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M) Check for updates

Mechanisms of immune activation
and regulation: lessons from melanoma

Shelly Kalaora

well as strategies for treatment development.

Cutaneous I:nelanoma is a malignancy of melanocytes for
which sun ultraviolet exposure is the major risk factor,
leading to a high mutational load. Melanoma tumours
display many different driver-gene and passenger-gene
mutations associated with tumour cell survival and pro-
liferation'. Some of these mutations have been targeted
with rationally designed therapies using small-molecule
agents. For example, vemurafenib and dabrafenib,
approved for use in BRAFV**E-mutated metastatic mela-
noma, are small-molecule inhibitors that specifically
target the mutated protein, which is present in ~50%
of melanomas'. Trametinib, another small-molecule
inhibitor used for the treatment of melanoma, targets
MEK, a downstream effector of BRAF in the hyperac-
tive MAPK pathway’. Melanoma mutations may also
derive neoantigens which are degradation products of
cancer-specific mutated proteins presented by major his-
tocompatibility complex (MHC) proteins. These have
been shown to be mediators of durable remissions in all
types of cancer immunotherapy: adoptive cell therapy,
immune checkpoint blockade and vaccination3’3.:

The tumour microenvironment (TME) is a critical
regulator of tumour development, growth, invasion
and metastasis, and plays a central role in influencing
both tumour immunity and the patient’s prognosis.
The presence of tumour-infiltrating lymphocytes (TILs) in

L4 Adi Nagler’, Jennifer A. Wargo
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Abstract | Melanoma, a skin cancer that develops from pigment cells, has been studied
intensively, particularly in terms of the immune response to tumours, and has been used as

a model for the development of immunotherapy. This is due, in part, to the high mutational
burden observed in melanomas, which increases both their immunogenicity and the infiltration
of immune cells into the tumours, compared with other types of cancers. The immune response
to melanomas involves a complex set of components and interactions. As the tumour evolves,
it accumulates an increasing number of genetic and epigenetic alterations, some of which
contribute to the immunogenicity of the tumour cells and the infiltration of immune cells.
However, tumour evolution also enables the development of resistance mechanisms, which,

in turn, lead to tumour immune escape. Understanding the interactions between melanoma
tumour cells and the immune system, and the evolving changes within the melanoma tumour
cells, the immune system and the microenvironment, is essential for the development of new
cancer therapies. However, current research suggests that other extrinsic factors, such as

the microbiome, may play a role in the immune response to melanomas. Here, we review the
mechanisms underlying the immune response in the tumour and discuss recent advances as

melanoma tumours, and their localization, composition
and density, can influence both the immune response
and patient survival®. However, tumour progression may
still occur in the presence of T cell infiltration — an indi-
cation of induced immune evasion. Several mechanisms
may underlie this phenomenon, such as the inhibition of
tumour-specific T cells, the lack or low levels of antigens
or the MHC molecules which present them, the absence
of chemoattractants or their receptors on the infiltrat-
ing T cells, or suppressor factors secreted by the tumour
cells, neighbouring cells or suppressor immune cells in
the TME".

Aswell as CD4* and CD8* T cells, other innate T cells,
such as natural killer T cells (NKT cells), y8 T cells and
mucosa-associated invariant T cells (MAIT cells), play
arole in controlling tumour growth. Furthermore, diff-
erent innate and adaptive immune cell types can be found
in the tumour, including macrophages, dendritic cells
(DCs), B cells, mast cells, natural killer cells (NK cells)
and neutrophils.

Immune checkpoint inhibitors (ICIs) have demon-
strated significant clinical efficacy in metastatic mela-
noma by reversing effector T cell dysfunction and
exhaustion, thereby enhancing their antitumoural pro-
perties. This success has led to ICI use as a first-line treat-
ment for melanoma and other cancer types. However,
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Immune checkpoint

An immune system pathway
that acts as a ‘gatekeeper’

of the immune response.
Checkpoint receptors are
located on the immune cell
surface and play a critical
role in regulating the balance
between immune cell activation
and inhibition, resulting in
self-tolerance and prevention
of the immune system

from attacking self-cells
indiscriminately.

Tumour-infiltrating
lymphocytes

(TILs). I‘_ymphocytes comprising
mainly CD8* and CD4* T cells,
but also containing B cells and
natural Killer cells (NK cells).

40-60% of patients with melanoma do not achieve a
significant therapeutic response and many responders
experience tumour relapse™~'>. There may be an overlap
between mechanisms that prevent an initial immune
response and those that result in resistance to ICI ther-
apy; however, the timing and order of immune altera-
tions within the melanoma will also likely determine
whether an initial immune response can occur. A more
complete understanding of the mechanisms resulting in
immune evasion will be critical to identifying potential
therapeutic strategies and using them at the appropriate
stage of disease.

In this Review, we provide an overview of recent
advances in our understanding of the immune response
in melanoma, by focusing on the different mechanisms
that effect antitumour immunity. We discuss the role of
tumour cell-intrinsic factors in the immune response,
how immune cells in the TME interact with the tumour
cells, how immune cells function in the tumour as well
as the effect of the microbiome on antitumour immu-
nity. We discuss how this information will contribute to
better targeting of the immune mechanisms involved in
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Fig. 1| Tumour-intrinsic mechanisms and their effect on the antitumour immune
response. An increase in antitumour immunogenicity (blue) can result from interferon-y
(IFNy) secretion, leading to increased major histocompatibility complex (MHC) expression
and peptide presentation by tumour cells. Upper panel: potential sources of tumour
antigens, including antigens that harbour tumour mutations, intracellular bacteria,
melanocyte differentiation genes and other tumour-specific alterations. The antigens

are processed into peptides by the proteosome and transported by the transporter
associated with antigen processing (TAP) from the cytosol into the endoplasmic reticulum
for assembly with MHC class | (MHC-I) molecules. Some of these antigens can also be
presented by MHC-II. Decrease in immunogenicity (red) can be due to IFNy secretion,
which results in PDL1 expression by tumour cells, mutations in tumour cells that cause
the loss of MHC expression or alterations in oncogenic signalling pathways such as
WNT-B-catenin. Dedifferentiation and loss of melanocyte differentiation antigens

can also result in resistance to immunotherapy.

the antitumour immune response, the development of
therapeutic modalities, the role of timing and the com-
binations of different types of treatments for maximum
effectiveness.

