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Immune checkpoint blockade via anti-PD(L)1 has revolutionized anti-cancer treatment,
with durable responses observed across multiple cancer types. However, some patients
are resistant to treatment and many relapse, following initial response. Here we propose
a conceptual framework aimed at promoting clearer discussion and understanding of I-O
resistance. Within this framework, we define two critical factors that determine the success
of anti-PD(L)1 therapy. The first is visibility of the tumor, as a foreign entity recognizable
by the host’s immune system. The second is T cell functionality, as an effective means of
eliminating the tumor once recognized. These two core factors are subject to modification
by several different tumor cell intrinsic and extrinsic aspects of biology, which are themselves
interdependent. In this perspectives article, we take each of these modifiers in turn,
summarizing the field’s current state of knowledge, and considering how it can be leveraged
to better direct the next generation of therapies.
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Since the first approval in 2014, the use of an-
ti-PD-(L)1 based therapy has transformed the
treatment of cancer. As of September 2022,
anti-PD-(L)1, either alone or in combination
with other therapies, had received more than
90 FDA approvals, in 20 different tumor types
and in concert with three different biomark-
ers defined by companion diagnostics; PD-L1
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expression, tumor mutational burden (TMB)
and mis-match repair (MMR) deficiency. De-
spite this unprecedented impact on the field,
the fact remains that the majority of patients
still experience disease progression, and given
such broad and rapid clinical success, it has
been challenging for scientific understanding
to keep pace. As a result, our knowledge of
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when and how resistance emerges remains in
its infancy, and such knowledge has the po-
tential, in the future, to help drive informed
drug development that addresses resistance
through combination or alternative therapy.

A significant challenge in tackling the bi-
ology of anti-PD(L)1 resistance stems from
the disconnect between target engagement
and effect, that is inherent to checkpoint
blockade. A typical targeted oncology thera-
py» such as a tyrosine kinase inhibitor (TKI)
or antibody drug conjugate (ADC), acts in
a very direct way, binding its target and as a
result mediating a, typically, cytotoxic effect
on the tumor. Drivers of response and re-
sistance to such therapies tend to be tumor
intrinsic and are frequently modifiers of the
target itself, either via expression or muta-
tion, or of pathways associated with the tar-
get or the downstream cytotoxic effect, such
as proton pumps or alternative oncogenic
pathways that enable escape. Anti-PD(L)1,
and other T cell checkpoint inhibitors such
as anti-CTLA-4, mediate their anti-tumor
effects indirectly. Binding to their target has
no direct effect on tumor cells, but rather
modulates the immune system, increasing
the probability of eliciting an anti-tumor
immune response. Ultimately, the immune
system is the drug, and resistance can be driv-
en by anything that modulates its effective
function. The result is a complex network of
interdependent response and resistance driv-
ers that can be both tumor intrinsic and/or
tumor extrinsic.

Here, we propose a conceptual framework
aimed at promoting clearer discussion and
understanding of immuno—oncology (I-O)
resistance, which can then drive more effec-
tive use of knowledge to improve therapies.
Within this framework, we define two criti-
cal features that determine the success of an-
ti-PD(L)1 therapy, with a complex network
of modifiers impacting one or both these
features. We take each of these modifiers in
turn, summarizing the fields current state of
knowledge, considering how this knowledge
might be pursued to better direct the next
generation of therapies, and speculating as
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to where the next generation of insights may
come from.

A FRAMEWORK FOR EXPLORING
ANTI-PD-(L)1 RESISTANCE

Anti-PD-(L)1 therapy relies upon the abili-
ty to mount an effective anti-tumor immune
response. At a fundamental level, such a re-
sponse depends on two components. The
first is visibility of the tumor, since in order
to mount a response the immune system
must first recognize the tumor as foreign. The
second is T cell functionality, since, in the
context of anti-PD-(L)1 treatment, tumors
are only effectively eliminated by an antigen
specific cytotoxic T cell response that is al-
lowed freedom to operate within the tumor
microenvironment (Figure 1). By reducing the
significant complexity of the anti-tumor im-
mune response, downstream of anti-PD-(L)1,
to these key components, we can formulate
and test hypotheses around resistance drivers.
Each component can initially be considered
in isolation, but eventually together, as part of
a network that shapes the two core drivers of
tumor visibility and T cell functionality.

Presence & presentation
of antigens

T cell killing of target cells is dependent upon
aT cell receptor (TCR) recognizing a cognate
antigen presented in the context of the class I
major histocompatibility complex (MHC-I),
which is canonically expressed on the surface
of all mammalian cells. The majority of anti-
gens presented by tumor cells are ‘self” anti-
gens, the recognition of which is prevented
by the processes of central and peripheral
tolerance, in order to avoid widespread tissue
damage. However, the mutational processes
that underpin oncogenesis have the poten-
tial to generate altered-self peptides that are
recognizable by T cells; termed ‘neoantigens’.

The presence of such neoantigens is a crit-
ical driver of tumor visibility, because in their
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—» FIGURE 1

A framework for understanding the core drivers of I-O response and resistance.
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1-O response and resistance is underpinned by two central drivers:

1) whether or not a tumor is visible to the immune system and;

2) whether or not T cells can effectively target and kill those tumor cells.

