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Tumor-infiltrating lymphocytes in the immunotherapy era

Sterre T. Paijens’, Annegé Vledder', Marco de Bruyn' and Hans W. Nijman'

The clinical success of cancer immune checkpoint blockade (ICB) has refocused attention on tumor-infiltrating lymphocytes (TILs)
across cancer types. The outcome of immune checkpoint inhibitor therapy in cancer patients has been linked to the quality and
magnitude of T cell, NK cell, and more recently, B cell responses within the tumor microenvironment. State-of-the-art single-cell
analysis of TIL gene expression profiles and clonality has revealed a remarkable degree of cellular heterogeneity and distinct
patterns of immune activation and exhaustion. Many of these states are conserved across tumor types, in line with the broad
responses observed clinically. Despite this homology, not all cancer types with similar TIL landscapes respond similarly to
immunotherapy, highlighting the complexity of the underlying tumor-immune interactions. This observation is further confounded
by the strong prognostic benefit of TILs observed for tumor types that have so far respond poorly to immunotherapy. Thus, while a
holistic view of lymphocyte infiltration and dysfunction on a single-cell level is emerging, the search for response and prognostic
biomarkers is just beginning. Within this review, we discuss recent advances in the understanding of TIL biology, their prognostic

benefit, and their predictive value for therapy.
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INTRODUCTION

It has become abundantly clear that a successful antitumor
immune response requires the presence, activation, and costimu-
lation of all lymphoid components of the immune system,
including CD8™ T cells, CD4" T cells, B cells, and innate lymphoid
cells. This is especially demonstrated by the discovery of tertiary
lymphoid structures (TLSs), which represent well-organized
clusters of TILs and give rise to an advanced immune response.
Interestingly, not only TIL presence but also TIL differentiation and
localization have been shown to determine clinical outcome. To
translate these relationships into a usable diagnostic tool to
predict prognosis and determine treatment strategy, state-of-the-
art advanced computational techniques are making their way into
the clinic. Within this review, we discuss recent advances in the
understanding TIL of biology, their prognostic benefit, and their
predictive value for therapy. Herein, we particularly address the
recently identified role of tumor-resident memory cells and T cell
exhaustion as key cellular effectors of immune surveillance and
therapy. In addition, we elaborate on the role of TLSs and B cells as
crucial supportive regulators in immune tumor control.

Search strategy

Studies relevant to the subject were searched for via PubMed.
Several high-impact journals were searched specifically for the
literature of interest, including Cell, Nature, Nature Communica-
tions, Nature Medicine, Clinical Cancer Research, and Cancer
Immunology Research. Diverse search terms were used, including
“tumor-infiltrating lymphocytes”, “T cells”", “B cells”, “natural killer
cells”, “innate lymphoid cells”, “TCRaB™", “TCRy6*", “T helper cells”,

“CD4 T cells”, “follicular helper T cells”, “tissue-resident memory cells”,
“bystander cells”, “effector memory T cells”, “T cell exhaustion”,
“progenitor stem-like exhausted cells”, “CD103", “survival”, “cancer”,
“tertiary lymphoid structures”, “stromal-infiltrating lymphocytes”,
“digital immune scores”, “immunotherapy”, “checkpoint inhibition”,
“microsatellite instability”, and “adoptive T cell transfer”.

When possible, studies published from 2018 to the 1st of June
2020 were used, when no studies were available, older literature

was used. Searches were updated until the 1st of June 2020.

TUMOR-INFILTRATING LYMPHOCYTES

T cells

T cells are broadly classified according to their T cell receptor (TCR)
subunits, as well as the core lineage markers CD8 and CD4. The a3
TCR complex endows T cells with the capacity for recognition of
peptides presented on the cell surface in the context of major
histocompatibility complex (MHC) class | (CD8 T cells) or class Il
(CDAT cells). By contrast, the y& TCR subunit is thought to function
largely independent of MHC class | and Il. In general, CD8" and
CD4" TCRaB T cells are the most abundant T cell subsets in
tissues, including tumor tissues (Table 1).