Tumour cell-intrinsic factors

The antigenicity of tumour cells arises principally as
a consequence of their altered genetic, transcriptional
and functional landscapes. These tumour cell-intrinsic
factors determine the induction and maintenance of
a naturally occurring antitumour T cell response, on
the one hand, or can lead to resistance to ICIs, on the
other (FIC. 1).

Tumour cell antigenicity

Melanomas are highly antigenic tumours, as is evident in
cases of spontaneous tumour regression, the high infil-
tration of T cells and the higher response rates of patients
to ICIs. Although antigen-unaware therapies — such as
ICIs, adoptive cell therapy of bulk non-selected TILs or
the use of lysed tumour cells — are successful in the treat-
ment of melanoma'>", it is critical that we understand the
sources of tumour cell antigenicity in order to develop
antigen-targeted therapies. This goal haszled to the
identification of tumour-specific antigens expressed only
by the tumour cells and tumour-associated antigens,
which have elevated levels on tumour cells but are also
expressed by normal cells, and their role in the tumour
immune response.

Previously, melanoma antigen research focused on
tumour-associated antigens derived from wild-type
genes that were known to be overexpressed in mela-
noma cells, for example those encoding melanocyte
differentiation antigens (such as tyrosinase, PMEL,
MART]1 (also known as melan A) or tyrosinase-related
protein 1 and 2), or antigens restricted to dispensable
tissues such as the testis and placenta (such as the cancer/
testis antigen NY-ESO-1 and melanoma-associated
antigen (MAGE) family proteins)". Recent studies
have revealed that mutated antigens in the tumour can
function as immuno-dominant antigens, as they are not
expressed in normal tissues and, hence, bypass central
tolerance'>'. These findings led to efforts to develop
advanced methods for mutated peptide identification
and understanding how to better predict their presenta-
tion on MHC molecules found on cancer cells as well as
their immunogenicity (BOX 1).

The mutation rate of melanoma is among the high-
est from all cancer types'’; however, despite the thera-
peutic potential of mutated antigens, they are highly
patient-specific, and the number of identified shared
mutated antigens, derived from recurrent melanoma
mutations, remains low'?. Similarly, the number of
clinically relevant mutated antigens identified in each
patient is limited, including only a few mutated antigens
per patient, or none at all"’. Another hurdle in the use of
mutated antigens is their heterogeneity within both the
tumour and metastatic sites, owing to the heterogeneity
in the tumour mutational landscape resulting from
tumour immuno-editing and the selection effects of diverse
therapeutic approaches. Reduced tumour heterogeneity
has been shown to lead to robust immune surveillance

www.nature.com/nrc



Box 1 | Antigen identification methods

For therapeutic purposes, the ideal tumour antigens should be immunogenic and
tumour-specific, presented by the tumour cells. Current antigen identification methods
rely on these attributes and are based on the physical purification of the antigens

using immunopeptidomics'®?***1%71%7 or on the presence of T cells that recognize
them, identified by antigen screens using peptides'®, tandem mini-genes'**'’,

cDNA libraries''"* or tetramers'’"”*. All of these methods require prior knowledge

of the antigen sequences, which are used as the input for antigen identification.

When performing immunopeptidomics, the cells are lysed and the peptide—major
histocompatibility complex (MHC) complexes are immunopurified. The peptides are
isolated and analysed using mass spectrometry, and the mass spectrometry data used
to interpret the peptide sequences. The advantage of this method is that it enables the
identification of the antigens presented by the tumour cells, even if no prior immunity

exists towards them. However, this method presents a snapshot of the tumour
antigens at the dissection time point and is limited by the mass spectrometry detection

capabilities.

Screening methods that rely on immunogenicity enable the identification of antigens
that had previously induced immunity in the tumour. The main disadvantage is that
these antigens might no longer be present in the tumour due to immuno-editing,
whereas other presented antigens could be missed if they were not immunogenic.
Screens using minimal epitopes, such as tetramers and short peptides, are more prone
to bias, as they require the prediction of the screened peptides using MHC-binding

prediction algorithms.

A combination of these methodologies can give a broader view of the MHC-presented
antigens in the tumour, while compensating for their individual disadvantages, in order

to identify targetable tumour antigens

Natural Killer T cells

(NKT cells). Members of the
faminAof unconventional

T cells that recognize glycolipid
antigens in the context of

the non-polymorphic major
histocompatibility complex
class | (MHC-I)-like molecule
CD1D. NKT cells are
characterized by their capacity
to rapidly produce a large
amount of immunoregulatory
cytokines and may play a

role in antitumour immunity,
particularly via their secretion
of interferon-y (IFNy), which
cross-activates natural killer
cells (NK cells).

Dendritic cells

(DCs). /‘\ntigen-presentmg cells
(APCs) that present tumour
antigens to CD4* and CD8*

T cells. Antigen presentation is
done efficiently only by mature
DCs. DC maturation is affected
by different factors in the
tumour microenvironment
(TME), for example tumour-
associated macrophages (TAMs)
limit DC maturation and are
therefore able to evade the host
immune response. In addition,
DCs are mediators of immune
tolerance and regulatory T cell

(T cell) expansion.

165

in a melanoma mouse model®, which could explain
the link between tumour heterogeneity and patient
survival*' =,

Our increasing understanding of antigen pro-
cessing and presentation pathways and the mining of
the genomic, transcriptomic and proteomic tumour
landscapes is shedding light on the repertoire of pre-
sented antigens. Technologies such as whole-genome
and whole-exome sequencing, RNA sequencing and
ribosome profiling have allowed the identification of
antigens derived from mutations (non-synonymous
single-nucleotide variants, frameshifts and indels), trans-
locations, alternative splicing (fusions of transcripts, or
alternative mRNA or proteasomal splicing events), alter-
native ribosomal products, post-translational modifica-
tions and non-coding or small nucleolar RNAs'. Other
sources of:antigens presented by melanoma cells are
endogenous retroviruses* and intratumour bacteria”
(discussed below).

IFNy responsiveness and signalling

Activation of the interferon-y (IFNy) pathway in tumour
cells has a dual role in the antitumour immune response,
depending on the duration of activation and the pre-
sence of IFNy pathway components. IFNy signalling has
a direct anti-proliferative and pro-apoptotic effect*-*,
can result in the secretion of chemokines such as CXCL9
and CXCL10 (REFS*~*"), and increases the expression of
antigen-processing machinery and surface MHC class I
(MHC-I) and MHC-II molecules*>*. IFNYy can also
alter the repertoire of presented antigens, resulting in
higher immunogenicity of the tumour cells*. In con-
trast, chronic exposure of melanoma cells to IFNy has
been shown to result in (PDL1-independent) epigenetic
and transcriptomic changes, leading to upregulation of
inhibitory T cell receptors and resistance to ICIs* (FIC. 1).