These two core components, tumor visibility and T cell functionality, are subject to modification by a number of different tumour cell intrinsic and
extrinsic aspects of biology, which are themselves interdependent. With respect to tumor visibility, the existence of recognisable neoantigens and
their effective presentation via the antigen presentation machinery, pathways and molecules that effect visibility at the tumor cell intrinsic level,
such as PD-L1 expression, genetic or epigenetic mutations that can impact both of these features, and the mode of tumor or stromal cell death can
all independently or together impact the ability to induce a productive and durable immune response. With respect to T cell functionality, the cells
and associated cytokine and chemokine signals within the microenvironment are a major determinant of T cell function within that environment,
additionally the overall diversity and functional state of the T cells as well as the patients’ current health status, can have a major role on whether
T cells can productively kill tumor cells.

absence the tumor cell is largely invisible to
the T cell repertoire. The relationship between
presence of antigen and T cell recognition of
tumors is what underpins TMB as a predic-
tive biomarker for response to anti-PD-(L)1.
The greater the number of mutations present
in a tumor, the higher the probability that a
recognizable neoantigen is generated, and that
an anti-PD-(L)1 driven T cell response can be
stimulated. Neoantigen presence though, like
any mutational event, is subject to tumor het-
erogeneity and clonal evolution in response
to treatment. Evidence suggests that tumors
with higher levels of clonal neoantigens are
more likely to respond to treatment [1] and
that the loss of neoantigens, in response to
treatment, may represent a potential route to
acquired resistance [2].

Simply having recognizable antigens is
however not enough to guarantee tumor
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visibility, since recognition is dependent
both on the presence of a cognate TCR,
which will be touched on later, and also on
the presentation of any antigen by MHC at
the surface of the cell. The loss of MHC from
the surface of tumor cells would represent a
significant escape route from T cell mediated
cytotoxicity, and mutations in key compo-
nents of antigen presentation by MHC, such
as B2M [3] and TAP [4] have been associated
with resistance to anti-PD-(L)1. Complete
loss of MHC is, however, a challenging state
for a tumor to maintain, because MHC neg-
ative cells are rendered sensitive to killing by
natural killer (NK) cells. As an alternative
to losing MHC, tumors can also modulate
the diversity of MHC present at the genetic
or transcriptional level, and by doing so re-
duce the potential diversity of neoantigens
available to the immune system.
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Each person carries up to six different
MHC 1 alleles, three inherited from each
parent, and increased diversity of these alleles
with respect to the peptides they bind, also
called the HLA-I evolutionary divergence
(HED), has been shown to link to benefit
from anti-PD-(L)1 [5] while loss of hetero-
zygosity (LOH) at the MHC locus has been
shown to lead to lack of benefit to anti-PD-
(L)1 [6]. It is important to note though, that
modification of MHC is not only a potential
route of immune escape [7], but also evidence
of selective pressure being applied by an ac-
tive immune response, and as such may not
always associate with reduced benefit from
anti-PD-(L)1 [8], and in some settings or
lines of treatment could actually be a predic-
tor of benefit [9]. A deeper understanding of
the role of MHC in resistance and response
may be gained by assessing its impact in con-
cert with other markers, such as PD-L1 and
CD8, combined with a productive interfer-
on-y (IFN-y) response [10,11], but will more
likely come from advances that improve our
ability to measure the expression of individu-
al MHC allotypes, and to link those allotypes

to specific neoantigens and cognate TCRs.

Molecules/pathways
impacting visibility

The fact that tumor-intrinsic transcriptional
programmes play a key role in immune es-
cape and mediating I-O resistance is under-
lined by several observations. For example,
there is wide variability in the response rates
to I-O across tumor types with distinct on-
cogenic signaling processes, and vice versa,
the response rates are similar across different
histologies when cancers are driven by simi-
lar processes such as microsatellite instability.
Furthermore, in metastatic disease settings,
different tumors from the same individual
can have different activity of immunosup-
pressive pathways, such as Wnt, that track
inversely with intra-epithelial infiltration of
CD8' T cells [12-14]. This suggests that tu-

mor-intrinsic processes, as well as systemic
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immune features, can drive the heterogenous
tumor-immune microenvironments that are
often observed clinically within the same
patient. Supporting this, the response to im-
munotherapy can have clinically diverse tem-
poral and spatial patterns in different sites
of the same patient associated with distinct
transcriptional programmes, as exemplified
in a longitudinal study of an exceptional re-
sponder case in a patient will metastatic mel-
anoma [15]. Thus, a clear understanding of
tumor-intrinsic oncogenic programmes and
how they shape the anti-tumor immune re-
sponse in treatment-naive patients and during
treatment with immunotherapy is essential.

Although it remains to be systematically
characterized and mechanistically assessed
how tumor pathways drive I-O resistance
across disease stages and cancer types, emerg-
ing evidence from both pre-clinical and clin-
ical insights suggest that a range of cancer
pathways can directly or indirectly contrib-
ute to modulating the tumor-immune inter-
face. These include Wnt-f-catenin, MAPK,
CDK4-6, LKB1 (STK11), PTEN and Myc
signaling, the roles for which have been sum-
marized recently [16,17].