TCRaB™ T cells. TCRap™ T cells of all states of differentiation
have been observed in tumors, including nonclassical
TCRaB"CD4 CD8  and TCRaBCD4'CD8' T cells. ‘Double-
positive’ (CD47CD8") TCRaB™ T cells have been identified in
multiple tumors, including melanoma and lung, colon, and renal
cancer. These double-positive T cells can be broadly subdivided
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into four major subpopulations, CD4"9"CDg'*", CD4"9"CDg"",
CD4™e4cD8"9", and CD4"“CD8"9", although many studies
assess them as a single subset.' To date, most work has focused
on CD4"°"CD8M9IM T cells, the subset that is thought to develop
from peripheral CD8 T cells, which coexpress low levels of CD4
after activation.? In renal cell carcinoma, CD4'°"CD8P°!"e T cells
have a CD8-like effector memory phenotype (CD45RO"CCR7")
with expression of the inhibitory receptors PD1, TIM-3, and TIGIT
and the activation markers HLA-DR, CD38, 4-1BB, and Ki67.2 In
melanoma, transcriptome analysis revealed a gene signature
closer to that of CD8 single—Positive T cells than that of CD4
single-positive T cells for CD4'°CD8P°*""Ve T cells. However, the
cells shared functional similarities with CD4 single-positive cells,
including reduced cytolytic potential.> These findings were
confirmed in urological cancers, in which both CD4M9"CDg'o"
and CD4"°"CD8"" T cells showed an effector memory-like
phenotype, along with the production of the classical Th2
cytokines IL-4, IL5, and 1L-13.*7°

‘Double-negative’ (CD4 CD87) T cells are the subject of
conflicting reports. Some studies in healthy donors have
ascribed a regulatory-like phenotype to these cells,”® consisting
of both CD45RA"CCR7" and CD45RAYCCR7 cells, with an
intermediate maturation stage (CD277CD287), high expression
of CD95 and lack of activation markers such as CD25 and CD69.”
Other work argues specifically for the use of double-negative
T cells from healthy donors as a source for adoptive cellular
therapy due to their observed phenotype which is more
consistent with that of effector memory cells: expression of
CD45RA, CD44, and CD49d and low expression of CCR7, CD62L,
CD127 and the inhibitory molecules ICOS, CTLA-4, and PD1.°
These differences may reflect changes in double-negative T cells
infiltrating tumors. Indeed, a study comparing the reported
phenotypes of double-negative cells across tumors found a
comparable phenotype across human melanoma, renal cell
carcinoma and glioblastoma, and the TILs in cancer tissues were
phenotypically distinct from the double-negative T cells found
in nonmalignant tissues. Interestingly, the double-negative
population seemed to expand shortly after initiation of BRAF
inhibitor treatment.'®

CD8" TCRaB T cells. CD8% TCRaP T cells, referred to as CD8"
T cells, are mostly known for their exquisite antiviral and antitumor
functions and are often referred to as cytotoxic T lymphocytes
(CTLs). CTLs have the ability to produce high levels of antitumor
cytokines and cytotoxic molecules, such as interferon-y (IFNy),
tumor necrosis factor-a (TNFa), perforin, and granzymes.11
Accordingly, CD8" CTLs are associated with improved prognosis
in almost all types of cancer. Under physiological conditions and
following elimination of their targets, CTLs generally form a
number of memory subsets that provide long-term protection
against reinfection after the resolution of the immune response.
These memory T-cell subsets form a heterogeneous compartment
and range from cells exhibiting a more naive-like phenotype to
cells presenting an effector-like phenotype, they roughly follow
along the line of stem cell-like memory T (TSCM), central memory
T (TCM), effector memory T (TEM), and effector memory RAT T
(TEMRA) cells.">'®> TSCM cells are arguably the most naive cells
(CD45RATCCR77CD27") and have consistent recirculation pat-
terns in vivo, mostly localized in the lymph nodes and to a lesser
extent in the spleen and bone marrow but rarely found in
peripheral mucosae. TSCM cells maintain their own pool through
self-renewal. In addition, TSCM cells retain the ability to proliferate
rapidly and release inflammatory cytokines. TCM cells differ from
TSCM cells in their CD45RA~CD45RO™ phenotype and a reduced
capacity for self-renewal and multipotency.* However, TCM cells
do possess naive-like functions and express lymph node-homing
molecules such as C-C chemokine receptor type 7 (CCR7) and
CD62L. TCM cells are also thought to have limited direct effector
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functions.'? TEM cells are characterized by cell surface expression
of CD45ROTCCR7-CD62L~, and although these cells can (re)
circulate through the blood, they preferentially traffic to peripheral
tissues. In addition, these cells exhibit proinflammatory effector
functions upon secondary antigen encounter with a cognate
antigen and have diverse expression of CD27 and CD28." In line
with their role in long-term protection, early work in colorectal
cancer (CRC) demonstrated that the presence of a TEM cell
immune infiltrate correlated with less advanced tumor stage and
no signs of metastatic disease or lymph node involvement.
Accordingly, the presence of TEM cells in the tumor was an
independent prognostic factor for overall survival.'® Other studies
around the same time highlighted the role of TCM cells in tumor
control, as they possess high proliferative capacity and are suitable
for adoptive T cell transfer, especially when combined with a
tumor-antigen vaccination.'” Accordingly, a recent study high-
lights the correlation of CD45RO™ TILs with overall and disease-
free survival in breast cancer.'®