REVIEWS

As IFNy induces the expression of PDL1, disruption
of this pathway may affect the sensitivity to therapies
targeting this immune checkpoint molecule. Indeed,
tumour relapse of patients with melanoma, who previ-
ously responded to anti-PD1 therapy, was shown to be a
result of loss-of-function mutations in the genes encod-
ing Janus kinase 1 (JAK1) and JAK2 (REF’*%). CRISPR
screens, which were designed to identify genes associated
with resistance to immunotherapy in mouse and human
melanoma cells, have also identified genes encoding
components of the IFNYy signalling pathway, including
JAK1, JAK2, signal transducer and activator of transcrip-
tion 1 (STAT1), IFNy receptor 1 (IFNGR1) and IFNGR2
(REFS**). Other components identified in these studies
include the protein tyrosine phosphatase PTPN2, which
reduces the sensitivity to [FNy receptor signalling™*,
apelin receptor (APLNR), which interacts with JAK1
and increases the sensitivity of tumour cells to IFNy*, and
components of the chromatin regulator PBAF complex,
which suppress the expression of IFNy-response genes,
resulting in resistance to T cell-mediated killing™.

Loss of antigen presentation

The effect of IFNYy signalling on antitumour immunity
relies on its ability to upregulate MHC-I antigen pre-
sentation. Whereas in some MHC-I-deficient tumours,
treatment with IFNy can restore the expression of the
antigen-processing machinery and MHC-I expres-
sion, in other cases, defects in antigen presentation
are irreversible®. For example, longitudinal biopsies
revealed that loss of MHC-I in some patients with meta-
static melanoma was due to loss of the gene encoding
2-microglobulin (B2M)*'. Similarly, mutations in B2M
resulted in resistance to immunotherapy. Patients with
melanoma who received immunotherapy treatments,
such as interleukin-2 (IL-2), IFNy, adoptive TIL therapy
or mutated antigen vaccine, lost functional expression
of B2M and, as a result, had low MHC-I expression***.
Point mutations, deletions or loss of heterozygosity
(LOH) were also observed in patients with melanoma
with resistance to ICIs****. LOH at the B2M locus was
enriched threefold in non-responders and was associated
with lower overall survival in two independent cohorts
of patients with melanoma treated with anti-cytotoxic
T lymphocyte antigen 4 (CTLA4) or anti-PD1 (REF.*).

Genes that decrease the susceptibility of mela-
noma cells to killing by TILs include MEX3B, which
encodes a post-transcriptional negative regulator that
destabilizes HLA-A mRNA leading to reduced levels
of MHC-I. Indeed, higher expressionZof MEX3B was
found in patients who were non-responsive to anti-PD1
therapy™.

Although the role (I)f MHC-II expression on mela-
noma cells remains unclear, it has been suggested for use
as a predictive biomarker of response to anti-PD1 ther-
apy. Although defects in MHC-II antigen presentation
are less frequent compared with the MHC-I presenta-
tion pathway, MHC-II-mediated resistance mechanisms
to PD1 inhibition have been reported**~*. Additionally,
aberrant expression of MHC-II in melanoma was found
to attract CD4* T cells, which dampen CD8* T cell antitu-
mour responses”. Immunogenic tumour-associated and

NATURE REVIEWS | CANCER
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Natural killer cells

(NK cells). NK cell activation
relies on signals derived

from multiple activating and
inhibitory receptors and does
not require antigen specificity.
NK cell function is partially
complementary to T cells, as
NK cells target and lyse major
histocompatibility complex
class | (MHC-I)-deficient

cells and, therefore, play

an essential role in cancer
immunosurveillance.

Tumour immuno-editing
Immuno-editing that occurs
during tumour progression to
allow the immune system

to initially constrain but later

promote tumour development.

Initially, the immune system
recognizes the transformed
cells and eliminates them.
Tumour cells that are not
eliminated can progress to
an equilibrium phase. Edited
tumours can then escape the
immune system and exhibit
unrestrained growth.

specific MHC-II antigens have been previously described
(detailed in Cancer Antigenic Peptide Database), and
MHC-II mutated peptides have been shown to mediate a
CD4' immune response in patients with melanoma who
were vaccinated with personalized mutated antigens*>*'.

Oncogenic signalling

In addition to the contribution that genetic alterations
make to the antigenic tumour repertoire (for example,
mutated and overexpressed tumour antigens), onco-
genic signalling can affect tumour immunity via various
other mechanisms. Although mechanisms shown
in other types of cancer can be also relevant to mela-
noma, here we limit our review to the most common
oncogenic signalling mechanisms previously described
in melanoma models and patients with melanoma.

The MAPK signalling pathway plays a critical role
in melanoma development and immune evasion, with
approximately half of the patient tumours harbouring
the BRAFY®®-activating mutation. Inhibition of mutated
BRAF protein, using vemurafenib, showed increased
susceptibility of melanoma cells to T cell-mediated cyto-
toxicity, without affecting T cell function®, via increased
expression of MHC-I and melanoma differentiation
antigens™. Vemurafenib can also synergize with IFNy
and tumour necrosis factor (TNF) signalling to induce
cell-cycle arrest of tumour cells bearing BRAFY*"® muta-
tions™. BRAF or MEK inhibition also decreased the pro-
duction of the immunosuppressive factors IL-10, IL-6 or
vascular endothelial growth factor (VEGF) by melanoma
cells, which, in turn, reduced their suppressive activity
on the production of inflammatory cytokines IL-12 and
TNF by DCs™.

Other alterations in melanoma cells that reduce the
susceptibility of tumour cells to T cell-mediated tumour
killing include loss of PTEN, which also correlates
with decreased T cell infiltration and inferior out-
comes with PD1 inhibitor therapy”. Activation of
WNT--catenin signalling was correlated with reduced
T cell infiltration, production of immunosuppressive
cytokines, such as IL-10 (REF%), and the prevention of
T cell priming to antitumour responses by disrupting
the recruitment of DCs expressing the transcription
factor BATF3 (REFS**%). Mutations in the gene encoding
ATRKkinase, frequent in melanoma, have been reported to
decrease intratumoural T cell infiltration and expression
of immune checkpoints®. Recent evidence suggests that
tumour dedifferentiation may also play a role in resist-
ance to immunotherapy. For example, loss of the melano-
cyte differentiation antigen MART1 has been observed in
relapsed tumours after adoptive cell therapy®. In another
example, downregulation of MHC-I expression was
described as a hallmark of resistance to PD1 inhibition
and was associated with a dedifferentiated phenotype®.

