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Abstract

Checkpoint blockade therapy has been proven to be highly active across many cancer types but
emerging evidence indicates that the therapeutic benefit is limited to a subset of patients in each
cancer entity. The presence of CD8* T cells within the tumor microenvironment or the invasive
margin of the tumor, as well as the up-regulation of PD-L1, have emerged to be the most predictive
biomarkers for clinical benefit in response to checkpoint inhibition. Although the up-regulation of
immune inhibitory mechanisms is one mechanism of immune escape, commonly used by T-cell-
inflamed tumors, exclusion of an anti-tumor specific T-cell infiltrate displays another even more
potent mechanism of immune escape. This review will contrast the mechanisms of immunogenic,
T-cell-inflamed, and the novel concept of non-immunogenic, non-T-cell-inflamed, adaptive immune

escape.

Keywords: checkpoint blockade, immune evasion, immunotherapy, oncogenes

Introduction

Cancer immunotherapy has revolutionized the treatment
and survival prospects of cancer patients. In particular the
approval of ipilimumab, an anti-CTLA-4 antibody, as well
as nivolumab and pembrolizumab, antibodies against pro-
grammed death-1 (PD-1), has paved the way for their use
(alone or in combinations) as immunotherapeutic agents
(1-3).

The characteristics of immunotherapeutic interventions
are that clinical benefit is mostly associated with a durable
response, a key feature that leads to on-average long survival
rates in the patient groups that experience benefit (2). The
latest clinical data indicate that PD-1 inhibition is therapeuti-
cally active in up to 30% of patients with a variety of cancers,
including melanoma, lung cancer, head and neck cancer,
renal cell cancer etc. (3). Furthermore, combination of anti-
CTLA-4 therapy with PD-1 blockage increased the fraction of
responding patients with malignant melanoma to 57%, indi-
cating that combination therapy can be beneficial in increas-
ing the proportion of responding patients (4). Nevertheless,
understanding the molecular mechanisms that result in sen-
sitivity or insensitivity towards immunotherapy will be the
undertaking of the upcoming years.

One of the most useful features discriminating immuno-
therapy-sensitive versus immunotherapy-insensitive cancer
patients is the presence or absence of tumor-specific T cells.

In a recent study, Tumeh et al. have provided evidence that
the presence of CD8* T cells within the tumor or the invasive
margin of the tumor is highly correlated with response towards
PD-1 inhibition (5). The observation that the presence or
absence of a T-cell infiltrate is a strong, if not the most potent,
indicator for a productive anti-tumor immune response has
long been proposed was elegantly introduced in the immune
score concept Galon et al. (6-8).. Since then many clinical
observations have subsequently linked the presence of CD8*
T cells to a type | interferon (IFN-0/f) signature (9, 10). The
sum of these observations has led to the discrimination of
cancer patients into T-cell-inflamed (positive for a CD8* T-cell
infiltrate as well as a type | interferon signature) and non-T-
cell-inflamed patients (lacking both features) (9, 11).

This review will discuss and contrast two mechanisms of
tumor immune escape leading either to sensitivity or to insen-
sitivity towards immunotherapy mediated through modulation
of the adaptive immune response against the tumor.