While these pathways are associated with
I-O resistance in specific settings and indica-
tions, a central pathway that is ubiquitously
involved in both response and resistance is
the IFN-y response pathway; due to its im-
portant role in sensing IFN-y secreted from T
cells during a productive response against tu-
mor antigen (reviewed in [17]). IFN-y binds
the IFN-y receptor and triggers activation
of the Janus kinase (JAK) and signal trans-
ducer and activator of transcription (STAT)
pathway which in turn activates interferon
stimulated genes (ISGs) partially through
interferon response factors (IRFs). The ISGs
have pleotropic effects with important tu-
mor-intrinsic effects including upregulation
of the antigen presentation machinery as well
as PD-L1, serving as positive feedback loop
enhancing T cell recognition and leading
to induction of cell cycle arrest and apopto-
sis [18]. Tumor-extrinsic effects of ISGs in-
clude enhancing the cytolytic activity of both




innate and adaptive immune cells. In general,
IFN-y sensing by tumor cells leads to a stron-
ger anti-tumorigenic response, particularly in
the early stages of tumor development. In line
with this, IFN-y response signatures assessed
through data analysis from bulk tumors have
been associated with better responses to an-
ti-PD1, across cancers [19]. Meanwhile al-
terations of the IFN-y pathway that include
JAK-STAT and the antigen presentation ma-
chinery have been associated with resistance
to I-O (discussed in the following section).
Recently, mounting evidence points to the
IFN-y response playing a reversed role in
mediating pro-tumorigenic effects particu-
larly in the late stages of tumor progression
(reviewed in [20]). Similarly, pre-clinical
evidence in immuno-competent syngene-
ic B16 mouse models where the cancer cell
lines were pre-treated with sustained levels of
IFN-y prior to implantation, were found to
subsequently develop acquired resistance to
ICB in vive [21].

Tumor genetics & epigenetics

Historically, a rich source of understanding
with respect to response and resistance in
oncology, the presence of mutations in one
or more genes have yielded less generaliz-
able insights in the context of anti-PD-(L)1
treatment. In NSCLGC, it is clear that tumors
harboring mutations in dominant oncogenes,
such as EGFR and ALK, have limited benefit
from anti-PD-(L)1 [22] potentially because
these tumors have lower TMB, and so limited
opportunity for neoantigen generation, but
also because it is challenging to control the
growth of such tumors without addressing
the central oncogenic drivers of that growth.
Mutations in STK11 and KEAP1, while ini-
tially proposed as resistance drivers for anti-
PD-(L)1, are prognostic in nature [23,24],
identifying a group of patients that respond
poorly to all current therapies. In Melano-
ma, mutations in the JAK-STAT pathway
have been associated with both acquired [25]
and primary [26] resistance to anti-PD-(L)1,
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presumably due to the critical nature of these
genes with respect to the IFN-y response;
itself central to an effective T cell response.
Other potential genomic drivers of resistance
include PTEN loss and mutations in the
WNT/B-Catenin pathway, both of which
have been associated with reduced presence
of T cells [27,28] and acquired resistance to
anti-PD-(L)1 [29]. The majority of these ge-
nomic drivers have however not been validat-
ed as baseline predictors of response to anti-
PD-(L)1 in large, randomized settings, and
in a recent meta-analysis, were not seen to
be consistent, or statistically significant, with
respect to their impact on outcome across a
range of studies [9]. More recently deletion of
the chromosome 9p21.3 region, containing
the genes CDKN2A, CDKN2B and MTAP,
has been associated with reduced activity for
anti-PD-(L)1 in multiple settings and with
reduced immune infiltration [30,31], and
may represent a promising genomic marker
of resistance to anti-PD-(L)1 [30].

On the opposite side of the spectrum, a
number of genomic features have been as-
sociated with increased benefit from anti-
PD-(L)1, including APOBEC [32], smoking
[33] and UV exposure [34] associated mu-
tational signatures as well as mutations in
SERPINB3/4 [35], ARIDI1A [36] and KRAS
[37]. Interpreting the independent impact
of such genomic features has however been
challenged by the fact that many are also
associated with increased TMB, a known
predictor of improved outcome in many set-
tings, and by the fact that several can have
prognostic as well as predictive value in some
settings (Figure 2).

While it seems clear that independent,
genomic drivers of response and resistance
to anti-PD-(L)1 are likely rare, it is inevita-
ble that the genetic background of a tumor
will impact the signals it can both receive
and produce. Striving to better understand
the interface and interlink between tumor
genetics and the surrounding inflammatory
microenvironment will be critical to deep-
ening our understanding of how tumors and
the immune system converse, and to grasping
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Mechanisms impacting tumor visibility to the immune system.
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Several tumor-intrinsic mechanisms can affect visibility to immune cells, and therefore susceptibility to immune mediated killing, including
decreased tumor mutational burden, inability to present neoantigens or a deregulated antigen presentation machinery, an abnormal IFNy response,

mutations that drive immune suppression and the mode of cell death.
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the complexity of response and resistance to

anti-PD-(L)1.

Modes of cell death

Death of cancer cells and immune cells occurs
spontaneously as well as in response to thera-
pies and pathogens. Multiple modes of regu-
lated cell death occur that may influence the
immune response. The major modes of regu-
lated cell death include apoptosis, pyroptosis,
ferroptosis, necroptosis, NETosis, autophagic
cell death, and cellular senescence (reviewed
in [38]). Although each process has unique
pathways of execution, activation of cysteine
proteases of the caspase family is a common
theme. Apoptosis activates caspases 3, 8 and
9 whereas caspases 1 and 4 are involved in
the proinflammatory process of pyroptosis.
Caspases are proposed to connect cell death
processes to maintain homeostasis [39].