Immune cell effects on melanoma tumours
Immune checkpoints

The activity of TILs is a major determinant of success-
ful immune surveillance. TILs can recognize antigens
presented by the tumour cells, and with the engagement
of co-stimulatory factors TIL activation can mediate
tumour cell killing and, thus, control tumour growth.

On the other hand, TIL activity can be hampered by
expressing inhibitory checkpoint molecules. These
immune checkpoints and their ligands are diverse in
their cell distribution and in their functional role and
involvement in the immune response®**® (FIG. 2).

The most extensively studied immune checkpoint
molecules are PD1 and CTLA4, whose inhibitors are
widely used clinically and are the first line of treatment
for patients with melanoma®. Additional immune check-
points include lymphocyte activation gene 3 protein
(LAG3), T cell immunoglobulin mucin receptor 3 (TIM3;
also known as HAVCR2) and T cell immunoreceptor with
immunoglobulin and ITIM domains (TIGIT). These
immune checkpoints have been shown to be upregu-
lated in the CD8* subset of TILs by single-cell analysis
in human melanoma tumour samples®. Chronically
stimulated:CDS+ T cells acquire an ‘exhausted’ state,
characterized by loss of cytolytic activity, reduced
cytokine production, reduced proliferation capacity and
upregulation of these co-inhibitory receptors.

The use of ICIs has transformed melanoma treat-
ment, with improved overall survival of patients with
advanced melanoma. ICIs also serve as the first line of
therapy for other cancers, such as non-small cell lung
cancer?. Although monotherapy using CTLA4 or PD1
blocking antibodies has significantly prolonged the
survival of some patients, 40-60% of patients do not
respond'?, which has led to the development of combina-
tion treatments targeting additional immune checkpoint
molecules, such as TIM3 and LAG3.

TIMS3 has been:shown to bind two ligands: first,
galectin 9 is a secreted protein produced by immune
cells including mast cells, T cells and antigen-presenting
cells (APCs) and by non-immune cells such as fibro-
blasts. Similar to PDL1, galectin 9 is upregulated by IFNy
and is a part of the negative feedback loop triggering
T cell-mediated death. Carcinoembryonic ;:mtigen—related
cell adhesion molecule 1 (CEACAM]1) is also a TIM3
ligand, expressed by T cells, APCs and tumour cells**.

TIM3 and CD39 (also known as ENTPD1) were
associated with a CD8* T cell exhausted state in samples
from patients with melanoma. Indeed, a combination
i)f a small molecule (POM-1) that inhibits CD39 and
a TIM3 blocking antibody reduced tumour growth in
the B16-F10 mouse model of melanoma™. In addition,
TIM3 expression by NK cells has been associated with
NK cell exhaustion in advanced melanoma, and its
blockade reversed the exhausted phenotype”.

Furthermore, B and T lymphocyte attenuator
(BTLA), an immunoglobulin-like molecule expressed
by T cells, NK cells and APCs, was shown to be upregu-
lated in NY-ESO-1-specific CD8" T cells in patients with
melanoma. Blockade of BTLA combined with PD1 and
TIM3 blockade enhanced NY-ESO-1-specific CD8*
T cell expansion and function™.

Additional immune checkpoint molecules have
been identified, including V-type immunoglobulin
domain-containing suppressor of T cell activation
(VISTA), adenosine receptor A2A, B7-H3, B7-H4 and
killer cell immunoglobulin-like receptors (KIRs), all
of which are at different stages of research and clinical
development”™~%.

www.nature.com/nrc
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Dynamic changes in immune cells

The interactions between different components of
the TME lead to dynamic changes in cell popula-
tions, which are critical for determining tumour pro-
gression. Melanoma tumours are characterized by

REVIEWS

relatively high infiltration of immune cells, and are
therefore considered an immunogenic malignancy.
However, these immune cells can have opposing
effects, either initiating or inhibiting the immune
response.
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Fig. 2 | Effect of immune and stromal cells on melanoma tumours.
Immune cytotoxic cell subset includes CD8* T cells and natural killer cells
(NK cells), which can eradicate tumour cells. CD4* and CD8* T cells are
activated via T cell receptors (TCRs) by antigens presented on major
histocompatibility complex class | (MHC-I) and MHC-I1I by antigen-
presenting cells (APCs) and tumour cells. CD4* T cell secretion of TGFp,
interferon-y (IFNy) and interleukin-2 (IL-2) leads to CD8" T cell proliferation.
CRISPR screens have demonstrated that the ablation of Ras GTPase-
activating protein 2 (RASA2), CBLB, suppressor of cytokine signalling 1
(SOCS1) or TCEB enhances CD8* T cell function by increasing expression
of the CD69 and CD40L activation markers. In addition, PPP2R2D
knockdown enhances CD8* T cell proliferation and cytokine production.
Natural killer T cells (NKT cells) recognize glycolipid antigens presented by
CD1D on tumour cells and activate NK cells by IFNy secretion. Additional
non-conventional T cells, such as mucosa-associated invariant T cells (MAIT
cells) and y8 T cells, can provide antitumour cytotoxicity. Inhibitory cell
subset includes regulatory T cells (Treg cells), which inhibit CD8* T cells, NK
cells, B cells and APCs. Cytotoxic T lymphocyte antigen 4 (CTLA4)
expressed by T__cells competes with CD28 for the binding of B7 ligands on

