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The hallmarks of cancer immune evasion
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SUMMARY

According to the widely accepted “three Es” model, the host immune system eliminates malignant cell pre-
cursors and contains microscopic neoplasms in a dynamic equilibrium, preventing cancer outgrowth until
neoplastic cells acquire genetic or epigenetic alterations that enable immune escape. This immunoevasive
phenotype originates from various mechanisms that can be classified under a novel “three Cs” conceptual
framework: (1) camouflage, which hides cancer cells from immune recognition, (2) coercion, which directly or
indirectly interferes with immune effector cells, and (3) cytoprotection, which shields malignant cells from im-
mune cytotoxicity. Blocking the ability of neoplastic cells to evade the host immune system is crucial for
increasing the efficacy of modern immunotherapy and conventional therapeutic strategies that ultimately
activate anticancer immunosurveillance. Here, we review key hallmarks of cancer immune evasion under
the “three Cs” framework and discuss promising strategies targeting such immunoevasive mechanisms.

INTRODUCTION

Contrary to the outdated view of cancer as an immune agnostic
disease, malignant cell precursors can be efficiently eliminated
by the immune system. "2 Natural killer (NK) cells, which are acti-
vated by rather non-specific signals of distress exposed on the
surface of cells experiencing perturbations of homeostasis,
play a critical role in the elimination of recently transformed
cells.>* In some cases however, malignant cell precursors can
form microscopic neoplasms that display accelerated prolifera-
tion, but such lesions exist in a dynamic equilibrium with the host
immune system, which prevents outgrowth and hence both local
and metastatic dissemination.’?> CD8" cytotoxic T lymphocytes
(CTLs), which are activated by antigenic determinants presented
on the surface of malignant cells in complex with major histo-
compatibility complex (MHC) class | molecules, are essential to
confine the growth of microscopic tumors,>® but at the same
time they edit them through Darwinian mechanisms, ultimately
favoring the selection of cancer cell clones with genetic or epige-
netic alterations that enable overt immuno escape.’:®
According to this conceptual framework, which is commonly
referred to as the “three Es” model, progressing neoplasms
become clinically manifest only when malignant cells develop
the ability to evade immune recognition and elimination,” a pro-
cess that—similar to the pathogen-host co-evolution—involves
the acquisition of specific features by malignant cells under the
selective pressure of the host immune system.® Importantly, ma-

lignant cells can acquire overtly immunoevasive properties by a
number of different mechanisms, which is fundamental not only
for them to form locally invasive and metastatic lesions, but also
for established tumors to resist therapeutic challenges and
relapse.’®"" While this may seem trivial for modern immuno-
therapy, which purposely aims at (re)activating tumor-targeting
immunity,1 immunoevasion also contributes to the resistance
of some tumors to treatments that mediate clinically relevant im-
munostimulatory effects even though they have been developed
in an immune agnostic manner, including some chemotherapeu-
tics,'” targeted anticancer agents,'® and (at least in some set-
tings) radiotherapy.'* In line with this notion, considerable efforts
are being dedicated to the development of clinically viable stra-
tegies that prevent or reverse immunoevasion to be employed
either as standalone therapeutic approaches or in combination
with established treatments.’®""

Inspired by the “three Es” model, we propose that the mech-
anisms through which cancer cells evade tumor-targeting immu-
nity can be interpreted under a “three Cs” conceptual framework
involving camouflage, coercion, and cytoprotection, which refer
to the ability of some malignant cells to evade recognition by the
immune system (i.e., not be found by immune effector cells or not
be identified as malignant), directly or indirectly interfere with im-
mune effector cells (i.e., once found by immune effector cells and
identified as malignant, prevent immune cell activation), and pro-
tect themselves from immune cytotoxicity (i.e., resist effector
molecules normally released upon immune cell activation),
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Figure 1. The “three Cs” of cancer immune evasion

Malignant cells can evade immune surveillance by (1) avoiding being localized by immune effector cells or being recognized as neoplastic (camouflage), (2)
preventing immune cell activation despite being localized and recognized as neoplastic (coercion), or (3) protecting themselves from immune cytotoxicity in the
context of normal immune cell activation (cytoprotection). APC, antigen-presenting cell; APP, antigen processing and presentation; DAMP, damage-associated
molecular pattern; IFN, interferon; PRR, pattern recognition receptor; TME, tumor microenvironment.

respectively (Figure 1). In addition to reviewing these hallmarks
of cancer immunoevasion under the “three Cs” paradigm,
here, we discuss promising strategies to prevent or reverse
such immunoevasive mechanisms for therapeutic purposes.
Importantly, host alterations related to these hallmarks, including
(1) polymorphisms in genes encoding key receptors, (2) immuno-
logical alterations of the tumor microenvironment (TME) driven
by non-malignant cells, (3) defects in the whole-body ecosystem
that are not elicited by neoplastic cells, go beyond the scope of
the present review and hence will not be discussed.

CAMOUFLAGE

One major strategy for malignant cells to evade immunosurveil-
lance relies on their ability to hide from immune effector cells,
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i.e., to avoid being localized by immune effector cells or being
recognized as transformed. Such a camouflage can results
from defects in antigen processing and presentation, from the
limited secretion of chemotactic factors associated or not with
immunogenic cell death (ICD), or from the creation of stromal
barriers preventing immune infiltration (Figure 2).

Antigen processing and presentation defects

Both mutational and non-mutational events provide cancer cells
with a distinct antigenic landscape compared to their normal
counterparts, at least theoretically increasing their visibility
CD8* CTLs.'®'® However, the molecular machinery underlying
the proper processing and exposure of such neoantigens on
the cell surface is often defective in malignant cells, allowing
them to avoid immune recognition.”® Supporting the clinical
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Figure 2. Camouflage in cancer immune evasion
Neoplastic cells can avert tumor-targeting immunity through multiple alterations that ultimately prevent them from being detected or contacted by immune
effector cells. These include (but may not be limited to) (1) defects in the antigen and presentation (APP) machinery, as exemplified by mutations in genes

(legend continued on next page)
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relevance of such a camouflage strategy, a reduced mutational
or neoantigen burden has been correlated with inferior disease
outcome in various cohorts of patients with cancer receiving im-
mune checkpoint inhibitor (ICl)-based immunotherapy.”®*
Neoplastic cells can acquire defects in the antigen processing
and presentation (APP) machinery via genetic mechanisms,
including mutations in genes encoding MHC molecules or the
obligate MHC class | interactor beta-2 microglobulin (B2M) as
observed across a variety of tumors,®* as well as loss of hetero-
zygosity (LOH) at chromosome 6p, which encompasses the
MHC locus, as documented in patients with non-small cell lung
carcinoma (NSCLC) and homologous recombination-deficient
(HRD) high-grade serous ovarian cancer (HGSOC).?* " More-
over, defective antigen presentation in malignant cells can
emerge from epigenetic mechanisms. This can occur via the
accumulation of repressive histone acetylation marks as conse-
quent downregulation of APP component including proteasome
20S subunit beta 8 (PSMB8, best known as LMP7), PSMB9 (best
known as LMP2), transporter associated with antigen process-
ing 1 (TAP1), and TAP2, which is frequent in Merkel cell carci-
noma (MCC),?® as well as through the establishment of repres-
sive histone 3 trimethylation marks (namely H3K9me3 and
H3K27me3) at the promoter region of MHC-encoding genes,
an immunoevasive mechanism that is common in hematological
malignancies and is initiated by enhancer of zeste 2 polycomb
repressive complex 2 subunit (EZH2) and SET domain bifurcated
histone lysine methyltransferase 1 (SETDB1).>>°° A similar
epigenetic camouflage has also been observed in other solid tu-
mors.®'* Of note, immunoevasive malignancies often exhibit
reduced DNA methylation in specific genomic regions that pro-
mote the formation of transcriptional inactive heterochromatic
structures known as partial methylation domains (PMDs). Such
PMDs have been associated with the silencing of various immu-
nomodulatory genes, including APP-related genes.*®
Additional examples of epigenetic camouflage have been re-
ported in advanced prostate cancer, a setting in which downre-
gulation of melanocyte inducing transcription factor (MITF) re-
sults in MHC class | silencing upon expression of eukaryotic
translation initiation factor 3 subunit B (EIF3B),*° as well as in
melanoma, which can limit MHC class | expression upon trans-
activating the embryonic transcription factor double homeobox
4 (DUX4).®” Moreover, the epigenetic repression of APP is
frequent among cancer stem cells (CSCs), a small population
of malignant cells with superior tumor-repopulating potential
that can self-renew while generating a more differentiated prog-
eny.*® While some of these mechanisms are de facto shared with
normal stem cells from the hair follicle and muscle, suggesting
that the normal stem cell compartment also benefits from immu-
noevasion,® others appear to be specific for CSCs, and hence
potentially relevant for therapeutic purposes. As a standalone
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example, melanoma- and breast cancer-initiating cells have
been shown to repress APP-relevant genes upon the epigenetic
upregulation of the RNA-binding protein cold shock domain-
containing protein E1 (CSDE1) and consequent inactivating
dephosphorylation of signal transducer and activator of tran-
scription 1 (STAT1) (see in the following text).*°

Of note, post-translational mechanisms have also been shown
to cause APP defects in cancer cells. Specifically, NBR1 auto-
phagy cargo receptor (NBR1) has been shown to cause the
degradation of MHC class | molecules via autophagy (a catabolic
pathways that is generally upregulated in cancer cells),*" at least
in pancreatic malignancies.***® Similarly, proprotein convertase
subtilisin/kexin type 9 (PCSK9), a key regulator of cholesterol
metabolism, reportedly inhibits MHC class | molecule expres-
sion by favoring their lysosomal degradation via a cholesterol-in-
dependent mechanism.”* Moreover, acute myeloid leukemia
(AML) cells appear to degrade MHC class | molecules via the
ubiquitin-proteasome system, through a mechanism that de-
pends on sushi domain containing 6 (SUSD6), transmembrane
protein 127 (TMEM127), and WW domain containing E3 ubiquitin
protein ligase 2 (WWP2).%°

Corroborating the importance of APP-related camouflage for
immune evasion, the downregulation of MHC class | molecules
is a common mechanism of acquired resistance to immuno-
therapy. For instance, late relapse in patients with metastatic
MCC treated with adoptive cell therapy (ACT) plus ICl-based
immunotherapy has been associated with the transcriptional
repression of MHC genes presenting the ACT target.*® Along
similar lines, early treatment biopsies from melanoma patients
refractory to ICls have revealed an enrichment of malignant cells
characterized by transcriptional reprogramming toward a
mesenchymal-like state with suppressed APP that depended
on transcription factor 4 (TCF4)."”

Another camouflage strategy harnessed by cancer cells in-
volves the genetic or epigenetic downregulation of dominant
neoantigens driving immune recognition.'® While this is particu-
larly frequent when one or a few antigens drive anticancer immu-
nity, such as in patients with hematological malignancies
receiving chimeric antigen receptor (CAR) T cells,*® it has also
documented in patients with melanoma undergoing ICl-based
immunotherapy,*®°° as well as in patients with treatment-naive
NSCLC, a setting in which neoantigen-expressing genes ap-
peared to be silenced upon promoter hypermethylation.”> A
similar mechanism has been recapitulated in a syngeneic mouse
model of melanoma receiving ACT.>" In this latter setting, epige-
netic modifiers such as azacitidine and decitabine partially
restored neoantigen expression and immunological disease
control.””

Collectively, these observations suggest that genetic and
epigenetic mechanisms affecting APP are a major source of

encoding MHC molecules or the obligate MHC class | interactor beta-2 microglobulin (B2M), which prevents the recognition of malignant cells by CD8* cytotoxic
T lymphocytes (CTLs) (A); (2) a defective recruitment of antigen-presenting cells (APCs) or the precursors thereof to the tumor bed, as exemplified by the up-
regulation of enzymes that convert extracellular ATP into adenosine, such as ectonucleoside triphosphate diphosphohydrolase 1 (ENTPD1, best known as
CD39), ectonucleotidase 5'-nucleotidase ecto (SNTE, best known as CD73) as well as the downregulation of autophagy (B); (3) defects in the engagement of
phagocytosis by APCs, as exemplified by a variety of mechanisms preventing the immunogenic cell death (ICD)-associated exposure of the endoplasmic re-
ticulum (ER) chaperone calreticulin (CALR) on the cell surface (C); and (4) the physical exclusion of immune effector cells from cancer cell nests, as exemplified by
the cancer-associated fibroblast (CAF)-driven and transforming growth factor g 1 (TGFB1)-dependent establishment of a dense, collagen-rich stromal reaction
(D). B7-H4 (official name: (VTCN1), V-set domain containing T cell activation inhibitor 1; CD91 (official name: LRP1), LDL receptor-related protein 1; ECM,
extracellular matrix; GA, Golgi apparatus; GZMB, granzyme B; P2RY2; purinergic receptor P2Y2; PRF1, perforin 1; STC1, stanniocalcin 1; TCR, T cell receptor.
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camouflage for cancer cells. Importantly, these defects can
emerge both in the context of natural immunoevasion (and hence
be potential sources of innate resistance to immunotherapy) or
as a result of a selective pressure imposed by immunotherapy
(acquired resistance). Of note, APP is upregulated by both type
Il interferon (IFN) and interferon gamma (IFNG) signaling.®” How-
ever, given the broader impact these factors have on the TME,
we will discuss them as part of coercion (see in the following
text). Along similar lines, considerable defects in APP as those
elicited by B2M loss are expected to generate a potent activatory
signal for NK cells,>® which requires the acquisition of coercive
mechanisms based on NK cell-inhibitory ligands (NKILs, also
discussed in the following sections).

