely help us better select patients suit-
able for ICI therapy by estimating the quality, depth, and duration of
their tumor response and alternatively predict ICI therapy resistance.

Lack of Inflammation in the TME

As we consider the influence of local tumor processes with systemic
effects, inflammation is a key culprit influencing pro- and anti-
immune signals that can shape a patient’s response or resistance to
immunotherapy. In the context of the TME, three clinically relevant
tumor-immune phenotypes have been described: (i) inflamed tumors,
which are regarded as “hot,” and two categories typically referred to as
“cold,” (ii) immune-excluded, and (iii) immune-desert tumors.
Undoubtedly, a continuum of immunogenic potential exists, broadly
bookended by “inflamed” and “noninflamed” phenotypes (99, 100).
The noninflamed “cold” phenotypes probably characterize most
human tumors; thus, their clinical significance warrants additional
probing to specifically elucidate the origin and nature of the inflam-
mation, or lack thereof, needed to direct and sustain antitumor ICI
responses. A nuanced systematic approach that expands the classifi-
cation of cold tumors according to their inflammatory status may
identify cancer-promoting inflammation more clearly, an idea sup-
ported by evidence from large trials where nonsteroidal anti-
inflammatory drugs such as aspirin reduce cancer incidence and/or
mortality (101-103). Elucidating complex relationships between
tumor heterogeneity, TME plasticity, and the inflammatory process
may reveal how systemic or local inflammation can shape the plasticity
of tumor, stromal, and immune cells (103), and it may highlight
priority areas likely to influence future clinical research (104).

A specific and critical element of the definition of cold tumors is
the absence of functional effector T cells in the TME. Dysfunctional
T-cell trafficking and infiltration, therefore, impinge on the neces-
sary inflammation that, together with PD-L1 expression, marks the
hot or inflamed tumor-immune phenotype and immunotherapy
responsiveness (105-110). The process of functional T-cell traffick-
ing and infiltration faces three major hurdles: (i) defective cellular
homing, (ii) regulatory immune cells, and (iii) damaging chemokine
networks. The successful homing of T cells is controlled spatio-
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temporally through tethering and rolling, chemokine activation,
and transmigration, all of which are disrupted in tumors (110-112).
Some examples leading to dysfunctional T-cell migration include
upregulation of expression of the adhesion molecule 0:4f7, induc-
tion of various costimulatory molecules, loss of CCR7, and, pos-
sibly, downregulation of retinoic acid (113-117). Upon successful
intratumoral homing, lymphocytes encounter physical barriers to
infiltration via encounters with Tregs, MDSCs, immature dendritic
cells, macrophages, and neutrophils, fibroblasts, and abnormal
extracellular matrix. Recent data suggest that it may be possible
to shift cellular populations in the TME or reprogram cell types that
influence ICI resistance. Macrophages, for example, can switch
from an antitumorigenic to a protumorigenic phenotype, thus
continuing work has examined the reeducation of M2-like macro-
phages to M1-like antitumor macrophages using LXR agonism, IL8
inhibitors, and CD40 agonism (118, 119). Although ambitious, the
reeducation or plasticity of Tregs and other cell types promoting
resistance is promising (120).

Deregulated Tumor
Immunometabolism

Immunometabolism represents a core process with local and
systemic influence that may directly or indirectly modulate
response and resistance to ICI treatments. Metabolic signaling
dictates the function of immune cells (121-125) and thus presents
an avenue for identifying clinically relevant immune resistance
patterns (126-129). In the hostile hypoxic TME, oxygen and
nutrient constraints lead cancer cells to switch from oxidative
phosphorylation to aerobic glycolysis, and they then outcompete
T cells for glucose (130-132). Checkpoint blockade mediates
reduced glycolysis and increased effector T-cell function (129),
indicating that the key metabolic mediators ATP and NAD™ and
the ectoenzymes governing their catabolism may play a role to
influence immune resistance (133-136).