Mounting a spontaneous and productive anti-tumor
immune response

Recognition of the tumor by the immune system is the most
proximal event required to occur in order to mount a produc-
tive anti-tumor immune response. Over the past years, much
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effort has been undertaken in order to understand the so-
called innate immune sensing. This mechanism requires the
recruitment of antigen-presenting cells (APC) into the tumor
microenvironment (TME). It has been shown that the recruit-
ment of a subset of dendritic cells (DC), driven by the transcrip-
tion factor Batf3, is crucial for the mounting of an anti-tumor
immune response (12-14). Subsequently, work using mouse
models that feature transplantable tumor cells has proven that
those DC are mediating a type | interferon response, required
for mounting a potent anti-tumor immune response (13, 14).
More recent work has further characterized the subset
of DC and has provided strong evidence that the CD103+/
CD8a* subset of Batf3-driven DC is responsible for the type
| interferon signature and the translocation into the tumor-
draining lymph node (TdLN, Fig. 1), whereas non-migratory
‘conventional’ DC (cDC) only minimally affect this response
(15). Pre-clinical and clinical studies have proven the require-
ment of the induction of type | interferon for the activa-
tion of a potent anti-tumor immune response. Seminal work
has provided strong evidence that activation of DC under
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sterile, non-pathogen-driven tumor conditions is predomi-
nantly mediated through sensing of cytosolic DNA through
the cGAS-Sting pathway and that pharmacological activation
of this pathway enhances the type | interferon signature and
the anti-tumor immune response (16, 17).

Taking these studies together it can be concluded that the
tumor needs to be infiltrated by CD103* DC that will, upon
recognition of the tumor (via DNA-cGAS-Sting), migrate into
the TdLN before activating T cells in an antigen-specific man-
ner (Fig. 1, Phase 1).

A second, rate-limiting factor is the presence of antigens
capable of being recognized by specific T cells. Recent stud-
ies have provided evidence that tumors with strong de novo-
derived antigens, so-called neo-antigens, respond better to
checkpoint blockade (18, 19). Lack of immunogenic antigens
would presumably result in an ineffective priming response in
the TALN (Fig. 1, Phase 2). Although the presence of antigens
could indeed be a rate-limiting factor, preliminary data from
our own laboratory have indicated that the absence of a local
anti-tumor immune response does not exclude the presence
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Fig. 1. Induction of a potent and productive anti-tumor immune response. In Phase 1 (innate immune activation) APC, in particular CD8a*CD103*
DC, migrate into the tumor and produce IFN-a/f downstream of Sting activation. In Phase 2 (activation of antigen-specific T cells) in the TdLN,
migratory CD8a*CD103* DC deliver tumor-derived antigens to the TdLN and through cross-presentation activate tumor-specific CD8* T cells.
In Phase 3 (recruitment of activated T cells) subsequent to activation of effector T cells, those cells migrate into the tumor microenvironment

via CXCL9/CXCL10 chemokine gradients.



of strong antigens. Analysis of The Cancer Genome Atlas
(TCGA) metastatic melanoma dataset provided evidence for
comparable expression of differentiation antigens, cancer-
germline antigens, as well as mutated self-proteins gener-
ating peptides presented by HLA-A*0201 (data presented
at the ASCO meeting 2015, Chicago) (20). Thus, it can be
concluded that an additional mechanism explains sensitivity
versus insensitivity towards immunotherapy.

In order for effector T cells, activated in the TdLN by Batf3-
driven DC, to traffic into the TME, the appropriate chemokines
need to be expressed locally. One candidate chemokine
receptor, known to be expressed on activated effector T
cells, is CXCR3 and recent work has suggested a non-
redundant role of this receptor in the migration of anti-tumor
CD8* T cells into the tumor mass (21). Interestingly CXCL9
and CXCL10, which are the chemokine ligands of CXCRS3,
have been strongly correlated with the T-cell-inflamed phe-
notype, whereas the non-T-cell-inflamed subset lacks these
chemokines (9, 22, 23). Furthermore, as in vitro activation of
the Sting pathway in DC also triggers CXCL9 and CXCL10
(16), it is plausible to consider that the minimal defect in
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non-T-cell-inflamed tumors might be attributed to poor recruit-
ment and/or activation of Batf3-lineage DC into the TME, a
concept that is being pursued further (Fig. 1, Phase 3).

Escape in the context of a T-cell-inflamed TME

The existence of the T-cell-inflamed TME by itself provides evi-
dence for escape mechanisms that allow the co-existence of
an anti-tumor immune response and the tumor itself. The pres-
ence of CD8* T cells has in multiple studies been associated
with the up-regulation of immune inhibitory mechanisms medi-
ating immune suppression, whereas elimination of immuno-
genic tumor cells, leaving only non-immunogenic tumor cells,
displays a similarly potent form of immune escape (11, 24, 25).