Evasion of APC recruitment
Malignant cells can succumb to various therapeutic agents via
a variant of cell death that is sufficient to elicit antigen-specific
immune responses associated with an effector phase and
immunological memory, i.e., ICD.>* ICD relies on the pre-mortem
activation of stress response pathways including (but not limited
to) autophagy and the integrated stress response (ISR)—a
cellular mechanism of protection from endoplasmic reticulum
stress®® —that culminate with the production of chemotactic,
pro-phagocytic, and immunostimulatory signals for antigen-pre-
senting cells (APCs) or the precursors thereof that are cumula-
tively referred to as damage-associated molecular patterns
(DAMPs).>* Of note, while both preclinical and clinical data sug-
gest that multiple malignancies benefit from defects in the mo-
lecular machinery underlying ICD-associated DAMP emission,
fully harnessing ICD induction as a means to increase ICI sensi-
tivity in clinical settings remains challenging.'*** Whereas de-
fects in ICD-related immunostimulation are a source of coercion
(see in the following text), the lack of interaction between cancer
cells and APCs as promoted by defective chemoattraction or
exposure of pro-phagocytic signals constitutes a common
mechanism of camouflage.
Defective release of chemoattractants
Malignant cells undergoing ICD release ATP and ANXA1, which
operate as mid-range and short-range chemoattractants for
APCs upon binding to purinergic receptor P2Y2 (P2RY2) and
formyl peptide receptor 1 (FPR1), respectively.’®>® Corrobo-
rating the importance of these signals for the initiation of anti-
cancer immunity, cancer cells generally acquire several mecha-
nisms to suppress ICD-related ATP and ANXA1 release.
Specifically, multiple cancer cells appear to express increased
levels of ectonucleoside triphosphate diphosphohydrolase 1
(ENTPD1, best known as CD39) and/or 5'-nucleotidase ecto
(NT5E, best known as CD73), which sequentially convert extra-
cellular ATP into ADP, AMP and the potent immunosuppressive
metabolite adenosine.*” In line with this notion, CD39 overex-
pression as well as the pharmacological or genetic blockage of
purinergic receptors has been shown to abolish APC recruitment
and ICD-driven antitumor immunity as induced by administration
of ICD-inducing anthracyclines in syngeneic mouse models of
fibrosarcoma.®® Similar results have been obtained by the ge-
netic inactivation of autophagy in malignant cells, knowing that
optimal autophagic responses to stress ensure proper ATP
secretion during ICD.®" Conversely, pharmacological or nutri-
tional whole-body hyperactivation of autophagy has been shown
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to boost the efficacy of ICD-inducing therapeutic regimens in a
variety of syngenetic tumor models.®*®® In line with these obser-
vations, the expression of the autophagic marker microtubule-
associated protein 1 light chain 3 beta (MAP1LC3B, best known
as LC3B) has been positively correlated with abundant immune
infiltration and improved disease outcome in patients with breast
carcinoma.®* Similar to defects in ATP release, the deletion of
Anxal from mouse fibrosarcomas, colorectal cancers (CRCs)
and mammary cancers compromises their ability to respond to
immunogenic chemotherapy in vivo.°®°®> Moreover, higher-
than-median levels of ANXA1 have been associated with an
improved recruitment of APCs and T cells in patients with
CRC, NSCLC as well as breast and kidney cancer.®®

ICD is also associated with the release of chemokines that re-
cruit immune effector cells to the TME, notably C-X-C motif che-
mokine ligand 10 (CXCL10) and (at least n some settings) C-C
motif chemokine ligand 2 (CCL2).>* Defects in CXCL10 release
downstream of failed type | IFN signaling in cancer cells suc-
cumbing to ICD induction by anthracyclines have been mecha-
nistically linked to decreased disease control in syngeneic
mouse models of fibrosarcoma.®” Along similar lines, both
CXCL10 and CXCL9 are transcriptionally repressed by epige-
netic modifiers such as EZH2 and DNA methyltransferase 1
(DNMT1) in ovarian cancer, resulting in poor recruitment of
effector T cells to the tumor site.®® Decreased CXCL10 secretion
also appears to promote camouflage and immunoevasion in
melanomas with elevated glycolytic activity.®® Finally, genetic
defects in ICD-associated CCL2 release or sensing have been
associated with reduced APC recruitment and compromised
anticancer immunity in preclinical models of fibrosarcoma.”®
That said, CCL2 also appears to mediate robust coercive effects
(see in the following text).

Activation of the ISR by a low-protein diet reportedly elicits ther-
apeutically relevant tumor-targeting immune responses in immu-
nocompetent mice bearing CT26 CRCs via a mechanism that (at
least in part) involves CXCL10-dependent chemoattraction.””
Similar results have been obtained by genetically activating the
ISR via ADP ribosylation factor 1 (Arf1) deletion in preclinical
models of CRC.”? Moreover, signs of ISR activation in malignant
cells, notably the pathognomonic activating phosphorylation of
eukaryotic translation initiation factor 2 subunit alpha (EIF2S1,
best known as elF2a), have been correlated with improved dis-
ease outcome in various cohorts of patients with cancer.”® How-
ever, it is likely that such an advantage may also relate to the crit-
ical role of the ISR in exposure of calreticulin (CALR), an ER
chaperone with pro-phagocytic activity once translocated to the
outer leaflet of the plasma membrane (see in the following
text).”* Activation of the ISR (or at least modules thereof) has
also been associated with detrimental cancer cell phenotypes
including (1) the inhibition of antigen presentation on MHC class
| molecules downstream of mitochondrial fragmentation’®; (2)
the outgrowth of disseminated cancer cells despite MHC class |
expression; (3) the survival of glioblastoma (GBM) CSCs exposed
to adverse microenvironmental conditions’®; as well as (4) the
generation of drug-tolerant colorectal and lung cancer cells.””
Whether the immune system is involved in these latter two pheno-
types, however, remains to be elucidated.

Of note, the release of ICD-unrelated chemoattractants can
also be defective in some tumors, which also represents a
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camouflage mechanism. For instance, histone deacetylase 8
(HDACS) reportedly promotes the transcriptional repression of
CCL4, a potent T cell chemoattractant, in models of hepatocel-
lular carcinoma (HCC), de facto limiting anticancer immunity.”®
Along similar lines, in breast, colorectal, and lung cancer, defects
in the secretion of CCL20 hamper the recruitment CCR6" type 3
innate lymphoid cells (ILC3s) to the tumor site, resulting in
decreased tumor infiltration by CD4* and CD8* T cells and
limited responsiveness to ICls.”®

In summary, defects in chemoattraction promote camouflage
in variety of cancer types, resulting in limited tumor infiltration by
immune effector cells and hence poor disease outcome.
Defective ICD-driven phagocytosis
The ICD-associated exposure of CALR on the surface of cancer
cells, which mechanistically impinges on the ISR and elF2a
phosphorylation, provides a potent pro-phagocytic signal to
APC upon binding to LDL receptor-related protein 1 (LRP1,
also known as CD91).”* Besides explaining at least some fac-
ets of camouflage as emerging in the context of suboptimal
ISRs (see mentioned previously), this accounts for multiple in-
stances of camouflage related to suppressed phagocytosis.
Malignant cells have indeed been shown to avoid CALR-medi-
ated phagocytosis by APCs by: (1) downregulating CALR
expression, which reportedly has negative prognostic value in
hematological malignancies like AML,%%®" as well as in some
solid tumors including NSCLC®?; (2) trapping CALR at mito-
chondria upon overexpression of stanniocalcin 1 (STC1), which
is common across cancer types®®; (3) upregulating V-set
domain containing T cell activation inhibitor 1 (VTCN1, best
known as B7-H4), which, besides being a potent co-inhibitory
ligand for T cells (see in the following text), also inhibits elF2«
phosphorylation®*; and (4) secreting a truncated forms of
CALR, competitively inhibiting the interaction between sur-
face-exposed CALR and CD91.%°

In line with these observations, pharmacological and genetic
strategies that block CALR exposure on cancer cells experi-
encing immunogenic stress and death have been linked to im-
munoevasion in a variety of syngeneic tumor models.®*%°
Conversely, improving the (otherwise suboptimal) externaliza-
tion of CALR has been associated with improved immunoge-
nicity in preclinical models of fibrosarcoma and multiple
myeloma.’®®" Of note, defects in CALR exposure also endow
cancer cells with the ability to inhibit NK cells, reflecting the
notion that CALR can bind natural cytotoxicity triggering recep-
tor 1 (NCR1, an NK cell-activating receptor [NKAR] best known
as NKp46).%> While an implication for NK cells in the clinical ben-
efits experienced by patients with AML exposing abundant
CALR at the blast surface has been reported,93 the actual contri-
bution of this latter mechanism to camouflage as elicited by de-
fects in CALR exposure remains to be investigated. Finally, it
should be noted that defective CALR exposure also promotes
coercion by enabling the phosphatidylserine (PS)-driven clear-
ance of dying cells by macrophages, an immunologically silent
process commonly known as efferocytosis (see in the following
text).>*97

Collectively, these observations highlight several mecha-
nisms that camouflage cancer cells from the immune system
by interfering with chemoattraction and APC-dependent
phagocytosis.
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Exclusion

At least in some instance, malignant cells evade immunosurveil-
lance by generating a physical barrier that impedes immune
effector cell recruitment to the TME. Such a camouflage mecha-
nism mainly stems from TME remodeling as mediated by spe-
cific immune and stromal cells or from the reconfiguration of
the extracellular matrix (ECM).

Three major cell populations of the TME that actively promote
exclusion and consequently resistance to ICl-based immuno-
therapy®® are cancer-associated fibroblasts (CAFs), tumor-
associated macrophages (TAMs), and tumor-associated neutro-
phils (TANs). Specifically, CAFs have been involved in the
excluded phenotype and resistance to ICls in patients with met-
astatic urothelial cancer and CRC, two settings in which CAF-
derived transforming growth factor B 1 (TGFB1) promotes the
confinement of CD8" CTLs inside CAF- and collagen-enriched
peritumoral stromal regions.?®'°° Importantly, in syngeneic
mouse models of these tumors, pharmacologically blocking
TGFB1 resulted in unleashed CTL responses and improved
sensitivity to ICl-based immunotherapy,®®'°° suggesting that
TGFB1 and/or its receptors may constitute targets for the devel-
opment of therapeutic strategies to limit exclusion-based cam-
ouflage. Similar findings, although without a clear implication
for CAFs, have been obtained in patients with HGSOC bearing
a specific mutational signature linked to foldback-inversion.”’
Along similar lines, patients with lung squamous-cell carcinomas
exhibiting an excluded phenotype have been shown to experi-
ence inferior disease outcome as compared to patients with
abundant tumor infiltration by CD8* CTLs.'°" In this latter setting,
though, TAMs were the major contributors to exclusion, and
blocking them with a small molecule specific for colony stimu-
lating factor 1 receptor (CSF1R) restored the CD8" CTLs to tu-
mor islets and ICl sensitivity, at least in a syngeneic mouse model
of the disease.'®’ However, in none of the aforementioned
setting the mechanisms through which neoplastic cells educate
CAFs or TAMs to establish exclusion have been clearly eluci-
dated. Conversely, cancer cell-derived chitinase-3-like protein
1 (CHI3L1) has been shown to promote exclusion in triple nega-
tive breast cancer (TNBC), at least in part by favoring the recruit-
ment of TANs to the TME and their ability to produce neutrophil
extracellular traps (NETs), % i.e., extracellular protrusions con-
taining chromatin and granule proteins that are generally
involved in antimicrobial defense.'%® Similar findings have been
obtained in preclinical models of melanoma and CRC, although
in these settings TANs were reportedly recruited to the TME by
cancer cell-derived CXCL8,'% as well as in pancreatic ductal
adenocarcinoma (PDAC) models, a setting in which immature
and overall immunosuppressive neutrophil-like cells commonly
known as polymorphonuclear myeloid-derived suppressor cells
(PMN-MDSCs) appeared to infiltrate neoplastic lesions via
CXCL1 secretion by malignant cells and to establish exclusion
upon the secretion of tumor necrosis factor (TNF)."%°

In melanoma, at least two mechanisms of exclusion have been
documented. On the one hand, preclinical and clinical findings
indicate that catenin beta 1 (CTNNB1) overexpression and
consequent hyperactivation of WNT signaling promotes the
establishment of an excluded phenotype in melanoma upon
failed recruitment of CD103* conventional type | dendritic cells
(cDC1s),'°® which are central orchestrators of anticancer
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Box 1. Hypoxia and metabolic coercion

Vasculature defects causing at least some degree of hypoxia are common to most (if not all) solid tumors and have been consis-
tently associated with immunosuppression.®’®**° Hypoxia promotes indeed the transcriptional activity of hypoxia inducible factor
1 subunit alpha (HIF1A) in malignant cells, which has multiple immunosuppressive consequences (detailed in the main text),
including (1) a pronounced shift from oxidative mitochondrial metabolism to glycolysis coupled with abundant lactate secretion;
(2) the secretion of vascular endothelial growth factor A (VEGFA); (3) the upregulation of ectonucleoside triphosphate diphospho-
hydrolase 1 (ENTPD1, best known as CD39), ectonucleotidase 5'-nucleotidase ecto (SNTE, best known as CD73) and adenosiner-
gic receptors®’®*%; as well as (4) the release of chemokines that either recruit immunosuppressive cells to the TME or sequester
immune effector cells in hypoxic tumor regions while promoting their functional inhibition.?*”->*® Of note, hypoxia has also direct
inhibitory effects on tumor-infiltrating immune cells. For instance, hypoxic conditions have been associated with the upregulation
of CD39 on intratumoral CD8" CTLs, resulting in accrued adenosinergic signaling and consequent immunosuppression.*“° Along
similar lines, hypoxia reportedly promotes mitochondrial fragmentation in NK cells, hence compromising their effector functions,
via a mechanism involving mechanistic target of rapamycin (MTOR) and dynamin 1 like (DNM1L).**" Finally, tumor-targeting v
T cells have been shown to be particularly sensitive to hypoxia, at least in preclinical models of glioblastoma (GBM).**? Thus, hyp-
oxia is a major factor underlying immune evasion in solid tumors, reflecting not only the activation of immunosuppressive mech-

anisms in malignant cells, but also the direct inhibition of intratumoral immune effectors.

immunity.'”'°® On the other hand, single-cell RNA sequencing
studies suggested that melanoma cells can drive exclusion by a
mechanism centered on cyclin-dependent kinase 4/6 (CDK4/6)
signaling.'®® However, while in patients with melanoma a signa-
ture of CDK4/6 activation has been correlated with sensitivity to
ICls targeting programmed cell death 1 (PDCD1, best known as
PD-1),'%° CDK4/6 inhibitors currently available for clinical use are
only approved for advanced/metastatic hormone receptor (HR)-
positive breast cancer,''® implying that the value of these agents
combined with ICIs remains to be established. Moreover,
whether any exclusion-relevant link exists between WNT and
CDKA4/6 signaling has not been formally investigated.

Recent data indicate that phosphatidylinositol-4,5-bisphos-
phate 3-kinase catalytic subunit beta (PIK3CB), which is often
hyperactivated in HR* breast cancer,’'" is also involved in the
reclusion of CD8"* CTLs to the periphery of mouse mammary car-
cinomas elicited by the loss of two phosphatase and tensin ho-
molog (Pten) and transformation related protein 53 (Trp53), at
least in part through a mechanism that involves suppressed
STAT3 signaling.''? Whether these observations are relevant
for human HR* BC, however, remains to be clarified. Along
similar lines, whether the ability of receptor-interacting protein ki-
nase 2 (RIPK2) and proline isomerase (PIN1) to favor the estab-
lishment of a desmoplastic stroma coupled with limited ICI
sensitivity in syngeneic models of PDAC**'"® can be targeted
for the development of novel therapeutic strategies against
exclusion that can be translated to clinical testing is unclear.

Besides alterations in collagen abundance (as mediated by
CAFs, mentioned previously), changes in its spatial arrangement
also participate in exclusion. For instance, discoidin domain re-
ceptor 1 (DDR1) expression by TNBC cells has been shown to
favor a parallel orientation of collagen fibers, de facto reducing
the accessibility of the TME to immune effector cells.”'* Interest-
ingly, in the same disease setting, T cell infiltration exhibits at
least some degree of spatial heterogeneity, with subsets of
quiescent stem-like cancer cells escaping immune recognition
through the formation of immunosuppressive hypoxic niches en-
riched in CAFs that exhibit signatures of collagen-deposition
pathways and an excluded phenotype.' ' That said, hypoxia is
a major mechanism of coercion (Box 1) implying that the actual

contribution of collagen deposition and physical CTL exclusion
to these observations requires direct experimental verification.

Altogether, exclusion stands out as a major mechanism
through which malignant cells camouflage from the host immune
system. That said, whether exclusion can be targeted therapeu-
tically in support of restored immunosurveillance and improved
ICI sensitivity remains to be clinically demonstrated.

COERCION

Malignant cells that fail at camouflage (and hence are found
and identified as transformed by the immune system) can evade
anticancer immunity by suppressing the activity of immune
effector cells including (but potentially not limited to) DCs, NK
cells, Ty1-polarized CD4* T cells, and CD8" CTLs, as well as
by promoting the activity of immunosuppressive cells such as
CD4*CD25"FOXP3* regulatory T (Treg) cells, specific TAM sub-
sets, and MDSCs. Such a coercive activity can be the result of
numerous alterations that involve shifts in the expression of
immunomodulatory ligands on the cancer cell surface, defects
in DAMP or pro-inflammatory cytokine signaling and/or the
release of immunomodulatory metabolites in the TME (Figure 3).