T-cell metabolic programming determines T-cell lineage commit-
ment and differentiation (137), with important implications for
strategies using ex vivo cultures for adoptive transfer. Furthermore,
immunometabolic attributes of CAR T cells influence their persistence
and lack of exhaustion. For example, CAR T cells with 4-1BB domains
promote central memory T-cell growth, optimizing their metabolic
fitness in the TME (138), whereas glucose-limiting expansion is
counterproductive, leading to more cytotoxic T cells with increased
in vivo persistence and longevity (139). 4-1BB costimulation
also increases transfer efficiency and PD-1 blockade effectiveness
by increasing mitochondrial mass and the respiratory capacity of
cytotoxic T cells (140). Conversely, CAR T cells with CD28
domains yield effector memory T cells with enhanced glycoly-
sis (138). Interestingly, antigen-directed asymmetric cell division
generating effector and memory T cells (141) may be overcome by
infusing patients with differentially weighted immunometabolic
T cells, ensuring immediate antitumor activity and long-lived per-
sistence. These and other insights prompt the clinical investigation
of immunometabolic targets with the potential to counteract
immune resistance. Innovative combinations of immunotherapies
with immunometabolic reprogramming agents hold promise for
promoting immune activation, response durability, and, perhaps,
mitigation of ICI resistance. Distinguishing metabolic signatures of
tumor cells from infiltrated T cells may also provide insights to
pinpoint metabolic heterogeneity and metabolic signatures that can
alter and override ICI resistance.
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Influence of the Microbiome

The human microbiome is a complex aggregate of microorgan-
isms that exert influence crucial to the metabolic, immunologic,
hormonal, and homeostatic functions of the host. The microbiome’s
effects on ICI resistance remain underexplored. Recent work in
mouse models and human studies highlights the impact of gut and
tumor microbiota on the potential for clinical response to antican-
cer therapeutics (142-148). Early work revealed that antibiotics
taken within the month preceding the start of ICIs reduced both
progression-free survival (PFS) and OS across many metastatic and
stage III malignancies (142, 149). Additional studies revealed that
fecal microbiota transplantation of stools from patients who were
likely to respond or be unresponsive to ICI-based therapy conferr-
ed sensitivity or resistance, respectively, to tumor-bearing mice
treated with anti-PD-1 antibodies (150). Efforts to better under-
stand gut microbiome signatures associated with ICI resistance
include shotgun metagenomic sequencing of patient stools at diag-
nosis, with samples currently being evaluated in metastatic mela-
noma (148), kidney (149), and lung cancers (142).

Conversely, ICIs have been shown to affect the composition of
the gut microbiome, with one study reporting that anti-CTLA-4
antibodies resulted in an increase in the relative abundance in
Bacteroides spp. (B. fragilis) and Burkholderiaceae family members
in the ileum. These bacterial families are involved in the IL12-
dependent priming of Thl cells, hence the immunostimulatory
and anticancer effects of CTLA-4 blockade (145). It is possible,
therefore, that disruptions in gut homeostasis lead to microbial
translocation and augmented function in CD8" T cells. These data
suggest that microbial translocation from the gut results in the
release of danger signals (e.g., Toll-like receptor ligands) triggering
tumor regression (151-153). This is consistent with research
demonstrating that bacterially derived products can activate the
innate immune system and trigger tumor regression (154, 155).
These studies and others suggest that the intestinal microbiota
modulate the effects of ICIs via bacterial translocation of selected
species into secondary lymphoid organs (147). Continued research
on the microbiome and the application of clinically actionable
hypotheses focused on patients showing resistance to ICIs holds
great promise.

Inept Host Immunity

Systemic host immunity, not just effector T-cell functionality,
inevitably shapes the emergence of a primary tumor and ultimately
the potential for response to immunotherapy. In the seminal frame-
work for the role of host immunity in malignant disease, the term
“immunoediting” was coined to describe the biological process of
immunosurveillance executed through the elimination, equilibrium,
and escape phases (156). These principles allow us to explore whether
host immunity functions to calibrate responses to checkpoint inhibi-
tion and whether there is a relationship between immune capacity
and ICI resistance. To better understand all that is at play, a longi-
tudinal systems biology approach in healthy and cancer populations is
needed, as well as the means to integrate data sets into meaningful
models for testing.