From the perspective of response to anti-
PD-(L)1, cell death that leads to immuno-
logic memory is key to controlling tumor
growth and to therapeutic response. The
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hallmarks of immunogenic cell death (ICD)
are antigenicity, adjuvanticity and environ-
ment [38]. Pyroptosis is an evolutionarily
conserved mechanism that plays a critical role
in innate immune defense to microbial infec-
tions. Unlike apoptosis and other cell death
processes, pyroptosis results in an inflamma-
tory response. The inflammatory mechanisms
driven by viruses, bacteria and some toxicants
include the activation of caspase-1 mediat-
ed by pattern recognition receptors (PPRs)
and a multicomponent complex called the
inflammasome. Following pathogen infec-
tion, an inflammatory signal is mediated
by microbial associated molecular patterns
(MAMPs) and toxicants activate damage-as-
sociated molecular patterns (DAMP) inflam-
masomes. MAMPs and DAMPs are sensed by
PPRs on myeloid cells that can lead to ICD
and a downstream immunologic memory re-
sponse. A large number of chemotherapies
can induce ICD. For example, oxaliplatin but
not cis-platinum, can induce ICD in mod-
el systems [38]. Caspase-1 activation leads to
cleavage of the gasdermin family (GSDMD
and GSDME) that oligomerize and form

Apoptosis




pores in the plasma membrane resulting in
release and cleavage of the precursors of the
proinflammatory cytokines IL-1f and IL-18.
GSDM-D cleavage is mediated by the in-
flammasome caspases 1, 4,5 and 11 where-
as GSDM-E is cleaved by caspases 3 and 8
during apoptosis. This coverts noninflamma-
tory apoptotic signals into pyroptotic death
signals, further illustrating the interconnec-
. GSDM-D is

the immediate effector of pyroptosis after

tivity of death processes

inflammatory stimulation, but GSDM-E can
enhance IL-1beta release secondarily [41]. In
addition to antigenicity and stimulation of
inflammatory adjuvanticity, ICD requires a
permissive environment, such as absence of
immunosuppressive factors like adenosine,
prostaglandin E2 and myeloid derived sup-
pressor cells (MDSCs)

Not all damage inducers or pathogens
induce ICD. Features associated with ICD
include inhibition of transcription and mi-
crotubular disruption, though these mecha-
nisms are yet to be fully understood. A clear
distinguishing feature between ICD induc-
ers and cytotoxic agents that do not induce
ICD is the activation of the integrated stress
response (ISR) pathway which involves phos-
phorylation of the eukaryotic translation in-
hibitor factor elF2a, currently proposed as a
pathognomonic biomarker of ICD [38]. el-
F2a phosphorylation also activates autophagy
which can affect cell survival vs death. It is
proposed that elF2a activates a coordinated
stress response that protects cells when stress
levels are limited and possibly repairable,
yet controls cell elimination when damage
is extreme . PDL-1 expression in the
nucleus can switch tumor necrosis factor
(TNF-o))-induced apoptosis to pyroptosis
and tumor necrosis via the transcription of
GSDM-C and its cleavage through caspase
8. High levels of GSDM-C correlate with
poor prognosis in certain cancers and may
represent a non-canonical pathway for py-
roptosis and tumor necrosis in cancer cells

. GSDM-E is often downregulated in
cancers with the exception of pancreatic can-
cers where it has been shown to play a novel
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function in mediating resistance to digestive
enzymes that are produced by pancreatic
ducts
and pyroptotic inflammatory cell death is im-

. 'The balance between apoptotic

portant in cancers. Caspase 3 that mediates
apoptotic death, inactivates cGAS and IRF3
that suppress IGFN type 1 production and
keep apoptotic death immunologically silent
. Bcl2 is well known to inhibit apoptosis,
but can also reduce GSDM-D activation by
dropping caspase 1 cleavage and promoting
cleavage at a site D87, a mechanism that inac-
tivates pyroptosis [46]. Targeted therapies can
also influence modes of cell death. In BRAF
mutated melanoma cells, combination of
BRAF and MEK inhibitors can be an effec-
tive therapy and induce markers of pyroptosis
with concomitant T cell infiltration, a mech-
anisms that is not present therapy resistant
tumors
Ferroptosis is another form of non-apop-
totic, regulated cell death. It is characterized
by iron-dependent accumulation of oxidized
polyunsaturated fatty acid containing phos-
pholipids that can lead to membrane rupture
and cell death. The pathway was identified by
cysteine depletion shown originally to lead to
death of cells in culture by Harry Eagle [48],
and reviewed in [49]. Cysteine levels control
the intracellular pool of reduced glutathi-
one (GSH), essential for the activity of the
enzyme glutathione peroxidase 4 (GPX4)
that reduces peroxidized phospholipids and
suppresses activation of the arachidonic acid
metabolizing enzymes. Control of ferroptosis
mediated death is a complex interplay be-
tween lipids, iron and cysteine metabolism.
Ferroptosis has been shown to occur in cer-
tain cancer cells as well as in immune cells,
including T cells, MDSCs, B cells, dendritic
cells and NK cells. Ferroptosis susceptibility
in cancer cells is influenced by mutations in
oncogenes (like TP53 and RAS) and in genes
involved in the stress response (NFE2L2),
autophagy, hypoxia and epithelial-to-mes-
. Different

cancers show differing levels of heterogeneity

enchymal transition (EMT)

in their susceptibility to ferroptosis which can
relate to states of inflammation. CD8 T cells
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have been found to be able to regulate ferro-
ptosis in tumors during immunotherapy [51],
through IFN-y, and along with arachidonic
acid, can also induce tumor cell ferroptotic
death [52]. Ferroptosis can also impact im-
mune cells themselves, which can result in
immune suppression in certain cancers, for
example pathologically activated neutrophils,
and PMN-MDSC cells die spontaneously by
ferroptosis [53].