Alterations in immunomodulatory ligands

Most neoplastic cells are characterized by an altered surface
phenotype that encompasses reduced MHC levels in support
of camouflage (mentioned previously) as well as changes in the
expression of ligands for immune cell receptors with immunosti-
mulatory or immunosuppressive effects.

PD-L1

CD274 (best known as PD-L1) is arguably the best characterized
surface molecule that cancer cells harness in support of direct
coercion, largely reflecting its ability to suppress the effector
functions of CD8" CTLs,"'® NK cells,""” and at least some
myeloid cells''® upon interaction with the co-inhibitory receptor
PD-1, which is normally expressed in the context of immune
activation. PD-L1 is also abundantly expressed by tumor-infil-
trating myeloid cells, which also contribute to local immuno-
suppression.’'® As most normal cells, cancer cells upregulate
PD-L1 in response to (mostly CTL-derived) IFNG, as part of a
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Figure 3. Coercion in cancer immune evasion
Developing neoplasms often acquire a number of alterations that actively inhibit tumor-targeting immune responses, either directly —by quenching the activity of
immune effector cells, such as CD8" cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells—or indirectly —by promoting the regulatory functions of their

(legend continued on next page)
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physiological mechanism that ensures the resolution of immune
responses,''® which is in line with the notion that most malig-
nancies with an abundant CD8* CTL infiltrate are sensitive to
ICls targeting PD-1 or PD-L1."?° Moreover, not only genetic var-
iants structurally disrupting the 3'-untranslated region (UTR) of
CD274 are frequent in hematological malignancies, culminating
with increased mMRNA levels of CD274 in support of immune
evasion,'?" but CD274 is often amplified across a variety of solid
tumors, correlating with increase PD-L1 expression on the sur-
face of malignant cells."**

PD-L1-mediated immunoevasion by breast CSCs has also
been associated with increased transcription at the CD274 locus
upon removal of repressing marks from DNA and histone in the
promoter region.'?® Importantly, such an epigenetic regulation
of CD274 expression can be targeted with Food and Drug
Administration (FDA)-approved epigenetic modifiers such as
azacitidine and decitabine, at least preclinically, resulting in
increased PD-L1 expression and restored ICl sensitivity across
cancer types.'?*"?> Moreover, SWI/SNF related, matrix associ-
ated, actin dependent regulator of chromatin, subfamily a like
1 (SMARCAL1, a DNA damage response [DDR] factor) promotes
PD-L1 expression by enhancing chromatin accessibility at the
CD274 locus with a mechanism involving Jun proto-oncogene,
AP-1 transcription factor subunit (JUN)."”® Of note, PD-L1
expression levels can also be controlled at translation. Specif-
ically, malignant cells can boost CD274 translation by a mecha-
nism involving eukaryotic translation initiation factor 4E (EIF4E)
activation, as shown in MYC- and KRAS-driven liver cancer, %’
or impaired heme synthesis and consequent ISR signaling, as
shown in lung cancer.'?®

At least in some tumor types, PD-L1 expression is also regu-
lated by protein stabilization. For instance, the interleukin 6
(IL6)-dependent activation of Janus kinase 1 (JAK1) in liver can-
cer cells has been shown to result in PD-L1 phosphorylation
and stabilization upon N-glycosylation as catalyzed by STT3 oli-
gosaccharyltransferase complex catalytic subunit A (STT3A)."*°
A similar mechanism has been shown to operate in breast
cancer cells undergoing the epithelial-to-mesenchymal transition
(EMT)—a dedifferentiation process associated with increased
stemness and metastatic potential—upon increased WNT
signaling.’®® Moreover, PD-L1 is stabilized in multiple tumor
types by CKLF-like MARVEL transmembrane domain containing
protein 6 (CMTM®6), which directly binds PD-L1 at the plasma
membrane and in recycling endosomes to prevent its lysosomal
degradation.'®"'®? Of note, at least in melanoma, PD-L1 has
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been shown to compete with CD58 (a ligand for the co-stimula-
tory receptor CD2) for CMTMB6, with defects in CD58-CD2 axis
promoting immune evasion.'®? PIN1 inhibition also appears to
promote PD-L1 stabilization in PDAC, presumably through a
mechanism that involves suppressed lysosomal degradation.'"®

Finally, PD-L1 appears to respond to a variety of stress condi-
tions. For instance, reduced adenosine signaling via adenosine
receptor A1 (ADORA1) reportedly promotes PD-L1 expression
on melanoma cells via the stress-responsive transcription factor
activating transcription factor 3 (ATF3)."*® Moreover, a switch to
increased glucose consumption (as occurring in hypoxic tumor
area) has been linked to PD-L1 upregulation in GBM cells,
through a mechanism involving hexokinase 1 (HK2) and nuclear
factor kappa B (NF-kB). >

In summary, while various ICls targeting PD-L1 or PD-1 are
currently available for clinical use, additional targets may exist
to regulate this coercion mechanism via small molecules rather
than monoclonal antibodies.
NK cell-interacting ligands
Neoplastic cells can evade elimination NK cells by downregulat-
ing a number of NK cell-activating ligands (NKALs) such as MHC
class | polypeptide-related sequence A (MICA), MHC class |
polypeptide-related sequence B (MICB), and UL16 binding pro-
teins (ULBPs).® This is particularly relevant for cancer cells ex-
pressing reduced MHC class | levels to camouflage from CD8*
CTLs, knowing that MHC class | is major NK cell-inhibitory ligand
(NKIL).® Thus, MCC cells can avoid NK cell cytotoxicity through
epigenetic silencing of MICA and MICB upon histone hhypo-
acetylation at their promoter region, a process that could be
reverted upon pharmacological inhibition of histone deacety-
lases (HDACs)."** Likewise, GBM cells have been shown to
epigenetically silence MICA, MICB, and ULBPs in an EZH2-
dependent manner,'*® while glioma cells appear to achieve a
similar coercion via the histone demethylase lysine demethylase
1A (KDM1A, also known as LSD1)."*” In leukemic stem cells
(LSCs) from patients with AML, the transcriptional repression
of NKALs has been attributed to poly-ADP-ribose polymerase
1 (PARP1), a component of the DNA damage machinery that
can be targeted by FDA approved inhibitors.'*® Finally, multiple
cancer cells evade NK cell activation by promoting the proteo-
lytic degradation or membrane shedding of NKALs upon overex-
pressing protein disulfide isomerase (PDI)'*%'*° or various
matrix metalloproteinases.’*"'%?

Of note, malignant cells can coerce NK cells via the over-
expression of various NKILs, notably canonical MHC class |

immunosuppressive counterparts, such as CD4*CD25"FOXP3* regulatory T (Treg) cells. The alterations encompass (1) shifts in the expression of immuno-
modulatory ligands, as exemplified by changes in the expression pattern of NK cell-activating ligands (NKALs) or NK cell-inhibitory ligands (NKILs) (A); (2) defects
in pattern recognition receptor (PRR), damage-associated molecular pattern (DAMP) or type | interferon (IFN) signaling, as exemplified by a variety of mechanisms
that actively suppress viral mimicry (B); (3) alterations in the cancer cell secretome that affect cytokines other than type | IFN, as exemplified by the oversecretion
of vascular endothelial growth factor A (VEGFA) (C); and (4) by a number of metabolic alterations that ultimately impact immune cell functions, such as the
abundant secretion of prostaglandin E, (PGEy; D). AA, arachidonic acid; APC, antigen-presenting cell; CALRMYT mutant CALR; CGAS, cyclic GMP-AMP
synthase; cDC1, conventional type | dendritic cell; COX2 (official name: PTGS2) prostaglandin-endoperoxide synthase 2; CTLA4; cytotoxic T lymphocyte-
associated protein 4; CXCL9, C-X-C motif chemokine ligand 9; CTLgy, exhausted cytotoxic T lymphocyte; DDR, DNA damage response; dsDNA, double-
stranded DNA; ER, endoplasmic reticulum; GA, Golgi apparatus; GZMB, granzyme B; IFNAR, interferon (alpha and beta) receptor; IFNB1, interferon beta 1; IL2,
interleukin-2; IL2R, interleukin-2 receptor; IRF, interferon regulatory factor; MDSC, myeloid-derived suppressor cell; MOMP, mitochondrial outer membrane
permeabilization; NKG2A (official name: KLRC1), killer cell lectin like receptor C1; NKG2D (official name: KLRK1), killer cell lectin like receptor K1; NKIR, NK cell-
inhibitory receptor; PD-1 (official name: PDCD1), programmed cell death 1); PRF1, perforin 1; PTGER, prostaglandin E receptor; STING (official name: STING),
stimulator of interferon response cGAMP interactor 1; TAM, tumor-associated macrophage; TCR, T cell receptor; TE, transposable element; TIM-3 (official name:
HAVCR2), hepatitis A virus cellular receptor 2; TME, tumor microenvironment; TREX1, three prime repair exonuclease 1; VEGFR (official name: KDR), kinase insert
domain receptor.
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molecules as well as their non-canonical counterparts such as
HLA-E,® as reported for a variety of solid and hematological ma-
lignancies.'**'** Since this would come at the cost of potentially
losing camouflage from CD8" T cells, it is tempting to speculate
that cancer cells may benefit from reduced MHC class | levels (to
camouflage from adaptive immunity) but not absent (to coerce
innate immunity as mediated by NK cells). Alternatively, it is plau-
sible that different tumors (or different areas of the same malig-
nant lesion) may preferentially develop camouflage vs. coercion
strategy depending on the type of immune pression they are fac-
ing. Despite these and other unknowns, it is worth noting that the
interaction between HLA-E and its cognate NK cell-inhibitory re-
ceptor (NKIR), namely killer cell lectin like receptor C1 (KLRC1,
best known as NKG2A) has been harnessed for the development
of a monoclonal antibody (monalizumab)'“* %6 that is now under
clinical development (see in the following text). Conversely, the
development of pharmacological strategies targeting killer cell
immunoglobulin like receptor, two Ig domains and long cyto-
plasmic tail 1 (KIR2DL1), KIR2DL2, and KIR2DL3 including the
monoclonal antibody IPH2101 has been discontinued after early
phase clinical trials pointing to a paradoxical reduction in NK cell
activity.'*” The reasons for this unexpected finding remain to be
formally elucidated.

In summary, targeting the mechanisms through which cancer
cells coerce NK cells stands out as a promising strategy to
circumvent immune evasion, especially for malignancies that
exhibit superior sensitivity to NK cell-mediated immunosurveil-
lance (e.g., hematological tumors).

Other immunomodulatory ligands

Several other surface proteins are harnessed by malignant cells
to coerce CD8* T cells, NK cells, and APCs. For instance, in
PDAC models, overexpression of PVR cell adhesion molecule
(PVR, also known as CD155) has been shown to promote and
sustain immune escape upon inhibition of the T cell and NK
cell co-inhibitory receptor T cell immunoreceptor with Ig and
ITIM domains (TIGIT)."*® Moreover, a prolonged interaction be-
tween human type 2 innate lymphoid cells (ILC2s) and CD155*
AML cells impairs the lytic activity of the former by downregulat-
ing CD226 (also known as DNAM-1) and granzyme B (GZMB), de
facto facilitating immune evasion.’*® In AML, LSCs display the
epitranscriptomic activation of different co-inhibitory ligands
for T cells, including leukocyte immunoglobulin-like receptor
B4 (LILRB4), a process that is mediated by the RNA N6-methyl-
adenosine (m6A) demethylase FTO alpha-ketoglutarate depen-
dent dioxygenase (FTO)."*°

In breast cancer cells, B7-H4 is stabilized via glycosylation,
leading to immunosuppression and resistance to ICD inducers
via a mechanism that also involves elF2a dephosphorylation
(aforementioned).®* Hypoxic liver cancer cells overexpress ga-
lectin 9 (LGALS9), which suppresses T cell responses via the
co-inhibitory receptor hepatitis A virus cellular receptor 2
(HAVCR2, best known as TIM-3),'°" through a mechanism
involving the lysosomal degradation of the negative LGALS9
regulator nuclear transcription factor, X-box binding 1 (NFX1)
by a carnosine synthase 2 (CARNS2) isoform.'*?

Importantly, CD8* CTLs and NK cells are not the sole targets
for coercion by cancer cells via immunomodulatory surface li-
gands. Indeed, malignant cells actively evade phagocytosis by
APCs including DCs by upregulating the expression of CD47
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on the plasma membrane, which directly counteracts the pro-
phagocytic activity of surface-exposed CALR.'®® More specif-
ically, CD47 suppresses phagocytosis (and hence limits the initi-
ation of antitumor immunity) by interacting with signal regulatory
protein alpha (SIRPA) on APCs and masking the pro-phagocytic
ligand SLAM family member 7 (SLAMF7) on cancer cells.'>*'>°
CDA47 is upregulated in GBM cells via a fatty acid-dependent
mechanism that involves the acetylation of RELA proto-onco-
gene, NF-kB subunit (RELA) and correlates with poor patient
prognosis.'*° Likewise, elevated CD47 levels have been linked
with dismal disease outcome in three independent cohorts of
adult patients with AML."®” Of note, CD47 appears to be
particularly elevated in LSCs,'*”"*® potentially constituting an
actionable target for this highly tumorigenic leukemia cell sub-
population. Moreover, CD47 can be upregulated in response
to ICD induction. For instance, in syngeneic osteosarcoma
models, treatment with ICD-inducing chemotherapy has been
associated with upregulation of solute carrier family 7 member
8 (SLC7A8, best known as LAT?2) coupled with enhanced uptake
of leucine and glutamine, culminating with mechanistic target of
rapamycin complex 1 (nTORCH1) signaling and Cd47 transacti-
vation."®® Of note, CD24 also appears to provide robust anti-
phagocytic signals to myeloid cells upon interacting with sialic
acid binding Ig like lectin 10 (SIGLEC10)."®° At least in part, the
ability of CD24 and perhaps other surface proteins expressed
by cancer cells to limit phagocytosis may explain why several
clinical studies testing CD47-targeting agents in patients with
cancer have failed to document consistent efficacy so far. '’

Collectively, these observations exemplify the existence of
multiple immunomodulatory ligands other than PD-L1 that can-
cer cells harness to coerce the immune system, some of which
are being actively pursued for the development of novel thera-
peutic interventions (see in the follwoing text).

Defective PRR, DAMP, and type I IFN signaling

In many malignant cells, the molecular mechanisms that under-
lie the emission of immunostimulatory DAMPs and cytokines,
be them related to ICD or not, are dysfunctional or actively
counterbalanced, resulting in the establishment of microenvi-
ronmental conditions that are not permissive for anticancer im-
munity.