Escape through immune suppression

Gene expression profiling indicated the presence of tran-
scripts encoding indoleamine-2,3-dioxygenase (IDO) in these
tumors, a molecule that had previously been demonstrated to
contribute to peripheral tolerance (26) (Fig. 2). Interrogation
for additional candidates revealed that these tumors also
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Fig. 2. Immune escape in a T-cell-inflamed tumor microenvironment. The figure shows details of the four dominant immune escape mechanisms
in the T-cell-inflamed tumor microenvironment: PD-L1 up-regulation and subsequent inhibition of T cells through PD-L1 engagement with PD-1;
IDO up-regulation; recruitment of regulatory T cells (Tregs) through CCL22 (derived from effector T cells); and selection of tumor cells with

reduced antigenic immunogenicity.
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expressed PD-L1 and FoxP3 transcripts (11, 27). The recruit-
ment of FoxP3* Tregs is directly linked with the presence of
activated effector T cells that produce CCL22, the dominant
chemokine to recruit the predominantly CCR4* Tregs (11)
(Fig. 2). CCL22 can also be produced by other components
of the TME, including M2-like macrophages (28).

The presence of Tregs can impact the TME and in particular
the CD8* effector T-cell function through three mechanisms:
(i) soaking up IL-2 (29); (ii) CTLA-4 (a co-inhibitor) competing
with CD28 (a co-stimulator) for binding to CD80 or CD86; and
(i) CD39/CD73-mediated generation of adenosine (30-33).
Those mechanisms act directly on effector T cells by impair-
ing their functionality leading to a reduction of the anti-tumor
destruction. Additionally, it is a conceivable concept that
through interaction between Tregs and DC the latter will be
imprinted to acquire a tolerogenic phenotype, which in turn
might impact the stimulation of effector T cells (34-36).

Pre-clinical and clinical studies have indicated that,
besides the recruitment of Tregs, the secretion of IFN-y by
tumor-specific CD8* T cells results in the up-regulation of
PD-L1 and most likely also PD-L2 on tumor cells (11, 37)
(Fig. 2). Both PD-L1 and PD-L2 are ligands for PD-1 (38). This
receptor is commonly expressed on activated T cells, as well
as chronically exhausted T cells during chronic viral infection
(39). The engagement of the receptor with its ligands induced
an inhibitory signal towards the T cells, inhibiting their effec-
tor functions (40). This mechanism of self-inhibition of the
immune system is being targeted using antibodies that block
PD-1 or PD-L1 and displays currently the most effective form
of checkpoint blockade.

Altogether, these immune inhibitory pathways inhibit T-cell
function and result in the development of a dysfunctional
T-cell phenotype (Fig. 2). Several groups have provided
strong indications that T cells found within the TME are no
longer capable of lysing target cells, producing IL-2 or pro-
liferating (41-43). The dysregulation of T-cell function can
be seen as an additional, T-cell-intrinsic immune inhibitory
mechanism, which prevents an effective anti-tumor immune
response. These immune evasion mechanisms are part of the
natural host response implying that they are most likely inde-
pendent of the tumor context and thereby display targets for
therapeutic interventions with a low risk of resistance.

Because of the presence of a variety of immune regula-
tory factors in the same TME, it can be assumed that target-
ing multiple pathways simultaneously will result in synergistic
therapeutic effects. There are at least three rational combina-
tions: (i) an IDO inhibitor combined with either anti-CTLA-4
or anti-PD-1 mAbs; (ii) anti-LAG-3 plus anti-PD-1; and (iii) an
anti-4-1BB mAb in various combinations. Already the combi-
nation of anti-CTLA-4 plus anti-PD-1 has revealed a higher
response rate than either agent alone in metastatic mela-
noma, albeit with a higher rate of adverse events (4, 44). By
using pre-clinical mouse models, combinations of CTLA-4,
PD-L1 and/or IDO have indicated that the therapeutic effect
is associated with re-activation of CD8* T cells directly within
the TME (43). Similar results could have been obtained using
combinations of Lag-3 and PD-1, as well as CTLA-4 and
4-1BB-agonist (45, 46). Although several of those combina-
tions are already generating exciting response rates in clini-
cal trials, more pre-clinical mouse models will be needed to

dissect the molecular mechanism of each of the combination
in order to tailor their application to the specific tumor pheno-
type of the patient.