More recently, the role of peripheral tissue-resident memory
(TRM) CTLs in tumor immunity has come into focus. After
resolution of an immune response, TRM cells normally stay in
the peripheral tissues without recirculating, providing a first line of
defense against reinfection. TRM cells in peripheral tissues
expresses canonical markers CD103, also known as integrin aE;
CXCR6, which is involved in TRM development; CD49a, which is
needed for retention and cytotoxic function; and CD69, an
inhibitor of STPR1 that mediates T cell recirculation.'®?" In
tumors, TRM cells are also characterized by the expression of
CD103. CD103 complexes exclusively with integrin 37, forming the
aER7 complex; this complex interacts with E-cadherin, which is
often expressed on tumor cells. Accordingly, CD103™ CTLs have
been correlated with improved survival in a multitude of solid
tumors, including several gynecological malignancies, lung cancer,
breast cancer, melanoma, CRC and several head and cancers.?*%¢
In cancer mouse models, loss of E-cadherin or CD103" CTLs was
associated with loss of tumor control.?” Importantly, a recent study
identified coexpression of CD103 and the immunosuppressive
molecule CD39 as definitive markers of cancer-specific CTLs in
tumors, further supporting the key role of the TRM cell subset.?®

Finally, bystander TRM cells, which are not specific for tumor
antigens but for epitopes unrelated to cancer, have also been
identified in multiple solid tumors. These cells have diverse
phenotypes but lack CD39 expression, which distinguishes them
from the tumor-specific TRM cell population.?® Interestingly, it has
been demonstrated that although unspecific for tumor antigens,
these bystander cells are capable of contributing to the antitumor
response. For instance, intratumoral viral-specific CTLs can be
activated via the delivery of adjuvant-free viral peptides, which
induce a broad immune response evidenced by accumulation and
activation of CD8™' T cells and natural killer (NK) cells, increased
expression of markers associated with dendritic cell (DC) activa-
tion and upregulation of PDL1. Consequently, tumor-bearing mice
are more susceptible to PDL1 blockade when it is combined with
viral peptide therapy than when it is used as a monotherapy.*°

CD4" TCRaB™ T cells. CD8* T cells do not function in isolation;
there is also a well-established role for conventional CD4" helper
TCRaB T (Tuc) cells in the antitumor immune response.®' 3% Tc
cells promote CD8™ T cell priming through stimulation of CD40 on
DCs via the expression of CD40 ligand (CD40L), resulting in the
release of cytokines, such as IL-12, IL-15, and IFNy, the upregula-
tion of costimulatory ligands such as CD70, recruitment of B cells
and naive CD8™ T cells and increased antigen presentation. In this
two-step process, CD4™ and CD8" T cells first independently
interact with DCs in different areas of the lymphoid organs,
whereas in the second-step of priming, both CD4" and CD8*
T cells recognize their cognate antigens on the same DCs.>* In
addition to a helper role in priming, Tyc cells can also possess
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cytolytic mechanisms that enable them to directly lyse tumor
cells.32,34,35

In addition to these conventional Ty cells, recent work has also
identified T follicular helper (Tgy) cells as crucial cells supporting B
cell activation, expansion, and differentiation into plasma cells
(PCs) and memory B cells in multiple human tumors>® The
presence of these Ty cells has been associated with improved
prognosis in breast cancer and CRC. The CD4" Tgy cells, are
characterized by CXCR5 expression, which is indispensable for T
cell migration from T zones towards CXC chemokine ligand 13
(CXCL13)-rich B cell follicles, where they activate B cells through
interactions with CD40 ligand (CD40L) and the production of
interleukin (IL) 21. In addition, they are characterized by high
expression of B cell lymphoma 6 (BCL-6). They also possess the
capacity to produce CXCL13 and seem to be involved in the
formation of TLSs, via which they shape intratumoral CD8" T cell
and B cell responses.>”*® Also capable of CXCL13 production are
CD4" TRM cells, which have a phenotype comparable to that of
CD8" TRM cells, including the capacity for the production of
cytokines such as IFNy and TNFa.*'