Defective CGAS-STING1 signaling

Cyclic GMP-AMP synthase (CGAS) is a sensor of cytosolic dou-
ble-stranded DNA (dsDNA) that elicits pro-inflammatory tran-
scriptional programs executed by interferon regulatory factor 3
(IRF3), IRF7, and NF-kB upon activation of stimulator of interferon
response cGAMP interactor 1 (STING1, best known as STING)
and consequent TANK binding kinase 1 (TBK1) signaling.® De-
fects in CGAS-STING signaling considerably impair the ability of
stressed and dying cancer cells to attract and activate immune
effector cells downstream of IRF3-, IRF7-, and NF-«xB-dependent
cytokines, notably interferon beta 1 (IFNB1).'%*

A number of common oncogenic events have been associated
with compromised CGAS-STING signaling in malignant cells,
largely corroborating the importance of immunoevasion for overt
tumor progression. For instance, loss of kelch like ECH associ-
ated protein 1 (KEAP1) promotes lung cancer resistance to
immunotherapy by stabilizing EMSY transcriptional repressor,
BRCA2 interacting (EMSY), hence suppressing CGAS-STING
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signaling by a mechanism that can be reverted upon administra-
tion of pharmacological STING agonists.'®* Moreover, in mam-
mary tumors, mutant tumor protein p53 (TP53, best known as
p53) has been shown to physically interfere with the interaction
between STING and TBK1, de facto promoting immunoevasion
via defective IRF3 signaling.'®®

Several epigenetic mechanisms through which malignant
cells suppress CGAS-STING signaling have also been docu-
mented. For instance, loss of serine/threonine kinase 11
(STK11, best known as LKB1) enhances immunoevasion and
resistance to ICls in KRAS-driven lung cancer by promoting the
hyperactivation of DNMT1 and EZH2, resulting in epigenetic
STING1 silencing.'®® Along similar lines, hypermethylation of
the STING1 promoter and enhancers has been shown to pro-
mote immune evasion in dormant lung cancer cells.'®” Moreover,
in melanoma and head and neck squamous cell carcinoma
(HNSCC), CGAS expression is epigenetically regulated by his-
tone methylases, including protein arginine methyltransferase 5
(PRMT5) and SUV39H1 histone lysine methyltransferase
(SUV39H1), or components of supramolecular histone ubiquitin
transferases complexes, such as BMI1 proto-oncogene, poly-
comb ring finger (BMI1), a core constituent of the polycomb
repressive complex 1 (PRC1)."®""7° Lung cancer cells appear
to silence IRF3 and IRF7 by promoter hypermethylation, resulting
in decreased type | IFN signaling and reduced sensitivity to ICls,
an immunoevasive mechanism that can be at least in part re-
verted with hypomethylating agents.'?® Along similar lines, both
lung and breast malignancies have been shown to exhibit defects
in the type | IFN signal transducers STAT1 and STAT2,'"""72
which—at least in the latter cancer type—are epigenetically es-
tablished by EZH2 and hence can be effectively targeted with
pharmacological EZH2 inhibitors.'”? Finally, melanoma-initiating
cells appear to promote the inhibitory dephosphorylation of
STAT1 through a mechanism mediated by the epitranscriptomic
stabilization of T cell protein tyrosine phosphatase (TCPTP).*°

Post-translational CGAS and STING modifications have also
been shown to endow malignant cells with immunoevasive prop-
erties. For instance, melanoma cells reportedly coerce immune
effector cells upon losing expression of the oncosuppressor
death-associated protein kinase 3 (DAPK®3), which—among
other functions—stabilizes STING via polyubiquitination.’”®
Along similar lines, the non-enzymatic, inactivating acetylation
of CGAS as promoted by aspirin,’”* as well as the degradation
of the CGAS-derived STING activator 2'3'-cyclic GMP-AMP
(cGAMP) as mediated by sphingomyelin phosphodiesterase
acid like 3A (SMPDL3A),'”® or ectonucleotide pyrophospha-
tase/phosphodiesterase 1 (ENPP1),'”5"'7® have all been linked
to reduced CGAS signaling, although only the latter has been
formally associated with suppressed anticancer immunity.

These observations indicate that the direct repression of
CGAS and STING signaling endow malignant cells with immu-
noevasive properties. Importantly, the same signaling pathway
can also be disrupted by numerous indirect mechanisms, as
described here in the following text.
Impaired viral mimicry
CGAS signaling is elicited by the ectopic accumulation of dsDNA
in the cytosol, a process that is considerably more effective
when dsDNA is naked (i.e., does not contain histones),’”?'¢"
and hence originates from mitochondria as a consequence
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of apoptotic mitochondrial outer membrane permeabilization
(MOMP) (or viral infection). #2785 Cancer cells often evolve stra-
tegies to avoid or compensate for the cytosolic accumulation of
endogenous dsDNA, including (but not limited to) an increased
propensity to repair nuclear DNA damage in the absence of
potentially interferogenic side products, to repress endogenous
retroviruses (ERVs) and other transposable elements (TEs), to
preserve mitochondrial integrity and to actively degrade cyto-
solic nucleic acids.

Several components of the DDR, apparatus have been shown
to prevent CGAG-STING signaling.'®® These include various
proteins that have already been established or are being actively
investigated as targets for (novel) anticancer (immuno)therapy,
such as PARP1 (for which several inhibitors have already been
approved for use in humans), as well as ATR serine/threonine ki-
nase (ATR), and ATM serine/threonine kinase (ATM)."®® An abun-
dant preclinical literature indicates indeed that inhibiting PARP1,
ATM, and ATR results in the accumulation of interferogenic nu-
cleic acids in the cytosol of malignant cells, culminating with
the STING-dependent restoration of ICl sensitivity across a num-
ber of cancer types.'®”"'°° While similar observations have
recently been extended to SMARCAL1 and DExD/H-box heli-
case 9 (DHX9),'?%"°" pharmacological strategies to target these
two DDR components to avert immune evasion downstream
suppressed CGAS activation by cytosolic dsDNA have not
entered clinical development yet. Moreover, at least in some set-
tings including skin cancer, some epigenetic modifiers like
KDMA4A have been shown to limit the accumulation of potentially
interferogenic nucleic acids in the cytosol of malignant cells by
strengthening the DDR,'%? but the precise molecular mecha-
nisms remain to be elucidated.

Malignant cells, especially CSCs, silence the expression of
ERVs and other TEs that may not only drive robust type I IFN re-
sponses via CGAS or cytosolic RNA sensors like RNA sensor
RIG-I (RIGI) or interferon induced with helicase C domain
1 (IFIH1) but may also generate neoantigens.'?*'%* In
multiple solid and hematological malignancies, both DNA and
histone methyltransferases contribute to TE silencing, including
DNMT1, SETDB1, and HDACs, which deposit repressive DNA
methylation, histone methylation, and histone acetylation marks
within TE regions, de facto limiting type | IFN responses.’®> %% A
similar ERV-repressing role has been ascribed to KDM1A and
PHD finger protein 8 (PHF8, also known as KDM7B).2%%"
That said, the histone methyltransferase nuclear receptor bind-
ing SET domain protein 1 (NSD1) appears to transactivate, rather
than repress, ERVs in skin cancer,?“ indicating that—at least in
some settings—coercion as promoted by TE repression is driven
by an unbalanced activity of epigenetic modifiers. Along similar
lines, GBM CSCs appear to repress interferogenic TEs by a
unique mechanism involving increased histone H4 lysine croto-
nylation arising from reprogrammed lysine catabolism, which
also results in changes on histone acetylation and methylation
marks on TEs.?® Moreover, both p53 and CDK4/6 have been
involved in the transcriptional regulation of ERVs and conse-
quent type | IFN responses,?°*?°® hence representing promising
targets for the development of pharmacological strategies to
avert coercion, especially since no less than three distinct
CDK4/6 inhibitors are currently approved for use in patients
with advanced or metastatic HR* breast cancer."'°
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A major mechanism through which neoplastic cells avert the
cytosolic accumulation of potentially interferogenic dsDNA is
by ensuring a tight mitochondrial checkpoint. This is achieved
not only upon the overexpression of endogenous inhibitors of
the BCL2 apoptosis regulator (BCL2) family, which is common
across a variety of tumors,”°® but also upon the proficient
degradation of permeabilized mitochondria via a specialized
variant of autophagy called mitophagy.?’” In line with this
notion, both pharmacological and genetic strategies targeting
the BCL2 system have been associated with increased
CGAS-STING signaling in malignant cells, especially (but not
exclusively) in the context of caspase inhibition (see in the
following text).'8%:184:208:209 ntriguingly, at least in some
settings, MOMP does not only promote CGAS activation via
cytosolic DNA but also initiates a ubiquitin-dependent pro-in-
flammatory pathway that involves inhibitor of nuclear factor
kappa B kinase regulatory subunit gamma (IKBKG, best known
as NEMO) and culminates with NF-kB signaling.>'® Further
corroborating the importance of the mitochondrial checkpoint
for malignant cells to coerce their immune counterparts, both
pharmacological and genetic inhibition of autophagy at large
or mitophagy have been associated with accrued CGAS-
STING signaling and superior disease control in preclinical
models of breast cancer, '®® lung cancer,?'" and CRC.?'? More-
over, intact serine metabolism appears to be critical for the
preservation of the mitochondrial immune checkpoint (see in
the following text).'®? Interestingly, in macrophages the mito-
phagic degradation of permeabilized mitochondria has been
involved in a negative feedback loop to extinguish NF-«kB re-
sponses.”'® Whether this mechanism is operational in cancer
cells, however, remains to be formally investigated.

Finally, neoplastic cells express some cytosolic nucleases that
efficiently degrade potentially interferogenic nucleic acids. For
instance, three prime repair exonuclease 1 (TREX1) has been
shown to degrade cytosolic mtDNA,>'* as well as cytosolic
dsDNA originating from ruptured micronuclei (which are com-
mon in tumors with elevated chromosomal instability [CIN]).?"®
In line with this notion, TREX1 overexpression has been associ-
ated with suppressed CGAS-STING signaling and resistance to
treatment in syngeneic preclinical models of breast cancer
exposed to focal radiotherapy,”'® and lung cancer exposed to
ICls.”'" Ribonuclease H2 also limits the cytosolic accumulation
of potentially interferogenic nucleic acids, especially so-called
“R-loops” (three-stranded nucleic acids composed of a
DNA:RNA hybrid and the associated non-template single-
stranded DNA).>"® While it is likely that—at least in some set-
tings—ribonuclease H2 may operate similar to TREX1 in promot-
ing coercion and resistance to immunotherapy, this possibility
remains to be explored. Intriguingly, it has recently been shown
that MRE11 homolog, double-strand break repair nuclease
(MRE11), a DNA double-strand break sensor, promotes CGAS
activation by dsDNA upon favoring its dissociation from nucleo-
somes.”'? In this context, malignant cells appear to take advan-
tage from reduced MRE11 levels, resulting in increased genome
instability and immune suppression.”'® Supporting the clinical
relevance of this coercion mechanism, reduced levels of the
MRE11 signal transducer Z-DNA binding protein 1 (ZBP1)
appear to correlate with poor disease outcome in a cohort of pa-
tients with TNBC.?"?
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In summary, malignant cells not only can directly subvert
CGAS-STING signaling but also can adopt a variety of strategies
to minimize the availability of interferogenic nucleic acids, de
facto limiting viral mimicry.

Defective DAMP signaling

The non-histone chromatin-binding protein high-mobility group
box 1 (HMGB1) is one of the major ICD-associated DAMPs,
and its microenvironmental accumulation mediates immunosti-
mulatory effects upon binding to Toll-like receptor 4 (TLR4)
and advanced glycosylation end-product specific receptor
(AGER) on the surface of APCs or their precursors.??%??" Exper-
imental evidence indicates that neoplastic cells lose the expres-
sion of HMGB1 and other DAMPs during tumor progression, at
least in the breast cancer setting.®* Moreover, cancer cells engi-
neered to lack HMGB1 fail to elicit anticancer immune responses
upon exposure to ICD inducers in immunocompetent syngeneic
host, largely via a coercion mechanism that could be reverted by
intratumoral injection of a synthetic TLR4 agonist.??%??> Along
similar lines, human bladder cancer cells undergoing ICD upon
exposure gemcitabine fail to release HMGB1 in the supernatant,
hence failing to endow DCs with CD8" T cell cross-priming func-
tions, at least in part owing to the release of the bioactive lipid
prostaglandin E, (PGE-) (see in the following text).>*® Intriguingly,
it appears that the ISR-relevant kinase eukaryotic translation
initiation factor 2 alpha kinase 3 (EIF2AKS, best known as
PERK) restricts anticancer immunity in melanoma cells at least
in part by inhibiting the release of HGMB1 and other DAMPs
as a consequence of blocked paraptosis (which appears to be
immunogenic).?** Thus, PERK inhibitors may constitute prom-
ising tool to promote immunogenic paraptosis, at least in
melanoma.

Coercion via defective DAMP signaling can also emerge from
the secretion of immunosuppressive DAMPs. For instance,
mouse melanoma and fibrosarcoma cells have been shown to
avert anticancer immunity downstream of ICD by secreting gel-
solin (GSN), which inhibits the binding of F-actin exposed on
dying malignant cells to C-type lectin domain containing 9A
(CLEC9A) on cDCH1s, thereby preventing CD8* T cell cross-prim-
ing.?*> Similarly, fibrinogen-like protein 1 (FGL1) released by
CRC cells reportedly binds the co-inhibitory receptor lympho-
cyte activating 3 (LAG3) on the CD8" CTL surface, hence sup-
pressing their activation.?”® Importantly, the ICD-associated
release of ATP provides chemotactic cues (mentioned previ-
ously) as well as immunostimulatory signals to APCs and their
precursors, implying that defects in this pathway also constitute
a source of coercion (see in the following text).

These observations exemplify the ability of malignant cells to
coerce immune effector cells by altering DAMP signaling.
Apoptotic signaling
Neoplastic cells often succumb to unrecoverable perturbations
of homeostasis via apoptosis, a caspase-regulated form of
cell death with major physiological functions.*’ In line with the
critical role of apoptosis in embryonic development and the
maintenance of adult tissue architecture, though, caspase acti-
vation has multipronged immunosuppressive effects, even
when apoptotic cell death ensues MOMP and hence is poten-
tially associated with the abundant cytosolic accumulation of
interferogenic mMtDNA. Indeed, post-mitochondrial caspases
including caspase 3 (CASP3) and its major activator CASP9
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have been shown to suppress MOMP-driven type | IFN secretion
in a variety of experimental models, including preclinical models
of breast and CRC.?08:209:228-230

Such a coercion mechanism has been attributed to the ability
of CASP3 to (1) catalyze the proteolytic inactivation of CGAS,
IRF3 and mitochondrial antiviral signaling protein (MAVS), a
signal transducer involved in RIGI-dependent RNA sensing®®’
and (2) accelerate the terminal inactivation of otherwise still
metabolically active (and hence type | IFN-secreting) dying can-
cer cells.”*”> Moreover, CASP3 promotes the apoptosis-associ-
ated exposure of PS on the surface of dying cells coupled with
the secretion of the macrophage chemoattractant lysophospha-
tidylcholine (LPC), hence facilitating the rapid efferocytic removal
of dying cells and their corpses by macrophages.’*°” The
immunologically silent nature of efferocytosis is further enforced
by CASP3 activation in dying cancer cells as a consequence of
PGE, secretion (see in the following text).”**

Thus, developing tumors harness apoptotic cell death to pre-
vent the initiation of anticancer immunity by dying malignant cells.
Along with the ever more accepted notion that post-mitochondrial
caspases are dispensable for cell death after widespread
MOMP —but only control its kinetic and immunological manifesta-
tions?** —these observations point to caspases as to potential
target to promote therapeutically relevant anticancer immunity.
Chronic type I interferon signaling
At least some neoplastic cells can coerce type | interferon
signaling in support of local immunosuppression and acceler-
ated disease progression, most likely reflecting the fundamental
difference between acute and resolving inflammatory processes
(which generally promote immunosurveillance) versus chronic
and indolent inflammation (which generally supports immunoe-
vasion).*® For instance, malignant cells with elevated CIN levels
have been shown to evade immunosurveillance despite high
levels of cytosolic DNA by rewiring the CGAS-STING pathway
from abundant type | IFN production to low-grade inflammation,
resulting in the EMT and accrued metastatic dissemina-
tion.?*°72%% Along similar lines, chronic and indolent type | IFN
signaling has been shown to promote stemness, disease pro-
gression, and immune evasion in preclinical models of CRC,
TNBC, and melanoma.?*%**! Consistent with this notion, genetic
signatures of type | IFN signaling have been associated to cancer
stemness, immunosuppression, and poor patient outcomes
across multiple cohorts of patients with cancer.?%2%?