The major biologic correlate that is restored with blockade
or activation of these pathways is the ability of tumor-infil-
trating CD8* T cells to produce IL-2 and to proliferate when
analyzed ex vivo, linking the mechanisms of T cell-intrinsic
dysfunction to the expression of extrinsic immune inhibitory
mechanisms. Consistently, the clinical response with anti-
PD-1 mAbs in metastatic melanoma was found to occur pre-
dominantly in patients with pre-existing CD8* T cell infiltrates,
located predominantly in regions of PD-L1 up-regulation (3,
5, 37). Thus, it is conceivable that the clinical response with
active immunotherapies is also mediated through restored
function of pre-existing tumor-infiltrating lymphocytes (TIL).

Escape through reduced immunogenicity

Besides up-regulation of immune inhibitory mechanisms,
the tumor can also evade the anti-tumor immune response
by down-regulation of its immunogenicity. Seminal work by
Robert Schreiber and colleagues has shown that tumors
established in an immune-competent host will be less immu-
nogenic compared with tumors established in hosts lacking
an adaptive immune system (24, 47). Loss of immunogenicity
can be established through multiple molecular mechanisms,
which include down-regulation of MHC class | molecules
and reduced expression of the immunogenic antigens, either
through genetic or epigenetic alterations of the tumor cells
(25, 48).

Further it has been postulated that less-immunogenic tumor
cells are not eliminated by the immune system and will eventu-
ally escape and grow progressively as edited tumors (Fig. 2,
lower right); this is summarized in the Three E hypothesis
(elimination, equilibrium, and escape) (48). More recent work
has shown that edited tumors respond to checkpoint block-
ade and therefore indicated that up-regulation of immune
inhibitory mechanisms is part of this immune-escape (49). In
sum it can be assumed that T-cell-inflamed tumors are being
edited by the host immune system to have reduced immuno-
genic antigen-expression and -presentation but at the same
time immune inhibitory mechanisms are being up-regulated.
The latter are part of a natural response to protect the host
cells from destruction by the immune system. Nonetheless,
the up-regulation of immune inhibitory pathways, including
CTLA-4 and PD-1-PD-L1, makes those tumors sensitive to
immunotherapeutic interventions, in particular checkpoint
blockade.

Escape through preventing T-cell-infiltration into
the TME

In sharp contrast to the T-cell-inflamed TME, the non-T-cell-
inflamed TME lacks not only T cells but also the up-regulation
of immune inhibitory mechanisms (11). Therefore, it is not sur-
prising that checkpoint blockade is not effective in this sub-
group of patients (5). Two essential steps in the induction of
a potent anti-tumor immunity are (i) recruitment and activa-
tion of APC, most importantly Batf3-expressing DC; and (ii)
recruitment of activated effector T cells into the TME. Recent
studies have provided evidence that tumor-cell-intrinsic



alterations can mediate either lack of DC infiltration or lack
of effector cell recruitment. Additionally, multiple other stud-
ies have provided evidence that tumor-cell-intrinsic signaling
impacts the local anti-tumor immune response.