reg

APCs and inhibits CD8* T cell activation. Another inhibitory immune cell
type is myeloid-derived suppressor cells (MDSCs), whose expression of
PDL1 and PDL2 inhibits T cell activation by binding to PD1. Furthermore,
MDSCs promote T, cell proliferation in a TGFB-dependent manner and
bolster angiogenesis in the tumour microenvironment (TME) and
epithelial-mesenchymal transition (EMT) in tumour cells. Tumour cells
can induce the activity of T cells, tumour-associated macrophages
(TAMs) and MDSCs by secreting vascular endothelial growth factor
(VEGF) and enhancing expression of PD1 on CD8* T cells. Additionally,
TAMs limit dendritic cell (DC) maturation and promote EMT by IL-10-
Toll-like receptor (TLR) signalling. NK cells are activated by downregulation
of MHC-1 and expression of MICA and MICB by tumour cells. Cancer-
associated fibroblasts (CAFs) can also induce immunosuppression.
CAFs cleave the ligand of NK cell-activating receptors on the surface of
tumour cells, thereby reducing natural killer group 2D (NKG2D)-mediated
cytotoxicity directed against the tumour. In addition, CAFs secrete TGFp,
CXCL12, of matrix metalloproteinase 2 (MMP2) and IL-6, which promote
tumour proliferation and invasion. TIM3, T cell immunoglobulin mucin
receptor 3.
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Immune cell activation in the TME. T cells have a major
role in the antitumour immune response. Short hairpin
RNA (shRNA) and CRISPR screens in T cells have identi-
fied pathways mediating T cell-specific cellular functions,
and this research has contributed to drug development
and the design of genetically reprogrammed T cell-
based therapies. These technologies have been used in
both in vivo and in vitro models, identifying positive and
negative regulators of T cell receptor (TCR) signalling.
An in vivo shRNA screen performed in tumour-bearing
mice injected with OT-1 TCR-transgenic CD8" T cells,
which recognize B16 melanoma cells expressing the sur-
rogate tumour antigen ovalbumin, identified the target
PPP2R2D, a regulatory subunit of the PP2A phosphatase
family. Ppp2r2d knockdown enhanced T cell prolifera-
tion and cytokine production”. A separate genome-scale
CRISPR screen performed in primary human CD8* cells
identified several negative regulators of TCR signalling,
such as Ras GTPase-activating protein 2 (RASA2), the
E3 ubiquitin ligase CBLB, suppressor of cytokine signal-
ling 1 (SOCS1) and the SOCS1 binding partner TCEB2.
Ablation of each of the genes encoding these regulators
enhanced CD8" T cell function, by increasing the expres-
sion of CD69 and CD40L cell surface markers of early
activation, and killing of the target A375 melanoma cell
line™. These studies reveal that T cells can be genetically
modified to have an anti-melanoma tumour activity.

Another aspect in promotion of the immune response
in patients with melanoma is the presence of highly
organized tertiary lymphoid structures (TLSs) within
the tumour, which include B cells, T cells and DCs.
These cells form highly specialized immune aggregates
surrounding high endothelial venules (HEVs), ena-
bling the recruitment of naive B cells and T cells. Both
tumour-infiltrating B cells and TLSs have been shown to
promote an immunotherapy response in patients with
melanoma®-*. The immune mechanisms that are acti-
vated within these structures are not fully understood;
however, the importance of tumour-associated TLSs has
been clearly established.

Innate immune cells, such as NK cells, can also elim-
inate tumour cells. Binding of the receptor natural killer
group 2D (NKG2D) to stress-induced proteins MICA
and MICB expressed by tumour cells activates cytotoxic
activity of NK cells. Proteolytic shedding of MICA and
MICB molecules is associated with tumour progression.
Antibodies targeting the site of the proteolytic shedding
prevented loss of MICA and MICB, and has been shown
to reduce human melanoma metastasis in a humanized
mouse model®.

Further, unconventionalZinnate—like T cells — includ-
ing yO T cells*, NKT cells** and MAIT cells*® — are
also important in regulation of tumour immunity. For
instance, MAIT cells promote tumours by suppress-
ing T cells and NK cells; this has been demonstrated
by injection of mouse melanoma cells into mice with
depletion of MHC-I-related protein 1 (MR1), which is
required for MAIT cell development and function®.

Immune cell suppression in the TME. Numerous diffe-
rent cells in the TME, including stromal cells, fibroblasts,

regulatory T cells (T,,, cells), myeloid-derived suppressor

cells (MDSCs) and tumour-associated macrophages
(TAMs), suppress immune cell activation. T, cells are
immunosuppressive T cells that can inhibit an antitu-
mour immune response through inhibition of CD8*
T cells, NK cells, B cells and APCs. High levels of T, cell
infiltration in a wide range of cancers, including mela-
noma, have been associated with recurrence, tumour
progression and metastasis®*®.

Myeloid lineage deletion of general control non-
derepressible 2 (Gcn2), a gene encoding a stress-response
kinase that acts as an environmental sensor controlling
transcription and translation in response to nutrient
availability, in mice shifted TAM and MDSC phenotypes
towards an increased antitumour response, following the
injection of B16 melanoma cells into the GCN2-depleted
mice. The change in the inhibitory function of these
immune suppressor cells was due to pro-inflammatory
responses and an increase of IFNy in CD8* T cells.
GCN2 activity was negatively correlated with antitu-
mour responses and overall survival in patients with
melanoma®.

Among the stromal cells present in the TME, cancer-
associated fibroblasts (CAFs) are among the most abun-
dant. These cells have a role in creating the extracellular
matrix (ECM) structure surrounding the tumour cells;
they also play a role in tumorigenesis. It has been shown
using human melanoma-associated CAFs that the
secretion of matrix metalloproteinases (MMPs) leads to
a decrease in the levels of the NKG2D ligands MICA
and MICB, thus inhibiting tumour cell susceptibility to
NK cell-mediated killing”'. Additionally, the ECM and
proteolytic products derived from ECM remodelling
might also have a crucial role in resistance to immuno-
therapy, as ECM remodelling, collagen deposition and
mechanical forces can regulate immune cell migration
and activation’**. From the above, it is clear that in cases
of immunogenic tumours, such as melanoma, there is a
constantly shifting equilibrium between different arms
of the immune system leading to tumour recognition
and elimination. In parallel, tumour evolution also com-
prises immuno-editing mechanisms allowing tumour
cell escape from immune surveillance and antitumour
immunity.

Based on these findings, targeting immunosup-
pressive cellular populations has become an attractive
strategy for therapeutic intervention, principally by
inhibiting their recruitment into the TME and admin-
istration of co-stimulatory molecules to enhance T cell
activation”.