Thus, while robust and acute type | IFN signaling is
fundamental for tumor-targeting immune responses (see pre-
voiusly), malignant cells normally benefit from weak and
chronic type I IFN signaling, at least in part reflecting the estab-
lishment of a low-grade inflammatory milieu associated with
immunosuppression.

Altered secretion of other cytokines

Multiple tumors evade anticancer immunity by alterations in their
secretome that involve an accrued production of anti-inflamma-
tory cytokines and/or a defective release of pro-inflammatory
factors other than type | IFN.

Secretion of anti-inflammatory cytokines

Multiple cancer types can secrete cytokines that favor the estab-
lishment of local and/or systemic immunosuppression. For
instance, prostate cancer cells have been shown to secrete
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CCL2 downstream of PRC1-dependent epigenetic alterations,
culminating with the recruitment of immunosuppressive M2-like
TAMs and Treg cells, which facilitate tumor dissemination.?**
Similarly, in mammary tumors, the loss of the tumor suppressor
G protein subunit alpha 13 (GNA13) promotes CCL2 expression
and secretion, attracting M2-like TAMs.?** Moreover, PDAC cells
have been shown to secrete abundant levels of CCL5 upon
STAT1 activation in response to microenvironmental adenosine
(see in the following text), resulting in the establishment of local
immunosuppression upon Tges cell recruitment.”*> A similar
CCL5-dependent mechanism has been documented to promote
M2-like TAM recruitment in CRCs producing kynurenine (see in
the following text).>*® Finally, ovarian cancer cells have been
shown to recruit Treg cells via CCL28, a mechanism that is eli-
cited by hypoxia (Box 1).?*” Likewise, hypoxic GBM niches
appear to secrete increased levels of CCL8, resulting in the
sequestration of TAMs and tumor-infiltrating CD8* CTLs and their
reprogramming toward an immunosuppressive state.?*®

Besides being a major player in exclusion-based camouflage
(mentioned previously), TGFB1 also mediates potent immuno-
suppressive effects, de facto promoting coercion, across a vari-
ety of tumor types. For instance, MFSD2 lysolipid transporter A,
lysophospholipid (MFSD2A) overexpression in gastric cancer
cells has been shown to promote anticancer immune responses
downstream of reduced PGE,-driven TFGB1 secretion, hence
increasing tumor sensitivity to IClIs.>*° Moreover, TFGB1
signaling in CD4* (but not CD8*) T cells potently suppresses
therapeutically relevant immune responses in preclinical models
of breast carcinoma, at least in part reflecting an IL4-dependent
(but not IFNG-dependent) tissue remodeling mechanism that
culminates with cancer cell death.>*° Along similar lines, both
TGFB1 and its relative inhibin subunit beta A (INHBA) have
been implicated in the ability of irradiated breast cancer cells
to coerce the TME in favor of suppressed anticancer immu-
nity.>>"252 Accordingly, combining focal radiotherapy with a
monoclonal antibody targeting multiple members of the TGFB1
family was well tolerated and demonstrated some clinical activity
in a cohort of patients with metastatic breast cancer,?® and stra-
tegies to inhibit this pathway are currently being investigated in
clinical trials (see in the following text).

CXCL8 and IL33 are also harnessed by some cancer cells to
promote local immunosuppression. For instance, tumor-derived
CXCLS8 has been implicated in the recruitment of both monocytic
(M-) and PMN-MDSCs to the TME, resulting in suppressed T cell
responses.”® At least in some settings including preclinical
models of cervical carcinoma, such an effect is mediated by ser-
pin family B member 3 (SERPINB3),>°° which is frequently
mutated in patients with melanoma responding to cytotoxic T
lymphocyte-associated protein 4 (CTLA4) blockers.”*® The
immunosuppressive role of IL33 has been documented in synge-
neic models of lung cancer, breast cancer and melanoma
exposed to an IL33 blocker.?°”:?°® That said, the transgene en-
forced overexpression of IL33 has also been associated with
improved anticancer immunity in models of breast cancer and
melanoma.?*? In line with this notion, IL33 expression as driven
in mouse CRC and melanoma cells by the deletion of fragile X
mental retardation protein (Fmrp), encoding an RNA binding pro-
tein, has been associated with restored tumor infiltration by
CD8" CTLs and recovered ICI sensitivity (also involving a
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Box 2. T cell exhaustion

In a number of pathophysiological settings, including (but not limited to) chronic viral infection and cancer, the sustained antigenic
stimulation of CD8* cytotoxic T lymphocytes (CTLs), as occurring in the absence of target cell eradication, can promote terminal
CTL dysfunction.**® In cancer, such a dysfunctional state, which is commonly referred to as “exhaustion”, is associated with the
progressive loss of CTL cytotoxic and secretory functions, de facto enabling immune evasion, accelerated disease progression
and resistance to a variety of therapeutic agents that operate (at least in part) by (re)instating immunosurveillance, including
(but not limited to) immune checkpoint inhibitors (ICls).*** While sensu stricto exhaustion does not emerge from cancer cells
but rather reflects chronic TCR signaling, developing neoplasms harness multiple phenotypic T cell changes associated with
this process, notably the overexpression of co-inhibitory receptors including programmed cell death 1 (PDCD1, best known as
PD-1), hepatitis A virus cellular receptor 2 (HAVCR2, best known as TIM-3) and T cell immunoreceptor with Ig and ITIM domains
(TIGIT), to maximize immunosuppression in the tumor microenvironment upon the overexpression of their cognate ligands (see
main text).*9%#45446 While exhaustion is largely dictated by epigenetic modifications encompassing the downregulation of tran-
scription factor 7 (TCF7), a master regulator of T cell effector functions whose expression generally identifies CTL subsets that
are sensitive to ICls,**” accumulating evidence suggests that terminal T cell exhaustion can be prevented, but most often not re-
verted.**® This suggests that (immuno)therapeutic agents targeting exhaustion may need to be administered as early as possible
during disease progression to effectively restore immunosurveillance. In line with this notion, neoadjuvant immunotherapy with ICls

has demonstrated superior efficacy in a number of oncological indications. '

CCL7-dependent camouflage mechanism).?® Together, these
observations potentially indicate that indolent IL33 signaling
may be detrimental, while robust IL33 signaling beneficial, for
anticancer immune responses, as in the case of type | IFN
(mentioned previously).

Importantly, while vascular endothelial growth factor (VEGFA),
which is the target of the FDA-approved monoclonal antibody
bevacizumab,®" has long been considered a purely angiogenic
cytokine, it is now clear that VEGFA also mediates considerable
immunosuppressive functions. For instance, VEGFA reportedly
promotes the expansion of Treg cells in syngeneic models of
CRC and patients with metastatic CRC, as demonstrated by
the Treg cell-depleting effects of blocking VEGFA in either
setting.?°%?%° Similar findings have been documented in patients
with glioblastoma receiving radiotherapy, temozolomide and
bevacizumab.?®* Moreover, VEGFA (which is actively secreted
by malignant cells especially in hypoxic tumor areas, see below)
appears to promote T cell exhaustion (Box 2) by favoring the
expression of co-inhibitory receptors including PD-1, TIM-3,
and CTLA4 on their surface, at least in preclinical CRC
models.?®® In line with this finding, combined VEGFA, PD-1,
and angiopoietin 2 (ANGPT2) inhibition has been associated
with a therapeutically relevant reprogramming of the TME
involving increased CD8* CTL infiltration and reduced intratu-
moral MDSC levels in preclinical GBM models.”®® The therapeu-
tic value of concomitantly blocking VEGFA and PD-1 signaling
has already been confirmed in multiple phase Il clinical trials
enrolling patients with renal cell carcinoma (RCC).?°"->¢®
Defective release of pro-inflammatory cytokines other
than type I IFN
Besides defects in the release of chemoattractants in support of
camouflage and type | IFN-related cytokines in support of coer-
cion (mentioned previously), some malignant cells often secrete
limited amounts of other pro-inflammatory cytokines to promote
local immunosuppression. For instance, breast, colorectal, and
lung cancer cells release limited levels of interleukin 1B (IL1B),
which inhibits the activation of tumor-infiltrating ILC3s in support
of immune evasion.”® Along similar lines, it is plausible that the
detrimental effects of reduced ZBP1 levels in patients with
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TNBC?'® (mentioned previously) may impinge on limited inflam-
masome activation and IL1B secretion, knowing that ZBP1 pro-
motes an inflammatory cell death modality commonly known as
necroptosis.?®%?° That said, IL1B (and TNF) secretion by tumor-
infiltrating immune cells has also been shown to elicit immuno-
suppressive CXCL8 secretion in a broad panel of human cancer
cell lines,?”" pointing to at least some degree of context depen-
dency in the immunomodulatory effects of IL1B.

Similar results have been documented for IL10. Indeed, while
the presence of IL10-secreting macrophages as elicited by
GABA-producing B cells has been associated with impaired
anticancer immunity in preclinical models of CRC,?’? the admin-
istration of a half-life-extended IL10-Fc fusion protein consider-
ably boosts the antitumor functions of CD8* CTLs via metabolic
reprogramming, offering a potential combinatorial partner for
ICI- and ACT-based immunotherapy.?”® In line with this notion,
recombinant IL10 has been shown to improve CD8"* CTL secre-
tory and cytotoxic functions.?’* Similar observations have been
obtained in a cohort of patients with advanced solid tumors
receiving PEGylated IL-10 (pegilodecakin).?”* Specifically, pegi-
lodecakin improved tumor infiltration by CD8* CTLs and their
IFNG and GZMB expression levels while causing the expansion
of previously undetectable circulating CD8" CTL clones up to
1%-10% of the total peripheral T cell repertoire.”’® These obser-
vations are reminiscent of the type | IFN and IL33 scenarios,
pointing to a divergent immunomodulatory activity for indolent
vs. robust signaling, at least in the TME.

In summary, malignant cells often acquire secretory alter-
ations that endow them with the ability to coerce immune cells
and establish robust immunosuppression in favor of disease
progression.

Metabolic modulation of the TME

All cancer cells exhibit a considerable metabolic rewiring as
compared to their normal counterparts.?’® While for long such
metabolic alterations were interpreted as a pure consequence
of the accrued trophic needs of malignant cells, it is now clear
that several metabolic pathways that are altered in cancer
actively promote immunosuppression.”’”
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ATP and adenosine
Besides being a powerful chemoattractant (mentioned previ-
ously), extracellular ATP mediates immunostimulatory functions
upon binding to purinergic receptor P2X 7 (P2RX7) on APCs or
their precursors, which results in IL1B secretion upon inflamma-
some activation.”’® Thus, most of the immunological defects
caused by defective ATP release by cancer cells (mentioned pre-
viously) may involve coercion (rather than camouflage only). That
said, extracellular ATP hydrolysis and consequent adenosine
accumulation mediates immunosuppressive effects that are
mostly based on coercion. In line with this notion, most human
tumors expressed increased levels of CD39 and CD73, resulting
in prominent adenosinergic signaling on tumor-infiltrating im-
mune cells.?”® This is particularly true for hypoxic tumor regions
(Box 1), at least in part reflecting the ability of hypoxia inducible
factor 1 subunit alpha (HIF1A) to transactivate ENTPD1 and
NT5E.?"® By binding to adenosine A2a receptor (ADORA2A) on
the T cell surface, adenosine potently limits TCR signaling and
IFNG production.?®°

Adenosine signaling has been consistently linked with disease
progression and resistance to (immuno)therapy in a variety of
preclinical tumor models. For instance, radiotherapy has been
shown to drive the upregulation of CD73 on the surface of mouse
breast cancer cells, an effect that could be circumvented in sup-
port of restored cDC1 tumor infiltration and recovered anticancer
immunity with a CD73-targeting monoclonal antibody.?®' A
similar immunosuppressive upregulation of CD73 (and PD-L1)
has been documented in GBM CSCs exposed to repeated
immunological pressure, resulting in the acquisition of a
myeloid-like transcriptional profile dominated by IRF8 upregula-
tion.?®> ADORA2A also appears to be upregulated on CAR
T cells responding to mouse PDACs in vivo, resulting in limited
efficacy owing to microenvironmental adenosine levels, a
compensatory mechanism that can be circumvent by both ge-
netic and pharmacological strategies targeting ADORA2A or
CD73, also as a result of decreased CCL5-driven Tgreg cell
recruitment (mentioned previously).?*® Interestingly, the dual in-
hibition of CD73 and ADORA2A has proven more effective than
either approach in promoting anticancer immunity in syngeneic
mouse models of mammary cancer and melanoma.?® This sug-
gest that the global immunosuppressive effects of CD73 and
ADORA2A do not only emerge from suppressed adenosinergic
signaling via the latter, potentially involving (1) decreased ATP
availability or (2) adenosinergic signaling via adenosine A2b re-
ceptor (ADORA2B).*°

In summary, both extracellular ATP degradation and conse-
quent adenosinergic signaling mediate robust coercive effects
on the TME in various oncological settings. That said, various
clinical studies have been performed to investigate the therapeu-
tic potential of agents that limit adenosinergic signaling in pa-
tients with cancer, so far with limited success.?®*
Kynurenine
Tryptophan degradation is a prominent mechanism of immuno-
suppression within the TME, as primarily driven by the indole-
amine 2,3-dioxygenase 1 (IDO1)- or tryptophan 2,3-dioxygenase
(TDO2)-catalyzed conversion of tryptophan into kynurenine, a
potently immunosuppressive metabolite.”®*> While IDO1 is
mostly expressed by myeloid cells of the TME,”®** some
neoplastic cells can also produce kynurenine in support of local
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immunosuppression. For instance, CRC cells can secrete kynur-
enine through a mechanism that involves the upregulation of
ubiquitin specific peptidase 14 (USP14), resulting in deubiquiti-
nation-dependent IDO1 stabilization.?®® In this setting, genetic
or pharmacological inhibition of USP14 restored CTL activation
and tumor sensitivity to ICls targeting PD-1.?%° Immunoevasive
CRCs have also been shown to exhibit TDO2 upregulation as
driven by transcription factor 4 (TCF4) and WNT signaling, result-
ing in elevated kynurenine production and consequent recruit-
ment of M2-like TAMs via an aryl hydrocarbon receptor (AHR)-
dependent mechanism promoting CCL5 secretion.**® Similarly,
the secretion of kynurenine by glioma cells has been shown to
inhibit the proliferation and functionality of CD4* and CD8*
T cells via paracrine AHR signaling.?®”

Intriguingly, in preclinical melanoma models, IFNG release by
tumor-infiltrating CD8" CTLs appears to upregulate the neutral
amino acid transporter solute carrier family 1 member 5
(SLC1A5) on the surface of tumor repopulating cells (TRCs), re-
sulting in increased tryptophan uptake and consequent kynure-
nine production.?®® In this context, TRCs overexpress both IDO1
and AHR, which endow them with capacity to evade cell death
as initiated by IFNG and instead undergo dormancy (see in the
following text).?®® Despite considerable expectations as set by
the encouraging results of multiple phase Il clinical trials, how-
ever, combining the IDO1 inhibitor epacadostat with the PD-1
blocker pembrolizumab failed to provide a clinical advantage
as compared to pembrolizumab alone to patients with advanced
melanoma enrolled in a large, randomized phase Il clinical
study.?®® While the precise reasons underlying these negative re-
sults remain to be understood, the enthusiasm around the use of
IDO1 inhibitors as combinatorial partners for ICl-based immuno-
therapy in patients with cancer has considerably reduced as a
consequence thereof.?%%2"

Of note, other IDO1-derived metabolites have been attributed
potent immunomodulatory functions, including quinolinate,
which accumulates in GBM to promoting TAM polarization to-
ward an M1-like phenotype through glutamate ionotropic recep-
tor NMDA type subunit 2B (GRIN2B), forkhead box O1 (FOXO1),
and peroxisome proliferator activated receptor gamma (PPARG)
signaling,®®® as well 3-hydroxy-L-kynurenamine (3-HKA), which,
at least in non-oncological settings, inhibits the STAT1 and NF-
kB signaling in DCs, thereby limiting their release of pro-inflam-
matory cytokines.”*® Whether these metabolites or the signaling
pathways they elicit can be harnessed therapeutically to circum-
vent metabolic immune coercion remains to be determined.