Escape through a lack of innate immune sensing

The comparison of gene expression combined with muta-
tional analysis (using TCGA) between T-cell-inflamed and
non-T-cell-inflamed melanoma samples revealed an activa-
tion of the WNT—f-catenin signaling pathway in the non-T-cell-
inflamed cohort (23). Molecularly this could be attributed to a
stabilization mutation in the p-catenin gene (CTNNBT), loss-
of-function mutations in p-catenin inhibitors (adenomatous
polyposis coli and Axin1) or enhanced gene expression of
pathway-activating genes. In sum, activation of the 3-catenin
pathway was observed in 48% of all non-T-cell-inflamed met-
astatic melanomas. Interestingly, analysis of B-catenin target
genes showed an inverse correlation with CD8a and PD-L1
expression in the tumors and strongly indicated a significant
correlation between the (-catenin pathway activation and a
non-T-cell-inflamed TME (23).

Mechanistic studies were performed using genetically
engineered mice (GEM) containing a tamoxifen-regulated
Cre driven by the tyrosinase promoter combined with active
Braf (Braf'6%f) and conditional PTEN deletion (PTEN-), with or
without a conditional active B-catenin mutant (CAT-STA) (50—
52). Melanomas arising from Braf'6®€/PTEN mice included
a modest T-cell infiltrate as analyzed by flow cytometry and
immunohistochemistry. However, melanomas with active
[B-catenin signaling (Braf's®%/CAT-STA or Braf'*®/PTEN"-/CAT-
STA ) completely lacked a T-cell infiltrate. Those observations
directly indicate that activating p-catenin signaling within mel-
anoma tumor cells can exclude T cells from the TME.

Further analysis of the immune response was obtained
by combining the GEM with Cre-inducible expression of the
model antigen SIY (SIYRYYGL) (53). This strategy allowed
determination of T-cell activation after adoptive transfer
of SlY-specific 2C TCR-transgenic T cells. Indeed, in mice
with T-cell-inflamed tumors (Braf'®®°¢/PTEN"), a spontane-
ous activation of 2C T cells was observed, which could not
be observed in mice bearing non-T-cell-inflamed tumors
(Braf'e®/PTEN-/CAT-STA).

Importantly, the difference in baseline T-cell infiltration
impacted on the ability of the mice to respond in vivo to
immunotherapy. Whereas the combination of anti-CTLA-4
plus anti-PD-L1 mAbs slowed tumor growth in inducible
T-cell-inflamed (Braf'®°s/PTEN) tumor-bearing mice, there
was no therapeutic effect observed on non-T-cell-inflamed
tumors (Braf'6®/PTEN-/CAT-STA). This observation indicates
a defect in early immune priming, likely through alterations in
DC activation. Detailed analysis of the APC compartment in
the tumors revealed the lack of Batf3-driven DC subtypes,
CD103* and CD8a* DC. The lack of DC recruitment was fur-
ther associated with a reduction in CCL4 chemokine expres-
sion by the melanoma cells (Fig. 3).

Collectively, these data have provided evidence that the
Wnt-B-catenin pathway, as the first tumor-cell-intrinsic signal-
ing pathway, prevents the T-cell-inflamed TME and generates
resistance to checkpoint blockade therapy (23).

Escape from an adaptive anti-tumor immune response 387

Escape through a lack of effector T-cell recruitment

Besides inhibition of innate immune sensing, multiple clini-
cal studies have observed that expression of chemokines
involved in effector T-cell recruitment is significantly reduced
in tumors lacking a CD8* T-cell infiltrate (22). The predominant
chemokine receptor expressed and responsible for effec-
tor T-cell infiltration into the tumor is CXCRS3, with its ligands
CXCL9 and CXCL10 (Fig. 3) (21).

Mechanistically, it is conceivable that those chemokines
are derived from the tumor cells themselves or from stroma/
immune cells. Some studies support the notion that enhanced
expression of CXCL9 and CXCL10 might be due to genetic
amplification of the genes and an elegant study by Peng
et al. has shown that methylation of the genetic loci for both
chemokines is associated with reduced infiltration of effector
T cells (54); methylation, catalyzed by DNA methyltransferase
1 (DNMT-1), can be associated with decreased gene expres-
sion. Further, the authors have proven that the lack of effec-
tor T-cell infiltration was associated with a loss of therapeutic
efficacy for checkpoint blockade, which could be restored by
administration of the DNMT-1 inhibitor, 5-aza-2’-deoxycytidine
(5-AZA-dC).