Through the knowledge we have now
gained of the different mechanisms of ICD,
and their potential to modulate the tumor
microenvironment and tilt the needle to an
immune-productive milieu and even sensitize
tumors to PD-(L)1 blockade [54], conducting
trials where combinations of ICB with either
chemotherapy or antibody-drug conjugates
(ADCs) are administered using different dos-
ing schedules rather than simultaneously, or
even sequentially, may lead to improved pa-
tients’ outcomes, with the obvious consider-
ations to take into account, such as toxicity
and potential for adverse events.

Tumor microenvironment

It is now well understood that neither tu-
mor progression nor response to 10 thera-
pies are solely driven by cancer cell-intrinsic
genetic or epigenetic changes, but that these
processes are tied to a large communication
network of immune cells, stromal tissue,
and molecular mediators both within, and
at the boundaries of solid tumors. This eco-
system, or tumor microenvironment (TME),
through its dynamic and multi-direction-
al interactions with the tumor and the im-
mune system can be both friend and foe with
respect to response to anti-PD-(L)1.

Several studies have shown that a microen-
vironment with a coordinated, Thl immune
response is far more likely to respond to an-
ti-PD-(L)1 therapy. Such an environment is
characterized by increased CD8 infiltration
[55], evidence of active IFN-y signaling [19]
and presence of tertiary lymphoid struc-
tures [56]. Through direct interactions and
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release of signaling molecules, cancer cells
can co-opt the microenvironment, creating
an immune-suppressive milieu, in which, the
stromal compartment cooperates to promote
tumor growth and metastases, and immune
cells are modulated to a suppressive state.
Evasion of the immune system and chron-
ic inflammation, which can generate a for-
ward feeding circle, are well recognized hall-
marks of cancer [57], and have the potential
to create a significant barrier to the activity
of anti-PD-(L)1 [58]. In this section, we fo-
cus on the immune cell components of the
TME, and their potential to positively and
negatively impact such activity. Although
we recognize there are some reports of stro-
mal cells other than immune cells playing a
role in resistance to I-O therapy [59], and
strategies that target the stromal compart-
ment are beginning to emerge [59], we do not
consider them in depth here.

Innate immune cells in the TME

Tissue resident and circulating innate im-
mune cells are key contributors to the inflam-
matory state of the TME, with major players
having been identified in both the myeloid
and lymphoid lineages. Innate immune cells,
like macrophages, neutrophils, NK cells and
innate lymphoid cells (ILCs) provide a bridge
to adaptive immunity, and their interactions
with T cells through either soluble mediators
and/or cell-cell interactions warrant some ex-
ploration to understand the mechanisms by
which they can impact resistance to I-O ther-
apy. Tumor associated macrophages (TAMs)
are one of the most abundant immune cell
populations in the TME, and their density in
the tumor tissue has been correlated to poor
outcomes and resistance to immunotherapy
[60]. Generally, macrophages in the TME are
thought to exhibit one of two phenotypes,
a classically activated or pro-inflammatory,
antigen presenting, M1 phenotype, or the
alternatively activated, anti-inflammatory,
M2 phenotype, each defined by expression
of different surface markers, and cytokine
secretome. However, in reality, a degree of




plasticity has been observed in TAM pheno-
types and functions, depending on the tu-
mor milieu, the stage of development of the

. They have

been demonstrated, both pre-clinically and in

tumor, and the cancer type

human tumors, to contribute to a pro-tum-
origenic TME through promotion of angio-
genesis and tumor metastases , and while
their biology within the TME is complex,
some trends are emerging that suggest that
they likely play a role in resistance to chemo-

. As such
combination therapies that aim at targeting

therapy, radiotherapy and ICB

macrophages, together with anti-PD-(L)1
may help with overcoming resistance. Mul-
tiple potential mechanisms of macrophage
modulation could be considered including
modifying survival or recruitment in or order
to reduce their presence in the TME, re-po-
larizing M2 to M1 and re-educating TAM:s to
an anti-tumor, pro-inflammatory function,
or through blockade of myeloid immune
checkpoints that induce a pro-phagocytic
phenotype

The number of phase 1 and 2 clinical tri-
als that include myeloid targeting agents in
combination with I-O is starting to take off,
shifting the landscape away from single I-O
agents. The challenges with therapies that tar-
get myeloid cells, like macrophages and other
myeloid-derived heterogenous cell types with
a known T cell inhibition/ Treg inducing role
in TME and impact on ICB resistance such
as myeloid-derived suppressive cells (MD-
SCs) , will be to dissect the mechanisms
by which they modulate resistance to I-O in
different indications, and throughout tumor
development, and to effectively address com-
binations in different tumor types with evi-
dence-based dosing schedules.