Despite this unexplored possibility, tryptophan catabolism re-
mains a core mechanism through which malignant lesions estab-
lish local immunosuppression. That said, additional work is
required to understand the actual therapeutic potential of this
pathway.

Glucose and glutamine

Anticancer immune responses are highly influenced by the meta-
bolic competition for nutritional substrates, notably glucose and
glutamine, in the TME.?”” For example, glucose consumption by
ovarian cancer cells has been shown to limit its availability to
CD8" CTLs, resulting in impaired glycolytic flux and effector
functions.®* A similar coercion mechanism has been observed
in a syngeneic models of sarcoma, a setting in which ICI admin-
istration restored glucose availability in the TME, resulting in
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increased glycolytic flux in T cells and therapeutically relevant
IFNG secretion,?® and lymphoma, in a scenario in which acetate
supplementation was sufficient to restore CD8" CTL effector
functions.”*® Moreover, a robust flux through glycolysis in malig-
nant cells—which at least in some settings results from FTO-
dependent epitranscriptomic mechanisms.?®” —has been asso-
ciated with an increased threshold for TNF sensitivity (see in
the following text),>®® as well as to a reduced sensitivity to
CTLA4 inhibition.”?

That said, it has recently been demonstrated that distinct
cellular compartment of TME preferentially take up different nu-
trients, with immune and malignant cells relying on glucose and
glutamine as the major fuel source, respectively.*°° Moreover,
antagonizing glutamine metabolism has been attributed a cell-
specific impact on distinct TME compartments, largely affecting
energy metabolism and survival in malignant cells while promot-
ing activation and proliferation of effector T cells, altogether
driving robust anticancer immunity.*°" Corroborating the critical
role of glutamine metabolism in cancer immune evasion, the
cancer cell-specific loss of glutaminase (GLS), a key enzyme
for glutamine metabolism, improved effector T cell activation in
multiple breast cancer models.*? Similarly, in a syngeneic
model of CRC inhibition of glutamine uptake or metabolism
reportedly promoted the expression of Fas cell surface death re-
ceptor (FAS) and PD-L1 on the surface of malignant cells, de
facto favoring their sensitivity to CD8" CTLs in an ICI-dependent
manner.*°® That said, cDC1 functions also depend on glutamine,
and, at least in preclinical model of CRC, glutamine supplemen-
tation inhibits (rather than boosting) disease progression in the
context of restored cDC1 activity.>**

Taken together, these observations point to glutamine more
so than glucose as a potential target for the development of ther-
apeutic strategies to circumvent metabolic coercion. That said,
targeted approaches may be required to spare immune effector
cells from the detrimental effects of glutamine restriction and
hence achieve superior therapeutic activity.

Lactate

Most malignant cells produce abundant lactate levels, largely re-
flecting their increased uptake of glucose compared to their
normal counterparts and/or overexpression of proteins involved
in lactate generation or export, namely lactate dehydrogenase A
(LDHA).®%° Extracellular lactate favors immunoevasion by pro-
moting the acidification of the TME and by inhibiting the prolifer-
ation and function of immune effector cells including CD8* CTLs
and NK cells.®°>*% |n melanoma and CRC, lactate as secreted
by neoplastic cells exhibiting increased glycolytic flux has been
shown to impair the cytotoxicity of CD8" T cells by a metabolic
reprogramming involving reduced pyruvate carboxylase (PC) ac-
tivity and consequent depletion of tricarboxylic acid (TCA) cycle
intermediates.®®” Indeed, melanoma cells often express high
LDHA levels and the consequent hypersecretion of lactate has
been shown to promote the downregulation of nuclear factor
of activated T cells 1 (NFATC1) in CD8" CTLs and NK cells, lead-
ing to decreased synthesis of IFNG and immune escape.®®
Moreover, the loss of LKB1 is reported to enhance lactate secre-
tion by KRAS-driven lung cancer cells upon the upregulation of
lactate transporters such as solute carrier family 16 member 4
(SLC16A4, best known as MCT4), resulting in M2-like TAM repo-
larization and dysfunctional T cell accumulation.**® In line with
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this notion, MCT4 inhibition has been shown to reverse lactate-
driven immunosuppression in syngeneic CRC models, de facto
restoring their sensitivity to ICI-based immunotherapy.®'° Similar
results have been obtained in preclinical models of multiple
myeloma exposed to pharmacological inhibitors of SLC16A1
(best known MCT1) in combination with CAR T cells.®""

Supporting its broad immunosuppressive effects, extracellular
lactate has also been reported to promote (1) M2-like TAM repo-
larization in breast cancer and melanoma models, at least in part
through the acidification of the TME®'>*'® as well as (2) Treg cell
functions in various cancers with high glycolytic activity.®'#>'®
Specifically, lactate appears to boost Treg cell activity not only
by providing metabolic support®’® but also by upregulating
signal transduction cascades involved in immunosuppression,
including TGFB1 and PD-1 signaling.®'*°'®

Thus, lactate mediates multipronged immunosuppressive ef-
fects either upon uptake by immune cells or via local acidifica-
tion. Drug development efforts targeting lactate to restore
cancer immunosurveillance, though, appear to stand at an
impasse.””’

Other TCA cycle intermediates

Transformed cells often exhibit a considerable rewiring of the
TCA cycle, at least in some cases owing to oncogenic mutations
in TCA cycle enzymes such as isocitrate dehydrogenase
(NADP(+)) 1 (IDH1),>"" which is generally accompanied by the
accumulation of immunosuppressive metabolites.>’” For
instance, fumarate hydratase (FH) defects lead to an increased
secretion of fumarate, which suppresses the cytotoxic activity
of tumor infiltrating CD8* CTLs by promoting the inhibitory suc-
cination of zeta chain of T cell receptor associated protein kinase
70 (ZAP70).°'83"° Accordingly, fumarate depletion has been
shown to potentiate the efficacy of CD19-targeting CAR T cells
in preclinical models of lymphoma.®'® Apparently at odds with
these observations, the loss of FH in the healthy kidney report-
edly results in intracellular fumarate accumulation and increased
immunogenicity via a mechanism that involves the vesicular
release of mtDNA and consequent activation of CGAS-STING
signaling.®'® Given that FH mutations predispose for RCC,*?° it
is tempting to speculate that an early and indolent inflammatory
response as driven by the loss of FH in healthy cells of the renal
epithelium may initiate an oncogenic program that at some stage
would also benefit from the fumarate-dependent inhibition of im-
mune effector functions. This possibility remains to be experi-
mentally validated.

The inhibition of acetyl-CoA synthetase 2 (ACSS2) in breast
cancer cells results in the microenvironmental accumulation of
acetate, which intratumoral CD8"* CTLs have been shown to uti-
lize in support of proliferation and effector functions.**' Accord-
ingly, pharmacological ACSS2 inhibitors reportedly synergize
with immunogenic chemotherapy in preclinical breast cancer
models.*?" Gain-of-function mutations in IDH1 drive the accu-
mulation of D-2-hydroxyglutarate (D-2HG), a byproduct of the
TCA cycle that acts as an oncometabolite by inhibiting various
epigenetic regulators that depend on a-ketoglutarate, including
DNA demethylases of the TET family.*** Studies in CRC and mel-
anoma have revealed that tumor-derived D-2HG exerts immuno-
suppressive functions by inhibiting LDHA and glycolysis in CD8*
CTLs, resulting in decreased IFNG signaling and compromised
antitumor immunity.**® Of note, L-2HG (which is not produced
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by mutant IDH1 but accumulates in response to hypoxia via a
promiscuous LDHA activity) also appears to mediate oncogenic
effects, at least in the renal setting,*** and to promote immunoe-
vasion in preclinical PDAC models, although the underlying
mechanisms remain to be explored.*?®

These observations are aligned with the notion that oncogenic
events, including tumor-promoting alterations of intermediate
metabolism, do not only provide cancer cells with a growth
advantage but also render them immunoevasive.

Ketone bodies

Human CRCs often exhibit reduced ketogenesis, which is the
biochemical pathway through which cells produce alternative
fuel sources (ketone bodies) in the absence of sufficient carbo-
hydrate supplies.®*® In this context, a limited metabolic flux
though ketogenesis has been associated with the release of
CXCL12 from CAFs via a KLF transcription factor 5 (KLF5)-
dependent mechanisms, resulting in the recruitment of M2-like
TAMs, MDSCs, and Treg cells to the TME and accelerated dis-
ease progression.*” Accordingly, subjecting CRC-bearing
immunocompetent mice to a ketogenic diet (i.e., a high-fat and
low-carbohydrate dietary regimen), administering them with
the ketone body B-hydroxybutyrate or genetically, and promot-
ing ketogenesis upon the overexpression of 3-hydroxy-3-
methylglutaryl-CoA synthase 2 (HMGCS2) in malignant cells
have all been reported to restore immunosurveillance and
elevate ICl sensitivity.>*” Similar results have recently been ob-
tained in syngeneic models of prostate cancer.**®

These observations suggest that dietary interventions such as
ketogenic diets may constitute promising tools to circumvent
metabolic coercion in at least some tumor types.

Methionine and serine

Cancer cells can evade immunity by overconsuming methionine
upon the upregulation of the methionine transporter solute car-
rier family 43 member 2 (SLC43A2, best known as LAT4), thus re-
stricting the availability of this essential amino acid for immune
cells.®*° Decreased methionine availability in T cells results
indeed in reduced levels of S-adenosylmethionine (SAM, a
donor of methyl groups for DNA and histone methyltrans-
ferases), culminating with the epigenetic repression of genes
critically involved in effector functions such as STAT5.%?° Appar-
ently at odds with the aforementioned, the accumulation of
SAM and other methionine metabolism byproducts such as
5-methylthioadenosine (MTA) has also been reported to mediate
immunosuppressive effects by favoring T cell exhaustion (Box 2),
at least in preclinical models of HCC and melanoma.®*°**" nter-
estingly, such an accumulation may emerge from the hyperacti-
vation of methionine adenosyltransferase 2A (MAT2A), which
produces SAM, as well as from defects in methylthioadenosine
phosphorylase (MTAP), which catabolizes MTA,**°**! perhaps
offering novel targets to circumvent the metabolic coercion of
anticancer immunity in these oncological settings.

Methionine restriction has also been shown to promote CGAS
activation by interfering with its inactivating methylation by
SUV39H1.""° Similar results have been reported in CRC cells
deprived of both endogenous and exogenous sources of the
non-essential amino acid serine, resulting in restored sensitivity
to ICIs."®? In this latter scenario, though, CGAS activation ap-
pears to be largely driven by the ability of serine restriction to
compromise the mitochondrial checkpoint (mentioned previ-
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ously), resulting in the MOMP-dependent accumulation of inter-
ferogenic mtDNA in the cytosol of malignant cells. 8232

These observations exemplify the ability of transformed cells
to coerce immune effector cells via metabolic pathways stem-
ming from both essential and non-essential amino acids.
Lipids
Neoplastic cells exhibit a major rewiring of lipid metabolism in
support of accelerated proliferation,®*® which—at least in some
tumors—also promotes immunoevasion. The accumulation of
lipids in ovarian cancer cells as driven by the upregulation of fatty
acid synthase (FASN) has been shown to impair the cross-prim-
ing activity of tumor-infiltrating DCs.*** Accordingly, FASN inhi-
bition partially restores DC functionality in this setting, leading
to improved immunological disease control.*** Moreover,
enhanced fatty acid catabolism in GBM cells as caused by an
increased flux of lipid through fatty acid oxidation (FAO)
leads to radioresistance and immunoevasion by promoting the
upregulation of CD47 (see above).'*® However, whether this
mechanism of immuno evasion stems from the accumulation
of TCA cycle intermediate with immunosuppressive effects
(mentioned previously) has not been formally investigated. De-
regulated lipid metabolism also seems to drive immune evasion
in the CSC compartment. Specifically, in preclinical models of
HCC, the ablation of Arf7T—which encodes a core regulator of
fatty acid metabolism®*°—reportedly fosters the immunoge-
nicity of CSCs, leading to increased tumor infiltration by DCs
and restored anticancer immuni’(y.72 At least in part, however,
these observations reflect the ability of ARF1 to preserve the
mitochondrial checkpoint and inhibit ISR signaling (mentioned
previously).”?

A major player in immunosuppression as driven by deregu-
lated lipid metabolism in cancer cells is CD36, a broadly ex-
pressed long-chain fatty acid transporter.®*® Indeed, CD36 is up-
regulated by both CD8* CTLs and Treg cells exposed to fatty
acid accumulation in the TME but mediates diametrically diver-
gent effects on these immune cells. On the one hand, CD8*
CTLs respond to CD36-dependent fatty acid uptake by experi-
encing widespread oxidative stress coupled with the impaired
secretion of effector molecular such as IFNG, TNF, and perforin
1 (PRF1).%3":338 On the other hand, CD36 favors the metabolic
adaptation of intratumoral Treg cells to a lactate-enriched micro-
environment, de facto promoting theirimmunosuppressive func-
tions.®*? In line with this notion, the Treg cell-specific ablation of
Cd36 has been shown to restore immunosurveillance and ICI
sensitivity in a syngeneic mouse model of melanoma.**°

While targeting lipid metabolism to counteract coercion may
pose obstacles, notably specificity, these observations point to
microenvironmental fatty acids as to potent immunosuppressive
factors.