Aged hosts are indicators for declining immune function as mea-
sured by redistribution of immune-cell populations, decreases in T-cell
functionality, and increases in proinflammatory and immune sup-
pressive cells (157). Additionally, the effects of host germline allelic
variation and resistance to therapy suggest that individual immune
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capacity may be an underexplored variable of immune resistance as
patient-specific HLA-I genotypes influence response to anti-PD-1 and
anti-CTLA-4 therapy (as described above). Genetic variability con-
ferred by single-nucleotide polymorphisms (SNP) also influences
outcomes, with evidence from multiple studies showing that specific
SNPs within clinically relevant genes can influence response or
resistance to immunotherapy, and even on-treatment hyperprogres-
sion. In a study of patients with NSCLC treated with nivolumab, 2 of
7 PDL1 SNP markers were associated with objective response rate and
PES. Both outcomes were improved in patients with G/G and G/T
genotypes compared with the T/T genotype at the marker rs2282055/
PDL1I (158). By looking for SNPs in multiple genes, including PDLI,
PD1,IDO1, and VEGFR2, additional likely scenarios were found where
specific SNPs (rs2282055/PDLI and rs1870377/VEGFR2) might influ-
ence accelerated tumor growth in response to ICIs, with perhaps an
increased risk of hyperprogression in G/G and G/T genotypes com-
pared with the T/T genotype at rs2282055/PDL1 (159). Although these
data carry the limitations of retrospective analyses, they highlight the
unfavorable versus favorable alleles in host baseline immunogenetics.
Similar approaches investigated SNP analysis in genes associated with
autoimmunity but did not find associations between polymorphisms
and toxicity. Future work that prospectively and categorically analyzes
host immunogenomics will expand our understanding of the systemic
immune response and ICI resistance.

Discussion

In this Perspective, we highlight the importance of systematic-
ally investigating immune resistance and integrating large data sets
into a framework that will allow us to identify resistance patterns
that typically interfere with a patient’s ability to respond to ICI
therapy. Substantial ongoing efforts to address resistance to check-
point inhibition have highlighted that immune resistance is driven
by diverse, complex, interconnected, and evolving mechanisms.
The importance of any one individual immune resistance mecha-
nism, however, is isolated and difficult to interpret without bio-
logical context linked to clinically meaningful immune resistance.
Initial progress has been made following a recent recommendation
by the SITC Immunotherapy Resistance Taskforce (160) calling
for the implementation of meaningful definitions of PD-(L)1 resis-
tance with harmonized utility across clinical trials. The SITC
Immunotherapy Resistance Taskforce is currently engaged in
ongoing work to propose working definitions for immunotherapy
resistance in the context of combination regimens including anti-
PD-(L)1 plus anti-CTLA-4, anti-PD(L1)1 plus chemotherapy, and
anti-PD-(L)1 plus VEGF inhibitors. Harmonization of clinical
definitions across trials will allow us to better catalog immune
resistance and systematically delineate resistance mechanisms
and patterns not only for different ICI classes but also for different
ICI-based combination therapies. Biological definitions of resis-
tance are equally critical, and a systematic study of how the biology
of the immune resistance process is organized will provide mean-
ingful data that can help identify resistance pattens, resistance
phenotypes, and, most importantly, a framework that will allow
us to map this information to clinical approaches that can be tested
in patients.

To break down this complexity, we carried out a thought exercise,
assuming that individual resistance mechanisms converge into core
biological processes and postulating that immune resistance might
follow biological patterns that may be expressed as discrete phe-
notypes. We identified seminal data that have thus far informed our
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understanding of immune resistance and organized the data into
eight biological processes we named immune resistance nodes.
Collectively, we propose that the eight immune-resistance nodes
represent the emerging hallmarks of resistance to ICIs (Fig. 1). We
then outlined specific questions that, if answered, would greatly
expand our view of immune resistance and could possibly generate
hypotheses to examine in reverse translational efforts and incor-
porate prospectively into clinical trials (Table 1). These questions
require the application of high-dimensional multiomic measure-
ments matched to patient-derived samples taken at time points
representative of both the disease course and signs of treatment
resistance (Fig. 2).

Given the resources required to generate, analyze, and integrate such
data sets, ensuring broad accessibility to data is critical. Technically, we
need data storage, data sharing, and analysis infrastructures that can
integrate these data to drive collective insights. A field-wide oncology
effort, with robust harmonization and data sharing among all sectors, is
needed to establish a data-driven “real-time” resistance framework that
can be systematically tested, analyzed, and iterated within the context
of clinical scenarios. Although initially difficult, a contained pilot study
would greatly inform future steps and chart the path toward achieving
improved survival in patients with cancer.
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