Since not all T-cell-inflamed tumors will include modifica-
tions targeting this genetic locus, it is also a conceivable
concept that immune components of the tumor stroma might
contribute to the effector T-cell recruitment. CXCL9 and
CXCL10 are in fact interferon-responsive genes, known to be
activated in DC upon type | interferon activation, e.g. through
Sting activation in DC (16). The observation that the absence
of certain DC is associated with the lack of effector T-cell
recruitment could suggest that DC within the tumor might also
contribute to the effector T-cell recruiting signature.

Escape through alterations in the TME

Besides the already discussed effect of the Wnt—f3-catenin
pathway on T-cell infiltration in melanoma, additional molecu-
lar perturbations might function to limit host immunity in the
non-T-cell-inflamed melanomas and in other cancer types
as well.

The PIBK-PTEN-AKT pathway is another strong candi-
date to be considered that could impact on host immune
responses. Studies focusing on models for inflammation-
induced cancer progression have associated active PI3K
signaling with an immune-suppressive microenvironment
mediated by increased accumulation of tumor-associated
macrophages (55, 56). Accumulation of macrophages was
associated with increased production of TNF, IL-6, CSF-1,
VEGF-A and IL-8 by the tumor cells themselves, contributing
to recruitment of M2-like macrophages, which can be immu-
nosuppressive (57).

Consistent with these observations in a poorly immuno-
genic environment, a recent study by Hwu and coworkers has
elegantly proven that loss of PTEN in melanoma cells is asso-
ciated with a reduced response towards therapeutic interven-
tions. By using a combination of pre-clinical mouse models
and human patient samples, a functional link between lack of
T-cell-infiltration and loss of PTEN associated with AKT activa-
tion could be identified (58). Although the molecular mecha-
nism remains to be determined, the gross similarity between
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Fig. 3. Immune escape in a non-T-cell-inflamed tumor microenvironment. The figure depicts the three main mechanisms of immune escape
through potent T-cell exclusion from the tumor microenvironment: a lack of innate immune cell recruitment, which results in a block of T-cell
activation; oncogenic pathways that alter the tumor microenvironment in thus far ill-defined mechanisms but which exclude T cells; and a lack
of effector T-cell recruitment due to loss of effector chemokine production.

the p-catenin-mediated and PI3K/PTEN-mediated pheno-
types suggests similar defects in innate immune sensing and
T-cell activation but interestingly the B-catenin defects and
PISK/PTEN defects occur in non-overlapping patient cohorts
(Fig. 3).

Similarly to the observation regarding PTEN deletion, muta-
tions of the tumor-suppressor p53 have also been suggested
to be associated with immune-modulatory effects. In fact,
wild-type p53 signaling has been correlated with recruitment
and activation of immune cells (59). For instance, re-activation
of the p53 pathway resulted in tumor regression a murine liver
carcinoma model, an observation associated with increased
expression of pro-inflammatory chemokines. Additional stud-
ies revealed that the observed p53-mediated tumor regres-
sion was associated with activation and recruitment of natural
killer (NK) cells into the TME (60). The recruitment of NK cells
was dependent on p53-induced CCL2 production. Clinically,
a recent study correlated wild-type p53 signaling to the T-cell-
inflamed microenvironment in triple-negative breast cancer
(i.e. lacking ER, HR and Her2/neu) (61). In sum, steady-state
p53 signaling could contribute to recruitment of innate and
adaptive immune cells, whereas mutation of p53 results in the

reduction of innate immune activation and thereby a lack of
T-cell infiltration (Fig. 3).