Dendritic cells (DCs) represent another
innate, tissue resident cell with a major role
in the antitumor immune response. They
are the professional antigen presenting cells
(APCs) that detect environmental signals —
tumor associated and tumor specific antigens
(TAAs and TSAs) — and shape T cell mediat-
ed immunity, by transporting these antigens
from tumor to lymph nodes, and inducing
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robust CD8 T cell priming, a process that
has been shown to be dependent on type I
IFN signaling presence of conventional
DCs in tumors correlated with improved re-
sponse to PD-1 therapy and higher CD8 T
cell infiltration and was generally associated
with better prognosis in several indications

. Lack of tumor immunogenicity has been
identified as a key factor contributing to anti-
PD-(L)1 resistance, and effective DC-T cell
crosstalk through the IFN-y and IL-12 axis
has been shown pre-clinically to be a critical
requirement for both priming and function
of cytotoxic T cells, and for the success of
anti-PD-(L)1 therapy [68]. So far, there has
been surprisingly little clinical evidence of ef-
fectiveness for therapies aimed at enhancing
DC function in different indications, such
as DC vaccine approaches using ex vivo gen-
erated autologous DCs from blood-derived
monocytes pulsed with TAAs, with only one
FDA approval for DC cell therapy, based on
a 4.1 month survival improvement and delay
in disease progression in metastatic prostate
cancer [69]. This is likely due to the immu-
nosuppressive environment of the TME, and
thus future combinatorial strategies may fo-
cus on rendering the TME more favorable to
effector cell infiltration and reveal a poten-
tial for TAA-loaded DC cell vaccines. There
are challenges to DC targeting, however,
including the lack of biomarkers for patient
stratification, the cost of personalized thera-
py, the influence of the immune suppressive
TME and lack of mechanistic understanding
of how DCs can help overcome resistance to
ICB through T cell mediated immunity, as
thus far most of knowledge of DC biology
comes primarily from animal models.

On the lymphoid arm of innate immunity,
NK cells are well recognized as the frontline
innate cytotoxic T cell counterparts for tu-
mor cell killing. NK cells are tightly regulated
through a balance of activating or inhibitory
signals that are highly dependent on cellular
and molecular cues from the microenviron-
ment within the tissue where they circulate.
In homeostasis, recognition of MHC-I by
NK killer Ig-like inhibitory receptors (KIRs)
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and NKG2A provides a signal that induces
self-tolerance and the distinction between
healthy ‘self” or tumor or virus-infected
‘missing-self” [70]. One of the known tumor
evasion mechanisms is the downregulation
of MHC-I to escape from CD8 T cell-me-
diated killing, an event that should activate
NK cells to control tumor progression. How-
ever, other co-signals are necessary for a full
activation cascade and a concomitant pro-
ductive cytotoxic response by the NK cells,
and these pathways are highly dysregulated
within the tumor tissue, reducing NK cell
effectiveness

Increased numbers and fitness of NK cells
in the tumor tissue have been associated with
better survival outcomes in several different

. However, in NSCLC,
elevated NK cells have been associated with

types of cancers

worse prognosis, and these cells were found
to express high levels of inhibitory receptors,
and present an immature, and pro-angiogenic
phenotype
reports, the fact that NK cells harbor surface
expression of CTLA-4, PD-1, TIM-3 and
TIGIT, are equipped with Fc-mediated effec-

. Despite seemingly conflicting

tor functions that can be triggered by ther-
apeutic monoclonal antibodies (mAbs), and
secrete a myriad of cytokines such as IFN-y,
TNF-o, amongst others, that contribute to
adaptive immune cell infiltration and acti-
vation ([70], means that leveraging NK cell
biology to augment response to anti-PD-(L)1
may become a successful therapeutic strat-
egy. Indeed promising results have already
been observed for the combination of pem-
brolizumab and allogeneic NK cells and
for durvalumab and, the NKG2A targeting
antibody, Monalizumab in NSCLC
Neutrophils typically account for 70% of
total white blood cells in peripheral blood,
playing a crucial role as a first responder in
infection [76]. However, their role of in can-
cer has been debatable until now, with both
pro- and anti-tumor properties having been
assigned to this cell type, likely due to the fact
that they can retain some functional plasticity
and can respond differently to cues in their

microenvironment [77]. Three populations of
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neutrophils have been identified in the circu-
lation in cancer patients, mature high density
neutrophils (HDN), mature low density neu-
trophils (LDN) and immature LDNSs, with
associated cytotoxic phenotypes for the first
and immune suppressive for the latter two

. In a retrospective data analysis of single
cell RNA-seq from 29 public datasets in NS-
CLC, a tumor resident neutrophil signature
was found to be associated with atezolizumab
treatment failure, and identified as a poten-
tial negative prognostic biomarker . In
line with these findings, a prospective study
monitoring circulating LDNs in NSCLC has
similarly found that elevated baseline LDNs
could predict primary resistance to first line
anti-PD-(L)1 therapy. The authors further
their investigation and proposed that the
mechanisms by which neutrophils might con-
fer resistance are through soluble molecules
within the HGF/c-MET pathway which were
in an ex vivo setting able to dampen T cell cy-
totoxicity. Interestingly, in the same study, the
cohort receiving ICB therapy in combination
with chemotherapy, there was no association
between high levels of LDN and resistance to
treatment and authors suggest that this com-
bination may favorably deplete neutrophils
and hence potentiate the effect of immuno-
therapy [80]. In contrast to these findings in
NSCLC, the neutrophil-to-lymphocyte ratio
(NLR) in head and neck and salivary cancers
was found to correlate with survival outcomes
but not with response to pembrolizumab and
vorinostat , highlighting a need to bet-
ter define the functional role of neutrophils
in the TME. Additionally, it is critical to
define what is a true prognostic or predic-
tive measure for this biomarker that can be
standardized to be used across tumor indica-
tions, in order to truly understand its value
and differences across cancer types for better
patient stratification.