Bioactive lipids

Cancer cells can evade immunity by releasing bioactive lipids
into the TME, including PGE, and lysoglycerophospholipids.
PGE,—which derives from the sequential catalysis of mem-
brane-released arachidonic acid by prostaglandin-endoper-
oxide synthase 2 (PTGS2, best now as COX2) and prostaglandin
E synthase 2 (PTGES2)*’” —is involved in metabolic coercion in
variety of tumors.®*93%°

In some of these settings, increased PGE, signaling via pros-
taglandin E receptor 2 (PTGER2) and/or PTGER4 has been
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shown to reduce the functionality of intratumoral cDC1s in sup-
port of immune evasion.**°"**? Specifically, PGE, has been re-
ported to (1) promote the downregulation of IRF8 and hence re-
programs cDC1s toward a dysfunctional state®*’; (2) limit CXCL9
release by cDC1s, hence impeding intratumoral CD8* CTL differ-
entiation and expansion®*?; and (3) indirectly compromise cDC1
recruitment and activation by limiting NK cell survival, resulting in
the suppressed release of the cDC1 chemoattractants CCL5 and
X-C motif chemokine ligand 1 (XCL1).3*

Recently, it has also been shown that PGE, promotes immune
escape by directly affecting the function and survival of tumor-
infiltrating CD8" CTLs.***>%% In this setting, PGE, signaling via
PTGER2 and PTGER4 not only impairs IL2 sensing by CD8*
CTLs, hence limiting their expansion and effector differentiation
of CD8" CTLs**® but also exposes them to widespread oxidative
stress coupled with ferroptotic cell death.>** Finally, PGE, has
been reported to favor immunoescape during pancreatic tumor-
igenesis by driving the differentiation of tumor-infiltrating mono-
cytes into M2-like TAMs.**°

LPC does not only mediate immunosuppressive effects by
promoting the silent efferocytic removal of dying cells and their
corpses by macrophages (mentioned previously)®” but also as
a substrate for the ENPP2-mediated synthesis of lysophosphati-
dic acid (LPA).>*” ENPP2 is overexpressed in some malignancies
including ovarian cancer, promoting the LPA-driven release of
PGE, from DCs and the consequent autocrine and paracrine
suppression of anticancer immunity.**’

These few observations exemplify the multipronged immuno-
suppressive effects enabled by the LPC-LPA-PGE, axis. While
this axis can be efficiently targeted by a number of clinically avail-
able COX2 inhibitors (e.g., celecoxib and aspirin), past efforts to
combine COX2 blockers with chemotherapy or radiotherapy
have generally failed to demonstrate a superiority for the combi-
natorial regimen over standard-of-care (SOC).>*®
Vitamins and retinoic acid
Vitamins and their derivatives can modulate anticancer immunity
by affecting various immune effector cells. For instance, pancre-
atic cancer cells restrict vitamin Bg availability to NK cells,
which require this metabolite for activation, at least in part by
regulating glycogen metabolism.**° Similar results have been
obtained with the vitamin B3 precursors nicotinamide (NAM), at
least in preclinical models of mammary carcinoma and
PDAC.%°°°2 |n line with these observations, vitamin Bg or
NAM supplementation has been shown to promote NK cell func-
tions, both in syngeneic PDAC models®*° or in ex vivo settings
prior to ACT.**® Conversely, sarcoma cells reportedly coerce im-
mune effectors by overproducing retinoic acid (RA).>** RA ap-
pears to inhibit the transcriptional activity of IRF4 in intratumoral
monocytes, thus promoting the accumulation of immunosup-
pressive TAMs over DCs.%%*

In summary, at least some cancer types alter the local abun-
dance of vitamins and their precursors in support of immunosup-
pression. While some attempts at utilizing specific vitamins,
notably vitamin C, as anticancer agents in the clinic are under-
way,”*> most of them were developed in an immune-agnostic
manner.

Potassium
lon channels, and in particular potassium channels, regulate
T cell functionality.®*® Accordingly, elevated concentrations of
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extracellular potassium as released by dying melanoma cells
have been shown to compromise the functionality of intratumoral
CD8" CTLs by suppressing mTORC1 signaling.®*” Moreover,
increased environmental levels of potassium have been reported
to inhibit nutrient uptake by effector T cells, resulting in the acti-
vation of an autophagic response coupled with decreased avail-
ability of histone acetylation donors (e.g., acetyl-CoA) and
consequent downregulation of effector molecules.®*® At least
in preclinical models of melanoma, such an ionic coercion has
been associated with decreased tumor control by adoptively
transferred CD8* CTLs.**®

These observations indicate that the ionic balance of the TME
is important for immunosurveillance, opening the possibility to
genetically engineer (CAR) T cells prior to infusion to circumvent
ionic coercion. To the best of our knowledge, this possibility is
not being explored.

CYTOPROTECTION

Both CD8* CTLs and NK cells kill malignant cells upon the
establishment of the so-called “immunological synapse”, a
highly organized structure that physically connects immune
effector cells with their targets and enables the polarized (1)
release of cytotoxic molecules including GZMB and PRF1; (2)
expression of death receptor ligands, such as Fas ligand
(FASLG); and (3) release of tumor-targeting cytokines, notably
IFNG.**° Neoplastic cells can evade immune elimination by
effector cells that normally recognize them as transformed
and hence normally engage in cytotoxic and secretory func-
tions though a variety of cytoprotective mechanisms that either
involve defects in the formation of the immunological synapse
or the activation of cell death pathways downstream thereof,
or rely on the initiation of compensatory responses such as
autophagy (Figure 4).

Alterations of the immunological synapse
At least in some cases, cancer cells evade immune cytotoxicity
via mechanical properties that result in decreased sensitivity to
GZMB and PRF1. For instance, TRCs appear to evade immune
attack due to their unique cellular softness as compared to their
more differentiated counterparts, resulting in insufficient con-
tractile force for PRF1 pore formation at the immunological syn-
apse, at least in preclinical melanoma and breast cancer
models.*° Similar findings have been documented in models
of T cell leukemia, at least in part emerging from the downregu-
lation of the cytoskeletal component filamin A (FLNA), a process
that also appears to protect CTL themselves from PRF1-medi-
ated lysis.*®" Moreover, breast cancer cells resisting NK cell
killing appear to display extensive actin remodeling at the immu-
nologic synapse, resulting in decreased access of GZMB to the
cytosol and hence robust cytoprotection.®®® Finally, it has been
shown that insufficient target cell contraction (which is mediated
by the actin cytoskeleton) prevents the rapid dissolution of the
immunological synapse, resulting in effector cell retention and
limited engagement of additional targets.*®®

Along similar lines, malignant cells can actively compensate
for PRF1 and GZMB killing at the immunological synapse. For
instance, melanoma cells have been shown to react to the for-
mation of the immunological synapse with an increased
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Cancer cells of different histology can evade tumor-targeting immune responses by acquiring an increased resistance to immune effector molecules such as
perforin 1 (PRF1), granzyme B (GZMB), tumor necrosis factor (TNF), or interferon gamma (IFNG). Such a decreased sensitivity to cytolysis by immune effector
cells can involve (1) mechanical defects of the immune synapse, generally resulting in inhibited PRF1-mediated pore formation or improved endosomal sorting
complexes required for transport (ESCRT)-dependent membrane repair (A): (2) defects in Fas cell surface death receptor (FAS) and IFNG signal transduction, at
least in some cases linked to caspase 8 (CASP8) and Janus kinase 1 (JAK7) mutations (B); and (3) the activation of compensatory cytoprotective pathways
including (but not limited to) autophagy (C). CASP, caspase; CASP8MUT mutant caspase 8; CTL, cytotoxic T lymphocyte; ER, endoplasmic reticulum; FASLG, Fas
ligand; GA, Golgi apparatus; GZMB, granzyme B; JAK1 MUT “mutant Janus kinase 1; PRF1, perforin 1; PS, phosphatidylserine; STAT1, signal transducer and

activator of transcription 1; TCR, T cell receptor.

vesicular trafficking and secretion, resulting in degradation of
PRF1 by lysosomal cathepsins and cytoprotection.*®* Moreover,
both melanoma and CRC cells have been reported to harness
endosomal sorting complexes required for transport (ESCRT)
factors at the immunological synapse to actively repair PRF1
pores and consequently limit cytosolic GZMB entry.**® More-
over, irradiated cancer cells appear to acquire transient resis-

tance to NK cell killing by a mechanism involving PRF1 inhibition
by surface-exposed PS.*%°

Altogether, these observations exemplify mechanical and bio-
logical processes through which malignant cells achieve cyto-
protection from immune effector cells. Pharmacological inhibi-
tors of these mechanisms may result in superior cancer cell
elimination by CD8" CTLs and NK cells and hence supetior ICl
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sensitivity across a variety of neoplasms, a possibility that has
just began to be explored.

Defective cell death signaling

Genomic studies on biopsies from patients with solid tumors
have revealed frequent mutations in CASP8,>* which encodes
for an apoptotic caspase activated by FAS.??” In line with this
notion, malignant cells have been shown to frequently downre-
gulate FAS by epigenetic mechanisms, resulting in accrued
resistance to NK cell cytotoxicity.*®” Similar observations have
been made in preclinical models of CRC and lung carcinoma,
although in this setting glutamine metabolism appeared to sup-
press FAS expression.®’® Moreover, the sensitivity of melanoma
and CRC cells to immune effectors including CD8* CTLs and NK
cells appears to rely on intact TNF signaling, as demonstrated by
a CRISPR screen that identified multiple TNF signal transducers
involved in cytotoxicity.*®® Similar observations have been made
in syngeneic PDAC models, although in this setting decreased
TNF sensitivity appeared to emerge from the EMT-driven repres-
sion of IRF6.°°° Melanoma cells also display frequent genetic de-
fects in IFNG signal transducers, resulting in limited activation of
JAK-STAT signaling and consequent cytoprotection from IFNG-
mediated killing.®”® Along similar lines, SRY-box transcription
factor 17 (SOX17) overexpression has recently been shown to in-
crease the resistance of CRC cells to IFNG,*’" although the pre-
cise mechanisms underlying this observation remains to be
characterized.

Corroborating the importance of operational cell death
signaling in cancer cells for efficient immunosurveillance, de-
fects in TNF and IFNG signaling have been consistently
associated with resistance to immunotherapy. For instance,
ICl-unresponsive tumors have been reported to display an
increased cytotoxicity threshold to effector cytokines including
TNF.®"2%73 |n line with this notion, lowering the threshold for effi-
cient TNF signaling in melanoma cells by TNF receptor associ-
ated factor 2 (Traf2) ablation or pharmacological inhibition of
TBK1 has been shown to restore IClI sensitivity by a
mechanism involving the induction of receptor interacting
serine/threonine kinase 1 (RIPK1)- and caspase-dependent can-
cer cell death.®”>*"® Similar observations linking lowered TNF
signaling threshold to improved disease control and restored
ICI sensitivity have been made in preclinical models of highly
glycolytic lung and pancreatic cancer subjected to the depletion
of solute carrier family 2 member 1 (SLC2A1, a glucose trans-
porter best known as GLUT1) (mentioned previously).?® Finally,
arewiring of IFNG signaling from STAT1 activation to the upregu-
lation of the endogenous cell cycle inhibitor cyclin dependent
kinase inhibitor 1B (CDKN1B, best known as p27¥'F") and conse-
quent acquisition of a dormant state has been linked with IFNG
resistance in melanoma-repopulating cells.”*®

Corroborating the key role of cell death defects in immune
evasion, in patients with refractory/relapsed B-cell non-Hodgkin
lymphoma, resistance to CD19-targeting CAR T cells has been
associated with BCL2 amplifications.>”* Accordingly, the FDA-
approved BCL2 inhibitor venetoclax has been shown to sensitize
CAR T cell-refractory lymphoma cells to therapy.®’* Of note,
IFNG has recently been reported to promote ferroptotic lipid
oxidation in malignant cells, by a dual mechanism involving (1)
downregulation of solute carrier family 3 member 2 (SLC3A2)
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and solute carrier family 7 member 11 (SLC7A11) and conse-
quent decrease of intracellular cysteine (which mediates robust
antioxidative effects); and/or (2) activation of acyl-CoA synthe-
tase long chain family member 4 (ACSL4) and consequent re-
programming in lipid metabolism.>>*"® Of note, at least in
some malignant cells, GZMB has also been shown to promote
a gasdermin E (GSDME)-dependent regulated variant of necro-
sis commonly known as pyroptosis.®”” Whether malignant cells
can harness CASP7 and sphingomyelin phosphodiesterase 1
(SMPD1) to repair PRF1 and GSDME pores as demonstrated
in preclinical models of bacterial infection,®’® however, remains
to be clarified.

Collectively, these observations indicate that cytoprotection
as a consequence of common defects in cell death signal trans-
duction is beneficial to malignant cells not only by virtue of an
increased resistance to stress, but also because of immunoe-
vasion.

Compensatory mechanisms
Malignant cells can activate a number of cell-wide pathways that
protect them from the cytotoxicity of immune effectors. For
instance, multiple tumor types have been shown to respond to
CD8" CTL activation by overexpressing SERPINB9,>"**%° which
is generally harnessed by immune effectors themselves incl-
uding CD8* CTLs and DCs to avoid GZMB cytotoxicity.>8'-35?
Especially under hypoxic conditions (Box 1), cancer cells of
different histological derivation can also achieve increased resis-
tance to immune effector molecules including IFNG, TNF, and
GZMB upon activation of autophagy,®®® via a mechanism that
appears to involve the activating phosphorylation of STAT3,%%*
as well as lysosomal GZMB degradation.*®°

That said, autophagy in malignant cells is critically involved in
the ICD-associated release of ATP (mentioned previously), and
immune effector cells have been shown to kill their malignant
counterparts in an immunogenic manner.*®%*®” Moreover, auto-
phagy has been reported to promote the degradation of tenascin
C (TNC)—an extracellular matrix glycoprotein contributing to im-
mune evasion—in preclinical TNBC models, de facto favoring tu-
mor-targeting immune responses.*®® Thus, at least hypothetical-
ly, autophagic defects may results in the inhibition of CTL
cytotoxicity and the ATP-dependent feedforward amplificatory
loops it may elicit.

In summary, various compensatory mechanisms can be uti-
lized by transformed cells to resist killing by TNF, IFNG, and
the PRF1-GZMB system.

Other mechanisms

TFGB1 has also been reported to promote cytoprotection by
limiting the sensitivity of malignant cells to CD8" CTLs, via a
mechanism involving SOX4.°%° While the precise link between
SOX4 expression and the increased resistance of cancer cells
to lysis by CD8* CTLs remains to be formally established,
SOX17 has also been shown to provide CRC cells with cytopro-
tection, at least in part reflecting decreased sensitivity to IFNG
(mentioned previously),>”" potentially suggesting the implication
of a similar mechanism. An accrued resistance to immune cyto-
toxicity has also been associated with the acquisition of a quies-
cence phenotype characterized by transcriptional features of
hypoxic responses by transformed cells,'™® but the molecular
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underpinnings of this process have not yet been thoroughly
dissected.

NOVEL PHARMACOLOGICAL STRATEGIES TO TARGET
IMMUNE EVASION IN THE CLINIC

Over the past two decades, multiple clinically relevant pharma-
cological strategies have been conceived to target camouflage,
coercion and cytoprotection, and some of these bona fide immu-
notherapies have already entered routine clinical use. The latter
include (1) a number of ICls targeting PD-1, PD-L1, CTLA4, or
LAGS, which operate by inhibiting coercion as driven by co-
inhibitory ligands expressed by cancer cells®*®’; (2) CAR T cells
and bispecific antibodies, which circumvent camouflage®®'%;
and (3) some recombinant cytokines and TLR agonists,>** which
operate by targeting coercion as driven by immunosuppressive
shifts in cytokine and DAMP signaling. Moreover, a number of
FDA approved anticancer treatments that have been developed
in an immune agnostic manner have been found to inhibit im-
mune evasion (by a multitude of mechanisms), de facto promot-
ing the (re)instatement of tumor-targeting immunity. These
include (1) some cytotoxicants such as anthracyclines and oxa-
liplatin'?; (2) some targeted anticancer agents encompassing a
variety of tyrosine kinase inhibitors (TKIls), tumor-targeting anti-
bodies, epigenetic modifiers and the BCL2 inhibitor veneto-
clax'®; and (3) at least in some settings, focal radiotherapy.'*

Besides these established approaches, numerous clinical
trials—including a few phase lll studies (Table 1)—are now
open to investigate hitherto experimental strategies to inhibit
immune evasion, which generally aim at (1) inhibiting coercion
by co-inhibitory ligands; (2) inhibiting metabolic coercion and
suppressed cytokine signaling; or (3) simultaneously targeting
multiple “Cs”.