Additional oncogenic pathways potentially impacting on
host immune responses are the NFxB signaling pathway
and Stat3 signaling. Activation of both pathways in can-
cer cells has been associated with tumor progression (62,
63). Augmented NFkB signaling has been associated with
immune-derived TNF signaling and increased expression
of tumor-derived chemokines, which could have positive or
negative immune-modulatory effects (64-66). The impact of
tumor-intrinsic NFkB signaling on the immune response might
highly depend on the cellular context, and whether tumor-
promoting inflammatory cells are associated with cancer pro-
gression. Additional studies will be needed to determine if
tumor-cell-intrinsic NFxB signaling is enhancing or dampen-
ing the local anti-tumor immune response.

Studies using transplantable tumors with active STAT3
signaling have indicated a decreased expression of pro-
inflammatory mediators, whereas expression of a dominant-
negative STAT3 variant resulted in increased expression of
pro-inflammatory molecules (67, 68), including CCL5 and
CXCL10. Additional evidence for this mechanism has been



provided through a conditional knockout model for STATS; an
increased anti-tumor immune response was observed in the
absence of STAT3 signaling. This phenotype was associated
with increased T-cell accumulation and T-cell function within
the TME (69, 70). Thus, STAT3 may represent another immune
inhibitory mechanism and, based on the currently available
data, this might be due to reduced recruitment of both DC
and T cells (Fig. 3).

Overcoming the lack of T-cell infiltration can be considered
the next big hurdle to overcome resistance toward immuno-
therapy. Based on the current knowledge, inhibition of inhibi-
tory molecules (PD-1, Lag-3) or engagement of activating
molecules (OX-40, 4-1BB) will have no or only limited effects
in this cohort of patients. It is conceivable that combination
therapies of checkpoint blockade therapy with either small-
molecule inhibitors (e.g. Braf-inhibitors), chemotherapy or
radiation therapy would be synergistic through mechanisms
that restore T-cell infiltration. A recent study using a geneti-
cally engineered mouse model for lung cancer elegantly
showed that chemotherapy, using oxaliplatin and mafos-
lamide, enhances the amount of CD8* T-cell infiltration and
this treatment synergized with checkpoint blockade (71). The
authors speculated that lack of T-cell infiltration was due to
loss of p53 expression and therefore those data provide a
strong notion that immunogenic cell death induced through
systemic chemotherapy could overcome lack of T-cell infiltra-
tion. Pre-clinical and clinical observations have given indica-
tion that inhibition of Braf-signaling in melanoma or radiation
therapy can increase the efficacy of checkpoint blockage
(72, 73). It remains to be determined though if this enhanced
infiltration of T cells following those treatment also results in
the induction of T-cell infiltration in the context of a non-T-cell-
inflamed TME.

Conclusion

The above discussed escape mechanisms either in the T-cell-
inflamed or in the non-T-cell-inflamed TME mediate immune
suppression and escape against an endogenous anti-tumor
immune response. In particular, immune suppression in the
T-cell-inflamed TME is currently being harnessed to activate
the endogenous T-cell response through blocking of immune
inhibitory mechanisms. Checkpoint blockade activates
the immune response in an extremely potent fashion and it
needs to be determined if such a strong anti-tumor immune
response can result in the development of newly adapted
immune escape strategies.

An emerging hypothesis is that alterations in tumor-cell-
intrinsic signaling, e.g. activation of B-catenin, can medi-
ate direct immune evasion from strong anti-tumor immune
responses through direct tumor immune-avoidance. This
process could theoretically occur at any given time in tumor
development. In concordance with the concept of immune
evasion (the Three E hypothesis) (24), we propose that tumor
escape might occur through selection of tumor cells that pos-
sess altered signaling pathways, including activation of the
Wnt-B-catenin pathway. This mechanism would lead to exclu-
sion of immune cells from the TME, resulting in a conversion
of T-cell-inflamed tumors into non-T-cell-inflamed lesions.
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Pre-clinical and clinical studies should be conducted that
allow the detailed mechanistic analysis of secondary resist-
ance following immunotherapeutic interventions in order to
develop strategies to avoid or reverse secondary resistance.
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