Metabolic regulation of tumour immunity

Both tumour cells:and immune cells compete for
resources in the TME, where challenges such as
hypoxia, oxidative stress and nutrient deprivation are
commonly encountered. Aerobic glycolysis is required
for T cell activation and tumour cell proliferation.
In T cells, glucose is required for IFNy signalling and the
cytotoxicity function of these cells™. As tumour cell pro-
liferation is also dependent on aerobic glycolysis, a phe-
nomenon termed ‘the Warburg effect; this may result in
competition between immune cells and tumour cells for
glucose consumption in the TME”. Tumour cells and
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immune cells also utilize the non-essential amino acid
glutamine, necessary for cellular proliferation as well
as metabolite production and fatty acid synthesis. In
T cells, glutamine controls mTOR activation and regu-
lates T cell function and differentiation’. Additionally,
tryptophan, an essential amino acid, is catabolized
through the kynurenine pathway, generating meta-
bolites that suppress T cell proliferation”. Tryptophan
depletion activates GCN2, which inhibits T cell func-
tion. Furthermore, amino acid deprivation impairs
T helper 17 (T;17) cell differentiation and promotion
of T,,, cell development'**'°".

In addition to nutrients, abnormal features of
tumour vasculature can create hypoxic regions, leading
to enhanced glycolytic activity and lactate production.
The increase in lactate acidifies the TME, influencing the
antitumour immune response’'”. In melanoma, lactate
has been shown to suppress NK cell and T cell responses
in the TME'”.

The nutrient competition between the tumour and
the immune cells provides yet another means by which
tumour cells can evade the immune response'*. This
principle needs to be taken into account when studying
antitumour immunity.

Involvement of the microbiome

The tumour microbiome

There have been numerous reports of bacteria within
tumours, dating back nearly 100 years'”. There is a large
gap of knowledge regarding the intratumour micro-
biome in melanoma tumours. Most studies have been
performed on tumours in the aerodigestive tract.

A recent study revealed that a broad range of tumours,
including melanoma, possess microbiomes, suggesting
that tumour microbiomes are more prevalent than pre-
viously thought. This study demonstrated the presence
of microbes within tumours not directly associated with
the aerodigestive tract (defined as the airway, pulmonary
tract and upper digestive tract), which are, therefore, less
prone to contain commensal organisms. These microbes
appear to be tumour type-specific, suggesting that they
have tumour-specific roles'*.

Box 2 | Microbiome species identification methods

The intratumour microbiome can be identified using several methods, during which the

handling of the tumour must be performed in sterile conditions, to avoid contamination.

The most common method for bacterial identification is 16S rRNA gene sequencing, as
16S rRNA is present only in prokaryotic cells. This method, which has been used to
compile most of the data in the Human Microbiome Project (HMP)'’®, requires the
processing of the sample DNA, PCR-based amplification of the hypervariable regions
(also known as V regions), and sequencing and comparison with reference databases,
such as Greengenes'”’, SILVA'® and the Ribosomal Database Project’’®. Sequencing of
four or five V regions is highly specific for most bacteria'**'*°. An alternative approach is
whole-genome shotgun sequencing, which uses random primers to sequence
overlapping regions of the genome. This method requires metagenomics analyses, and
enables more accurate taxonomic classification, through determination of the gene
composition of the bacteria'®’. An additional option for identifying specific bacteria is
through their isolation and growth in culture media, followed by taxonomic profiling
using metagenomics analyses. An advance in:mass spectrometry techniques
(matrix-assisted laser desorption ionization—time of flight mass spectrometry) has been
used for cultivatable bacterial species identification due to its high diagnostic accuracy,
robustness, reliability and rapid turn-around time'**'®*. However, not all bacterial
species can be successfully cultured, limiting the use of this method.
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Different mechanisms have been described by which
microbes can enter tumours, such as breaches in
mucosal barriers, giving luminal bacteria access to the
epithelium'”". Different factors, such as diet, may influence
the bacterial composition within tumours. For exam-
ple, a diet rich in grains and fibres has been correlated
with a lower risk for Fusobacterium nucleatum-positive
colorectal cancer'®.

The intratumour microbiome has been shown to have
various functions affecting tumour progression and the
response to therapy, including the direct facilitation of
tumorigenesis through increased mutagenesis, the regu-
lation of oncogenic pathways or the modulation of the
host immune system'”. In addition, several studies have
suggested that the microbiome affects the efficiency of
chemotherapeutic drugs used to treat patients with can-
cer. For example, intratumour bacteria have been shown
to increase the drug resistance of tumours for gemcita-
bine, a chemotherapeutic agent used to treat patients
with pancreatic ductal adenocarcinoma (PDAC)'"’. Also,
E nucleatum has been shown to promote chemotherapy
resistance in colorectal cancer through Toll-like receptor
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(TLR), microRNAs and autophagy pathways''".

Influence on the immune response

A role for the gut microbiome in antitumour responses
and response to ICIs has been demonstrated in preclini-
cal mouse models and patients with various cancers,
including melanoma''>"""%, Specific bacteria were found
to correlate with better or worse response to ICIs, and
generally a more diverse gut microbiome was correlated
with better response to ICIs. Recent clinical trials have
demonstrated that faecal microbiota transplantation
from donors who previously responded to anti-PD1
therapy to patients with metastatic melanoma who were
refractory to anti-PD1 therapy overcame resistance,
implying that modulation of the gut microbiome could
be developed as a melanoma therapy''>'*’. This effect
can be explained by the gut microbiome promoting
DC infiltration into tumours, which results in T};1
cell activation via IL-12 cytokine secretion and CD8*
T cell immune responses'*"'*,

Efforts to sequence individual microbes and the
human microbiome have provided insight into their
influence on health and disease (BOX 2). The use of
recently developed computational tools helps mini-
mize the problem of contaminants. These tools are also
able to identify cancer-associated microbiomes within
human sequencing data sets'*’. Beyond sequencing,
microscopy and flow cytometry-based approaches are
proving to be useful tools for the detection and study of
tumour-associated microbiomes. Bacteria within diverse
tumour types may affect both the TME and tumour
immunity. RNA sequencing data from The Cancer
Genome Atlas (TCGA) have revealed that intratumour
gut microbiota can modulate chemokine levels and
affect CD8" T cell infiltration in melanoma, influencing
patient survival'>.

On the other hand, many of the bacterial effects in the
TME are immunosuppressive. Distinct bacteria in PDAC
tumours promote suppressive monocytic cellular diffe-
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rentiation via TLR ligation, leading to T cell anergy'*.
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Binding (:)f the E nucleatum Fap2 protein to TIGIT has

Q17

been shown to inhibit the killing of melanoma tumour
cells by NK cells and tumour-infiltrating T cells'**. The
occurrence of E nucleatum is also negatively associated
with the presence of TILs in patients with colorectal
cancer with high microsatellite instability'>".