Adaptive immune cells in the TME

Given their critical nature with respect to the
anti-tumor immune response, it is perhaps
of no surprise that increased infiltration of




tumors by CD8 T cells has been associated
with both improved prognosis and im-
proved response to anti-PD-(L)1 in a
number of settings and studies. Despite this,
patients with comparable levels of CD8 in-
filtrate can have disparate responses to treat-
ment, this could be driven by differences in
the accessibility of some tumoral regions ,
but also due to the fact that a measurable pro-
portion of infiltrating CD8s are bystanders,
with specificity for common pathogens such

as EBV and CMV
begun to try and unpick some of the com-

. Recent studies have

plexity of CD8 populations within the tu-
mor, utilizing techniques such as single cell
Ranse to define signatures of neoantigen spe-
cific CD8s
identify a stem like population, characterized

. This stem-like sub-

set gave rise to more terminally differentiated

and using flow cytometry to
by TCF1 expression

effectors, and was resident within niches pop-
ulated by antigen presenting cells, the lack of
which was associated with more rapid pro-
gression in renal cancer

In classical immunology, CD4 T cells
are a central player, given their critical role
providing support for both B cell and CD8
T cell activation [89]. Their role in the an-
ti-tumor immune response, and particularly
in the response to anti-PD-(L)1, is far less
well defined. Recently a CXCL13* popula-
tion of highly clonal intratumoral CD4 T
cells has been identified in a range of tumor
types
sociate with antigen presenting cells within

the TME, and has been associated with re-
sponse to anti-PD-(L)1 in breast cancer

CXCL13 is a key chemokine involved in
the recruitment and organization of B cells
, which it-

. This population was shown to as-

within the lymphoid follicles
self has been associated with improved re-
sponse to anti-PD-(L)1 in bladder cancer

, and it is tempting to posit that the role
of these CD4, CXCL13" cells in the context
of the tumor, may be to help drive assem-
bly of TLS like structures that mimic these
follicles to some degree, promoting antigen
presentation and activation of downstream

CDS8 T cells.
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As part of their inherent plasticity, CD4 T
cells are known to come in a range of ‘flavors’,
e.g. TH1, TH2, TH17, etc., each aligned
largely to the cytokines they predominant-
ly produce and each with differing primary
functions. One CD4 sub-set of particular
relevance to resistance is regulatory T cells,
Tregs, typically defined by the expression of
the transcription factor FOXP3. These cells
have been proposed to play a suppressive role,
inhibiting the activity of CD8 T cells, and
have been associated with poor prognosis in a
range of cancer types [94]. Interestingly there
are very few studies in which the expression
of FOXP3 has been explored with respect to
anti-PD-(L)1 response, and in one such study
in bladder cancer the presence of FOXP3*
cells was actually associated with improved
responses [95]. One confounding factor, men-
tioned by the authors, is that Treg infiltration
tends to correlate to CD8 T cell infiltration,
and so assessing FOXP3 as an independent
marker is a challenge. It is possible that ad-
ditional studies in other settings may reveal
a more critical role for Tregs in resistance to
anti-PD-(L) 1, but to date clinical evidence of
this has not been forthcoming.

The other critical component of the adap-
tive immune response, the B cell, has for many
years been largely unexplored with respect to
its impact on response to anti-PD-(L)1 thera-
py- This lack of attention may have stemmed
from the mixed results observed with respect
to the prognostic impact of B cells in can-
cer , and the lack of clear evidence that
the humoral response was key to tumor re-
jection. However, the other critical role for
B cells, outside of antibody production, is
driving antigen presentation and priming of
the cellular response. More recently, a num-
ber of studies have highlighted the potential
importance of this aspect of B cell biology
with respect to anti-PD-(L)1 therapy. Stud-
NSCLC
have illustrated the relationship between the

ies in both melanoma

presence of B cells, and the formation of TLS,
and improved benefit following anti-PD-(L)1
treatment. In one of these studies , it was

the patients with both TLS and high levels
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of CD8 infiltrate that gleaned the highest
benefit.

These data, together with those discussed
above for innate immune cells, suggest that
it is a coordinated and holistic response, in
which all parts of the immune system are en-
gaged and directionally aligned, that primes
for response to anti-PD-(L)1 (Figure 3). The
key questions that now present themselves are
what are the factors that prevent that holistic

response, are they common across patients or
unique in every case and are there means by
which we can intervene to overcome them
and promote a more effective immune re-
sponse. Delivering answers to these questions
will be facilitated by advances in our abili-
ty to study and characterize the TME, such
as single cell RNAseq, mass cytometry and
multi-parameter immunofluorescence. It is
only with these approaches that we can begin

—» FIGURE 3

effectiveness of anti-PD-(L)1.
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to dissect the many interactions and moving
parts within the TME and understand how
best to modify them.