Inhibiting coercion by co-inhibitory ligands

Considerable attention is being devoted to blocking the coercive
effects of co-inhibitory receptors other than PD-1, CTLA4, and
LAGS, notably TIM-3, TIGIT, VISTA, and NKG2A, generally in
combination with FDA-approved PD-1 or PD-L1 blockers.?%*
Combinations of this type that are currently being investigated
in clinical trials enrolling patients with advanced solid tumors (un-
less specified) include (1) pembrolizumab plus the VISTA inhibi-
tor KVA12123°%%; (2) the PD-1 blocker dostarlimab plus the
TIM-3 inhibitor TSR-022,%° or the TIGIT inhibitor EQS-4483°
(in patients with lung cancer); (3) the PD-1 inhibitor nivolumab
plus the TIGIT-targeting antibodies BMS-986207°°" or etigilimab
(both in patients with ovarian carcinoma); (4) the PD-1 blocker ti-
slelizumab plus the anti-TIGIT monoclonal antibody ociperli-
mab®°® (in subjects with lung cancer, biliary tract carcinoma, or
lymphoma); (5) the PD-1 blocker toripalimab plus the TIGIT
blocker JS006; and (6) the PD-L1 inhibitor avelumab plus the
TIGIT-targeting agent M6223°% (in individuals with urothelial
carcinoma). Along similar lines, the NKG2A blocker monalizu-
mab'“® with or without SOC chemotherapy is being investigated
in combination with the FDA-approved PD-L1 inhibitor durvalu-
mab (in patients with lung cancer or head and neck carcinoma),
optionally along with the experimental CD73 inhibitor oleclu-
mab“’® (in subjects with lung cancer), as well as with the dual
CTLA4 and PD-1 blocker MEDI5752%°" (in individuals with
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CRC). Finally, two dual TIGIT and PD-L1 inhibitors, namely
HB0036*°? and HLX301,%°® are currently being tested in patients
with advanced solid tumors as standalone therapeutic agents
(source www.clinicaltrials.gov).

Two CDA47 blockers are currently being investigated in clinical
trials: (1) magrolimab*®* is being tested—invariably along with
SOC chemotherapy and/or one or more ICI(s)—in multiple co-
horts of patients with solid and hematological malignancies;
and (2) lemzoparlimab,“®® which is being tested for safety and
efficacy in combination with azacytidine in individuals with mye-
lodysplastic syndromes (MDSs). Finally, a number of SIRPA-Fc
fusion proteins are under clinical evaluation, including (1) TTI-
622,%° which is being tested along with pembrolizumab in pa-
tients with lymphoma; (2) evorpacept,*®” which is being investi-
gated as a combinatorial partner for venetoclax and azacytidine
in patients with hematological malignancies, or for ICls in sub-
jects with CRC and gastric cancer; and (3) IMMO0O1, whose
safety and efficacy are being assessed in combination with tisle-
lizumab in patients with Hodgkin’s lymphoma, or with azacitidine
in individuals with AML and MDS (source www.clinicaltrials.gov).

Collectively, these studies testify the considerable interest
raised among clinical and pharmaceutical companies by the
possibility to effectively target the immunosuppressive pathways
elicited by co-inhibitory receptors other than PD-1, CTLA4, and
LAGS3 and anti-phagocytic receptors.

Inhibiting metabolic coercion and suppressed cytokine
signaling
An attractive area of clinical investigation is focusing on agents
that target coercion as driven by metabolic cancer cell rewiring.?””
For instance, the glutamine antagonist DRP-104'% is being
explored in combination with durvalumab in patients with fibrola-
mellar carcinoma. The safety and efficacy of the MCT1 inhibitor
AZD3965°°° optionally combined with the FDA approved CD20-
targeting agent rituximab are currently being evaluated in individ-
uals with B-cell malignancies and advanced solid tumors.
Restoring methionine metabolism in CD8* CTLg via SAM adminis-
tration along with PD-1 inhibition and optional VEGF signaling
blockage is also under clinical evaluation in patients with HCC or
RCC. The FASN inhibitor TVB-2640 is being assessed as stand-
alone therapeutic intervention or combined with endocrine ther-
apy in patients with CRC as well as prostate and breast cancer.
Finally, while the ADORA2A antagonists ciforadenant*'® and inu-
padenant are being tested in combination with ICls or chemo-
therapy in individuals with solid tumors, including NSCLC and
RCC, the dual ADORA2A and ADORA2B blocker etrumadenant'”
is being assessed combined withimmunotherapy, chemotherapy,
and/or radiotherapy in subjects solid tumors including NSCLC,
prostate cancer, and CRC (source www.clinicaltrials.gov).
Considerable attention also remains around the possibility to
boost immunostimulatory cytokine signaling via DDR inhibitors
and pattern recognition receptor (PRR) agonists, notably
STING agonists.*'? In line with this notion, a number of ATR in-
hibitors including (but not limited to) ceralasertib,”'® berzoser-
tib,*’ and camonsertib,*'® as well as the WEE1 G2 checkpoint
kinase (WEE1) inhibitor adavosertib®'® are currently being inves-
tigated as monotherapies or combined with ICls across various
oncological indications. Similar considerations apply to inhibi-
tors of ATR and ATM signal transducers, such as the checkpoint
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Table 1. Advanced clinical trials investigating conceptually novel approaches to target cancer immune evasion in patients with cancer

Target® Drug Indication Phase Status Notes Reference
ATR Ceralasertib Non-small cell lung carcinoma 1] Active, not In combination with durvalumab NCT05450692
recruiting
CD36 VT1021 Glioblastoma 1/ Recruiting In combination with standard- NCT03970447
CD47 of-care chemoradiation
CD47 Evorpacept Gastric carcinoma 1711 Recruiting In combination with multimodal NCT05002127
chemoimmunotherapy
Lemzoparlimab Myelodysplastic syndrome 1] Recruiting In combination with azacytidine NCT05709093
CD73 Oleclumab Non-small cell lung carcinoma 1]l Recruiting In combination with durvalumab NCT05221840
FASN TVB-2640 Glioblastoma 1] Recruiting In combination with bevacizumab NCT05118776
TGFB1 Bintrafusp alfa Non-small cell lung carcinoma 11l Active, not As standalone therapeutic agent NCT05061823
(PD-L1) recruiting

aSource: www.clinicaltrials.gov, current as of June 24", 2024. Restricted to Phase II/Ill or higher studies with status “Active, not recruiting

, “Not yet

recruiting” and “Recruiting”, and investigating pharmacological agents with no FDA-approved target.

kinase 1 (CHEK1) blocker BBI-355 as well as the CHEK2-target-
ing agent PHI-101.*"” Moreover, the pharmacological STING ac-
tivators IMSA101%'® and TAK-676""° are being tested in combi-
nation with personalized ultrafractionated stereotactic adaptive
radiation therapy (PULSAR) plus ICls or pembrolizumab, respec-
tively, in patients with advanced solid tumors (source www.
clinicaltrials.gov). That said, STING agonists have previously
been shown to exert robust antiproliferative and cytotoxic ef-
fects on CD8" CTLs,*?%*?" potentially limiting the therapeutic ef-
fects of this approach.

In summary, while some pharmacological inhibitors of meta-
bolic coercion and suppressed cytokine signaling remain under
clinical investigation, targeting metabolic and immunomodulatory
pathways with systemic interventions has considerable limitations
linked to specificity that have not yet been circumvented.®%%42>

Simultaneously targeting multiple “Cs”

A number of novel pharmacological regimens under clinical eval-
uation simultaneously (at least hypothetically) inhibit different
mechanism of immunoevasion, potentially offering clinical advan-
tages in the context of highly heterogeneous tumors that may
harness multiple pathways to evade anticancer immunity in
different intratumoral areas."' As mentioned previously, a number
of clinically employed anticancer agents inhibit immune evasion,
including a number of drugs like FDA-approved epigenetic mod-
ifiers that simultaneously target camouflage and coercion, like
azacytidine, decitabine, and multiple HDAC inhibitors.** In this
context, novel approaches involve PRMT5 inhibitors, which are
being investigated mostly as standalone therapeutic agents in
early-phase clinical studies enrolling patients with solid tumors
deficient for methylthioadenosine phosphorylase (MTAP) or
non-Hodgkin’s lymphoma, as well as the KDM1A inhibitors bo-
medemstat and seclidemstat, which are being tested in combina-
tion with ICls in subjects with lung cancer, or with azacytidine in
patients with MDS and chronic myelomonocytic leukemia (source
www.clinicaltrials.gov). That said, most (if not all) immune cells
also rely on epigenetic mechanisms for their survival, proliferation,
and effector functions,**® implying that pharmacological epige-
netic modifiers may have unwarranted immunosuppressive
effects unless precise targeting strategies are developed.
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Additional strategies targeting conceptually distinct mecha-
nisms of immune evasion (notably camouflage and coercion,
see aforementioned) include (1) VT1021 (a dual CD36 and CD47
inhibitor, hence targeting both camouflage and coercion)***
which is being assessed in patients along with SOC temozolo-
mide-based chemoradiation in subjects with GBM; (2) the CD73
antagonists quemliclustat and oleclumab, which are being tested
along with ICls and (at least in some settings) other (immuno)ther-
apeutic agents in patients with a variety of solid tumors; (3) the
dual BCL2 and BCL2-like 1 (BCL2L1, best known as BCL-X) in-
hibitors (and hence MOMP inducers) navitoclax and pelcitoclax
and R-(—)-gossypol acetic acid (AT-101),*?° which are being
investigated as combinatorial partners for SOC chemotherapy
and/or immunotherapy most often in patients hematological ma-
lignancies; as well as (4) the transforming growth factor 3 receptor
1 (TGFBR1) inhibitor vactosertib®®® which is being tested along
with ICls in patients with NSCLC, CRC, or gastric cancer, an
autologous cancer vaccine encompassing genetic engineering
for TGFB1 and TGFB2 inhibition (gemogenovatucel-T) which is
being investigated as adjuvant therapy for women with ovarian
carcinoma, and the dual TGFB1 and PD-L1 blocker bintrafusp
alfa*?” whichis being evaluated alone or in combination with addi-
tional drugs in patients with solid tumors including NSCLC pa-
tients (source www.clinicaltrials.gov). Previously reported clinical
studies have shown that blocking TGFB1 is safe and mediates at
least some efficacy when combined with SOC therapeutic strate-
gies.?>® Whether this strategy will soon receive regulatory
approval for use in humans, however, remains unclear.

Despite this and other unknowns, simultaneously targeting
camouflage and coercion stands out as a promising approach
to avert immuno evasion in a variety of tumors as it potentially
addresses elevated degree of intratumoral heterogeneity that
may be associated with the acquisition of different immunoeva-
sive properties by malignant cells in different tumor areas.

CONCLUDING REMARKS
Here, we propose a novel conceptual framework to classify can-

cer immunoevasion by suggesting that most mechanisms
through which malignant cells escape immune recognition and
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elimination involve either of “three Cs”: camouflage, coercion, or
cytoprotection. Such a framework is obviously not devoid of lim-
itations. For instance, some malignant cells exhibit genetic or
epigenetic defects that simultaneously engage more than one
“C”. As a standalone example, EZH2 has been shown to pro-
mote both camouflage and coercion, downstream of the epige-
netic silencing of MHC class | molecules, STING, and pro-inflam-
matory cytokines.*>°®%® Along similar lines, some pathways of
immunoevasion are difficult to precisely classify as a single “C”
or may be framed as different “Cs” in a context-dependent
manner. For instance, whereas accrued ATP degradation may
a priori underlie both camouflage and coercion,*® the latter
would be the predominant mechanism of immunoevasion in tu-
mors that exhibit robust infiltration by immune effector cells at
baseline. Some malignant cells have also been shown to utilize
mechanisms of immunoevasion that are difficult to frame within
the “three Cs” paradigm. For instance, HCC-infiltrating NK cells
appear to exhibit surface defects due to altered sphingomyelin
(SM) content that prevent them from recognizing and lysing tu-
mor cells,*?® but (1) the precise molecular mechanisms causing
such alterations remain to be determined, and (2) whether this is
a form of coercion or cytoprotection is unclear. Along similar
lines, disseminated dormant cancer cells appear to be so rare
that their likelihood to interact with the host immune system in
support of active immunosurveillance is extraordinarily low,**®
a mechanisms of immune evasion that is difficult to reconduct
to conventional camouflage, coercion, or cytoprotection. Finally,
the loss of the Y chromosome (LOY)—which is frequent across
tumor types—has been linked to an increased propensity of
host CD8* CTLs for exhaustion, resulting in immunoevasion
and accelerated disease progression by a hitherto poorly
defined mechanism.**°

At least hypothetically, malignant cells evading anticancer im-
munity through a specific “C” (e.g., camouflage) may not need
to acquire additional immunoevasive mechanisms (e.g., coercion
or cytoprotection), as de facto no longer exposed to a selective
immune pressure. While some clinical data in support of this pos-
sibility exists,?>**'~*** (1) passenger alterations potentially gener-
ating extraimmunoevasive phenotypes, as far as non-detrimental
for cancer cells, remain possible; and (2) most importantly, as
most neoplasms exhibit considerable degree of intratumoral het-
erogeneity (both across distinct lesions in the same patient, and
within a single lesion), it is likely that malignant cells populating
different tumor areas may evade immunity by different mecha-
nisms."" This implies that, at least in some cases, simultaneously
inhibiting distinct mechanisms of immuno evasion may have su-
perior therapeutic effects as compared to targeting only one
“C”. That said, whether a specific “C” would be hierarchically su-
perior to others (and hence represent a preferential target for ther-
apy) not only remains to be experimentally demonstrated but also
may exhibit a considerable degree of context dependency and
hence vary in different oncological settings.

Importantly, at least some manifestations of the “three Cs”
have been successfully employed to guide clinical decision mak-
ing in a variety of oncological indications.**®> For instance, an
elevated tumor mutational burden (TMB) as assessed on diag-
nostic biopsies by FDA-approved detection kits are currently be-
ing employed to allocate patients with cancer to pembrolizumab
irrespective of disease histology.?® Along similar lines, PD-L1

¢ CellP’ress

expression levels on malignant and/or immune cells are routinely
employed to direct the use of PD-1 or PD-L1 blockers
in numerous oncological settings.**® That said, a fraction of
PD-L1-positive tumors fails to respond to ICl as standalone ther-
apeutics,**® which (1) potentially points to the existence of PD-
L1-independent mechanisms of immunoevasion, and (2) calls
for the identification of complementary (if not alternative) predic-
tive biomarkers of response. In this setting, an expanding clinical
literature suggests that assessing the proficiency of IFNG
signaling in malignant cells may convey additional predictive in-
formation as compared to the quantification of PD-L1 expression
alone.®'#370:437.438 \Nhether diagnostic tests assessing IFNG
signaling in malignant cells as a predictor of ICI sensitivity will
soon enter the clinical routine, however, is unclear.

Despite these and other unknowns, we believe that the “three
Cs” framework proposed herein may facilitate the understand-
ing of a complex phenomenon such as immune evasion, and
potentially guide the discovery of novel, clinically relevant strate-
gies to circumvent it.
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