A recent study using human melanoma tumours
detected bacterial peptide presentation by MHC mole-
cules on both tumour cells and APCs. The MHC-
presented:bacterial peptides increased the antigenic-
ity of the tumour cells, as well as the response of the
TILs to the presenting tumour cells. Bacterial peptides
offer an additional type of tumour antigen that could be
used as potential targets for immunotherapy in patients
with cancer”.

Translating mechanisms to treatments

Melanoma has long been a model for studying and
developing immunotherapy treatments, due to the
substantial involvement of immune cells in the mela-
noma TME. Different treatments have been designed
to target different components of the TME, including
tumour cell intrinsic and extrinsic factors (see above).
Although some of these therapies have been clinically
successful in melanoma — such as ICIs, adoptive cell
therapy and antigen-specific vaccines — not all patients
respond to the selected course of treatment, or they
relapse due to tumour evasion of the immune response.
Selecting the best targets for each patient can present a
substantial challenge, as this requires consideration of
the genetic, transcriptional, epigenetic and antigenic
milieu of the tumour cells, as well as the other immune
and non-immune cellular components of the tumour.
Although a combination of treatments targeting multiple
components may provide greater efficacy, optimizing the
best combination will be necessary to maximize induc-
tion of the immune response while minimizing adverse
effects and the chance for resistance.

In order to understand the effect of the immune
system on the tumour, the first question that should
be asked is whether there has been a prior antitumour
immune response. If such a response occurred, boost-
ing the immune system or preventing immune inhibi-
tion would potentially lead to an antitumour immune
response. The most straightforward indicator of a
pre-existing antitumour immune response may be the
presence of T cells within the TME'*. In patients with
melanoma who received anti-PD1 therapy, the presence
of T cells in pretreatment biopsies was associated with
response to therapy'*>'*’; however, this correlation was
not found in another patient cohort'’’. Whereas the
presence of tumour-infiltrating T cells may not specifi-
cally indicate the presence of an immune response, the
use of markers for cytotoxic activity can be more inform-
ative, such as the cytolytic activity score, which relies on
the expression of granzyme A and perforin 1 (REF.'*).
Similarly, the presence and frequency of specific T cell
states predicting survival and response to ICls, such as
the frequency of TCF7*CD8* T cells'*, can also be used
as a biomarker for a pre-existing immune response.

If prior immunity exists, the use of ICIs can be bene-
ficial for reversing the local immunosuppressive effects

of tumour-specific T cells, or for inducing and recruiting
tumour-specific T cells from the periphery'**. The most
direct biomarker for response to ICIs is the expression
of immune checkpoint molecules, such as PDL1, in the
TME'*. However, PDL1 expression does not necessarily
predict an antitumour immune response, as some
patients with PDL1-positive tumours failed to respond
to therapy and some patients with PDLI-negative
tumours benefited from ICI therapy'**'*”. Other markers
for response to ICIs in melanoma have previously been
described, such as the IFNy signature'**'*, the presence
of T cells in the tumour™ and the mutational load or
predicted neoantigen load'*-'*>. Nevertheless, these bio-
markers have not demonstrated robust predictive power
in all cohorts tested and are not specific for the ICI
response, as they could indicate prior immune responses
to the tumour. Another biomarker for ICI responses is
the presence of TLSs*. These structures, comprising
T cells, B cells, DCs and other APCs, may be involved in
priming and activation of T cells within the TME, which
may explain their role in antitumour T cell responses
and responses to immunotherapy. Compared with other
biomarkers, the presence of TLSs indicates an ongoing
antitumour immune response and provides information
on dynamic interactions between multiple cell types, and
could potentially be a more inclusive biomarker. Further
studies are required to determine the role of TLSs in
melanoma and other tumours. Understanding the dif-
ferent interactions that occur within the TLSs, as well as
the mechanism of TLS formation, may suggest ways to
induce TLS formation in non-immunogenic tumours.
Identifying biomarkers to monitor tumour-specific
antigen presentation and the engagement of T cells with
APCs in TLSs may provide insight into the function of
T cells and APCs in controlling tumour progression.

In ICI—sensitive:tumours, the combination of ICIs
with treatments that increase tumour cell antigenic-
ity can improve the response to ICIs, by removing
inhibitory effects on cytotoxic cells or by increasing the
tumour-specific antigens that they recognize. Different
approaches can be used to increase tumour antigenicity,
such as activation of the IFNy pathway and the antigen
presentation pathway, which both induce immuno-
genic tumour cell death, and/or inhibition of oncogenic
signalling pathways'*-'*, or enhancement of tumour
antigen presentation by increasing APC infiltration and
activity'*®'". To further increase the effectiveness of
existing tumour-specific T cells, ICIs could be combined
with antigen-specific vaccines to promote expansion of
T cells reactive to tumour antigens****"*,

If tumours showed prior immunity but are not
sensitive to ICIs, this could suggest that the relevant
checkpoint molecule is not expressed by the tumour
and that other inhibitors targeting other checkpoint
molecules are required. Alternatively, the tumour may
not present immunogenic antigens, or there may be
a lack of T cells that recognize the tumour antigens.
A possible strategy in such cases would be to treat with
BRAF or MEK targeted therapy prior to or concurrent
with ICI therapy, as this may increase antigen expres-
sion; these types of regimens have proven efficacy
in some clinical trials'**"'**, although toxicity can be
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Pattern-recognition
receptors

Receptors that are expressed
by innate immune cells and
recognize molecules expressed
on the surface of pathogens,
apoptotic host cells and
damaged senescent cells.
These receptors induce
immuno-protective effects,
such as anti-infection and
antitumour effects, and
participate in initiation of the
immune response.

an issue'*'*>1*, Another strategy would be to vaccinate
the patient either with tumour-specific antigens or T cells
engineered to express TCRs that target tumour-specific
MHC-presented antigens, thereby increasing tumour
immunogenicity. Engineered T cells expressing TCRs
that recognize tumour antigens presented by the tumour
allow targeting of a large repertoire of antigens''.
Similarly, engineering T cells to eliminate the expres-
sion of checkpoint molecules'* or using treatments that
reduce T cell inhibitory factors other than PDL1-PD1
and CTLAA4 can increase tumour-specific T cell function.