T cell functionality & diversity

As described above, while increased CDS8 in-
filtration into tumors has been shown to pre-
dict anti-PD-(L)1 activity, not all CD8 cells
in the tumor will be relevant to the anti-tumor
response. One way to better understand the
nature of T cell populations is through pro-
filing of the T cell receptor (TCR) repertoire.
Such sequencing allows an assessment of the
composition of the repertoire with respect to
its diversity, i.e. how many different TCRs are
present, and its evenness or clonality, i.e. does
each TCR make up a comparable proportion
of the population or is the population domi-
nated by a small number of clones. Treatment
with anti-PD-(L)1 therapy has been shown
to alter the TCR repertoire within the tumor,
. These

changes in clonality were accompanied by

leading to increased clonality

loss of neoantigens and changes in neoanti-
gen clonality , supporting the concept
that expansion of tumor-specific T cells is
driving this increased clonality. Interesting-
ly, increased intratumoral clonality prior to
treatment has been associated with improved
response to anti-PD-(L)1, while increased di-
versity has been associated with improved re-
sponse to non-PD-(L)1 based therapy
Increases in clonality, similar to those de-
scribed for intratumoral T cells, can also be
observed in peripheral blood following treat-
ment with anti-PD-(L)1

treatment with anti-CTLA-4 based therapy

. Interestingly

appears to have the opposite impact on the
TCR repertoire, driving increased diversi-
ty in a number of studies . In one
study, exploring sequential treatment, clon-
ality was not associated with outcome on
anti-CTLA-4, but patients with increased
clonality following CTLA-4 demonstrated
increased benefit from subsequent anti-PD-
(L) 1. These data are in keeping with the con-

cept that anti-PD-(L)1 functions, at least
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in part, to enhance activation of existing
anti-tumor T cells while anti-CTLA-4 pre-
dominantly acts to drive activation of T cells
not already participating in the anti-tumor
immune response.

One potential advantage of TCR reper-
toire analyses is that they can be conducted
on a blood sample, potentially allowing for
less invasive biomarker monitoring. Howev-
er, there have been very mixed results to date
with respect to the predictive value of such
peripheral measures . This is perhaps un-
surprising since only a fraction of the periph-
eral repertoire consists of anti-tumor T cells.
In a recent study, increased diversity in flow
cytometrically isolated PD-1*, CD8* T cells
from the peripheral blood was associated with
improved response to anti-PD-(L)1
This suggests that one potential approach to
improving the utility of peripheral measures
could be to focus analysis on cells more likely
to be tumor-reactive.

While the TCR sequence of a T cell de-
fines its specificity, it does not say anything
about its functional state, which is also a
potentially important driver of response
to anti-PD-(L)1. The concept of T cell ex-
haustion, through chronic stimulation, is
one that has underpinned the development
of PD-(L)1 targeting agents. Measuring ex-
haustion functionally in a clinical context
remains very challenging, but attempts have
been made to measure it phenotypically via
expression of a number of surface receptors
such as PD-1, TIM-3 and LAG-3 . Ex-
pression of these markers has been associat-
ed with reduced activity for anti-PD-(L)1 in
some studies , but the extent of im-
pact and the role of one marker vs the other
are not necessarily consistent. This lack of
consistency may be driven by the fact that
many exhaustion markers are also activation
markers, which correlate to each other and
other markers associated with response such
as CD8 infiltration and PD-L1 expression.
These complex relationships confound anal-
ysis relative to outcome and almost demand
a move to technologies that allow analysis at
the single cell level.
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Patient health

A number of susceptibility factors related to
patient heath influences the initial response
to anti-PD-(L)1. These include high levels
of inflammatory markers such as C reac-
tive protein (CRP) or lactate dehydrogenase
(LDH) [111.112], reduced body weight or ca-
chexia [113,114], presence of liver metastasis
[115,116] and age [117]. Many of these factors
are prognostic in nature, and impact response
to all cancer treatments, but given their close
relationship to inflammation and hematolog-
ical health, they may have a uniquely signif-
icant contribution with respect to response
to immunotherapies such as anti-PD-(L)1.
Large, randomized data sets combined with
the power of machine learning approaches
may enable us to begin to pull apart which of
these factors are most important and in which
settings.

TRANSLATIONAL INSIGHT

Here we proposed a framework to understand
[-O resistance based on two fundamental
questions: is the tumor visible to the immune
system and are the T cells fit enough to kill the
tumor? Each of these two aspects is subject
to modification by a number of interlinked
tumor cell intrinsic and extrinsic aspects of
biology. By reducing the significant com-
plexity of the anti-tumor immune response,
downstream of anti-PD-(L)1, to these key
components, we can formulate and test hy-
potheses around resistance drivers and appro-
priate combinations to overcome them. For
example, in patients with negligible neoanti-
gen burden, or total loss of antigen presenta-
tion machinery alternatives to anti-PD-(L)1
may be more appropriate, such as targeted T
cell engagers or antibody drug conjugates. In
patients where T cell exhaustion appears to
be restraining effective responses, overcoming
this exhaustion through blockade of addi-
tional checkpoint receptors, such as TIM-3,
or through blockade of downstream signaling
molecules such as HPK1 could provide a path

DOI: 10.18609/i0i.2023.023

forward. In tumors with molecular drivers of
resistance, those drivers may bring with them
alternative targetable susceptibilities, for ex-
ample loss of chromosome 9 results in loss of
MTAD, [118] which may sensitize to inhibi-
tors of PRMTS5 [118].

Breaking down these components of resis-
tance in a framework such as this facilitates
their independent investigation via available
multi-omics and clinical data either from
clinical trials or real-world practice. Howev-
er, the more significant power comes from
then reintegrating them together and val-
idating findings in the lab and clinic. This
integration of knowledge across an incred-
ibly complex biological system, can provide
the clues for which combination therapies
will be more effective across different indica-
tions and can help identify markers for the
optimal selection of patients for treatment
according to their underlying biology. In
an era where big data is booming and ex-
panding rapidly to encompass immunologi-
cal as well as molecular measures, this out-
come for patients may not be in a too far
distant future.
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