An alternative source of antigenicity can be derived
from the tumour and gut microbiome. As noted above,
faecal microbiota transplantation from ICI therapy
responders to patients who did not respond to ICI ther-
apy can increase therapeutic potency''>'?’. Other types of
interventions in the gut and tumour microbiome can be
used to increase both gut microbiome diversity and bac-
terial species correlated with better responses to ICIs; for
example, by modulating the patient’s diet or using spe-
cific drugs'*. Similarly, inducing entry of immunogenic
bacteria into the tumour could potentially induce innate
and adaptive immune responses at the tumour site.
Presentation of bacterialzpeptides by tumour cells can
increase tumour cell antigenicity and the TIL response
towards the cells that present the peptides™.

In tumours showing prior immunity, regardless of their
ability to respond to ICIs, treatments that reduce inhi-
bitory effects of cells in the TME or activate T cell activity
can be combined with the treatments suggested above.
For example, reducing the inhibitory effect of T, cells,
MDSCs, TAMs and CAFs, and the signalling pathways
between the different cell types, can reduce the inhibition
of T cells and NK cells. Treating patients with different
cytokines and chemokines that promote T cell activa-
tion and migration of immune cells to the tumour can
lead to an antitumour immune activation. For example,
treatment with IL-2, IFNy, CXCL9 and CXCL10 has been
associated with increased infiltration of T cells into diffe-
rent tumour types, including melanoma’*'*. Similarly,
tumour antigenicity can be enhanced by activating pattern-
recognition receptors, as demonstrated by a synthetic
CpG oligonucleotide stimulating TLR9 and inducing a
broad immune activation in the TME when combined
with ICI treatment in patients with melanoma'*®.

Lack of prior immunity in the tumour can result
from the loss or absence of antigens, or loss of antigen
presentation molecules, such as B2M or MHC mole-
cules. Whereas the lossZor low expression of some of the
components of the antigen presentation pathway can be
compensated for or restored, and reduced tumour cell
antigenicity can be increased using treatments that were
discussed previously, treatments in tumours that have
loss of MHC molecules cannot rely on TCR-peptide-
MHC recognition. As NK cells can recognize tumour
cells that have low MHC expression, different treatments
that increase NK cell cytotoxicity and recognition of
tumour cells can be applied'*. Similarly, other uncon-
ventional T cells, such as NKT cells, yd T cells and MAIT
cells, which are not restricted to MHC recognition, can
provide antitumour cytotoxicity'®. Compared with cyto-
toxic T cells, less is known regarding relevant biomarkers
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for NK cell and unconventional T cell functionality in
the tumour. Identifying such biomarkers should allow
NK cells and unconventional T cells to be used to
promote antitumour immunity in different patients.
Another treatment approach that does not rely on anti-
gen presentation is the use of chimeric antigen receptor
(CAR)-T cells. Although anti-CD19 CARs have proven
to be a successful treatment for haematological malig-
nancies, identifying selective targets for solid tumours,
including melanoma, is more challenging'®'. In addition
to the use of CAR-T cells, recent studies have focused
on utilizing other engineered immune cells (such as NK
cells'** and macrophages'®) to target cancer cells in a
similar manner as do CAR-T cells'* (FIC. 3).

Further work is required to identify biomarkers for
treatment selection in individual patients with mela-
noma and other cancers, and also for monitoring the
tumour immune response, particularly with regard to
the presentation of antigens and engagement of T cells
and APCs, which should help identify steps that could be
successfully modulated therapeutically. Similarly, studies
are needed to understand the involvement of the differ-
ent cell types in the TME. As different treatments change
the contexture of the tumour, the selection of the subse-
quent treatment requires a further investigation of the
tumour status and the relevant resistance mechanisms.

Conclusions and perspective

Melanoma is a highly immunogenic tumour due to its
mutational burden and therefore the immune response
to this tumour has been intensively studied. However,
many gaps remain in our knowledge of the melanoma
cell-autonomous factors that play a role in melanoma cell
immunogenicity and how these factors affect the immune
response. A substantial challenge in the field is selecting
a potent target that will lead to immune activation. This
requires the consideration of multiple properties of the
tumour cells such as their transcriptional, translational,
epigenetic, proteomic and antigenic landscapes. These
would need to be assessed in parallel, their data inte-
grated and considered under different stress microenvi-
ronments, and intratumour heterogeneity also accounted
for. Importantly, so far, the immunogenicity of each of
the identified MHC-presented neoantigens has been
assessed in an individual manner. However, it is as yet
unknown how concomitant presentation of several cate-
gories of immunogenic MHC-presented antigens affects
the immune response. Do these act synergistically? Or,
alternatively, does the simultaneous presentation of
several immunogenic targets dampen their immuno-
genicity, thus revealing a new layer of intratumour het-
erogeneity? Additionally, an in-depth understanding of
the immune cell function within the tumour is lacking
and should be investigated; for example, gaps remain
in our knowledge of the intratumour role of TLSs, and
of the role of MHC-II presentation and its interaction
with CD4* T cells, such as T, cells. We also lack tools
to translate insights from basic research into systems
that facilitate better therapeutic decision-making, and
for the development of novel therapies. Here, we have
reviewed recent research and treatment strategies that
can be used to drive future therapeutic innovation, and
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Fig. 3 | Summary of mechanisms affecting antitumour immunity in
melanoma and potential therapeutic modalities. Different stages
of T cell activation: antigen presentation, T cell priming, T cell infiltration
and T cell-mediated killing of tumour cells. Various factors that affect
immune response in each stage indicated in each row, divided into tumour
cellintrinsic (blue) and extrinsic (red) factors or gut/tumour microbiome
(yellow). Symbols represent type of effect on antitumour immunity:
negative (square), positive (circle) or positive and/or negative (triangle).
Different possible therapeutic modalities directed towards mechanisms

growth factor.

and/or factors indicated in each stage shown in grey boxes. APC,
antigen-presenting cell; CAF, cancer-associated fibroblast; CAR,
chimeric antigen receptor; CTLA4, cytotoxic T lymphocyte antigen 4; IFNy,
interferon-y; IL-2, interleukin-2; MDSC, myeloid-derived suppressor cell;
MHC-I1, major histocompatibility complex class I; RASA2, Ras GTPase-
activating protein 2; SOCS1, suppressor of cytokine signalling 1; TAM,
tumour-associated macrophage; TLS, tertiary lymphoid structure; TNF,
tumour necrosis factor; T,

cell, regulatory T cell; VEGF, vascular endothelial
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