In contrast to Tyc and Tgy cells, CD4™ regulatory T (Treg) cells
are known as tumor-promoting CD4"CD25%FoxP3" T cells and
have been shown to counteract tumor-specific immune responses
by suppressing CD8" cells, amongst other cell types.>® Conse-
quently, Treg cells have been associated with poorer survival in
multiple solid tumors, including pancreatic, ovarian, gastric,
cervical, breast, and colon cancers.**™*® Several mechanisms exist
by which Treg cells limit an effective antitumor response. Treg
cells are known to produce immune-suppressive cytokines,
including IL-10, IL-35, and TGFf, but can also suppress productive
immunity through nutrient deprivation, IL-2 exhaustion, and
cytolysis.>**> Complementary research specifically implicated the
role of IL-10 and IL-35 in promoting BLIMP1-dependent inhibition
of CD8" TILs.*® Cell-cell-mediated suppression can also occur by
CD28 costimulatory competition. Treg cells constitutively express
CTLA4, which has a high affinity for CD80 and CD86 expressed on
antigen-presenting cells (APCs). As CD80/CD86 also interacts, at a
lower affinity, with the costimulatory receptor CD28 on T cells,
Treg cells inhibit T cell activation by competitive CTLA4-CD80/
CD86 binding***” In addition, Tim3-positive Treg cells have
displayed a superior capacity to inhibit naive T cell proliferation
compared to Tim3-negative Treg cells, which is partially reversed
by IFNy production.>**® Moreover, IFNy was shown to drive the
fragility of Treg cells, which in turn boosts antitumor immunity.*®
Perhaps counterintuitively, two studies in gastric cancer and four
in CRC demonstrate a good prognosis for patients with tumors
with high densities of Treg cells (summarized by Fridman et al. in
ref. *°). These results might be explained by the technical
difficulties surrounding Treg cell quantification, the inability to
detect multiple relevant markers at the same time, and the
concS%mitant infiltration of other immune cells such as CD8"
TILs.

TCRyS" T cells. TCRy8" T cells are mostly negative for CD4 and
CD8, but these cells coexpress NK cell markers such as NKG2D.
Consequently, TCRyS™ cells have been proposed as a link between
the innate and adaptive immune systems. Two main subsets have
been described, the V61y8 T cells and the Vy9V62 T cells, both
displaying innate and adaptive immune features to differing
extents.>'? y& T cells are described with different phenotypes,
including CD4 T cell-like effector-like and regulatory phenotypes.®
In mice with lupus, it was demonstrated that a subset of y§ T cells
express CXCR5 after activation. These TCRyd" CXCR5™ cells can
then present antigens to naive CD4" T cells and can induce
follicular helper T cell differentiation, which in turn can induce a B
cell response.>*>> Effector-like functions such as cytokine produc-
tion have also been attributed to y& T cells. Interestingly, TGF-3
signaling upregulated the expression of CD54, CD103, IFNy, and
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granzyme-B in Vy9V52 T cells, augmenting their cytotoxic effector
activity.>®

T cell exhaustion. Upon persistent antigen stimulation, T cells
show a gradual decrease in various effector functions known as T
cell exhaustion, which is characterized by a decrease in
proliferative and cytolytic capacity and upregulation of multiple
inhibitory signals, including PD1, LAG-3, CD160, 2B4, TIM-3, and
TIGIT."® Although characterized as an exhausted phenotype, these
T cells can retain their cytolytic and proliferative capacity. The
identification of this T cell phenotype led to the theory that
exhaustion is a gradually developing state with various functional
and phenotypic substates. Exhausted CD8" T cells are thought to
comprise both progenitor stem-like exhausted (Tpg) cells and
terminally exhausted T (Tgy) cells, in a scheme that is similar to the
classical T cell differentiation described above'**”*® (Fig. 1). The
classic view of T cell differentiation using TSCM, TCM, TEM, and
TEMRA phenotypes is thus giving way to a Tpe/Tex-based
classification.

Tee cells are known to maintain antigen-specific immune
responses, persist long-term, be capable of self-renewal and
eventually differentiate into Tey cells.’”° The Tpe cell phenotype is
characterized by the expression of the transcription factor T cell
factor 1 (TCF1), encoded by the gene Tcf7, which is lost upon
differentiation into Tgx cells and is essential for the stem-like
functions of Tpe cells.>”#° Differential gene expression analysis
has recently identified a CD39 Tim3~Slamf6 " Tcf1"PD17CD8™ cell
phenotype to identify precursor states of exhaustion.’’”° In
addition, CD127 and killer cell lectin-like receptor subfamily G
member 1, a protein critical for T cell homeostasis and involved in
the lysis of tumor cells, are found to be nearly absent on
PD17CD8" Tgy cells in breast and melanoma tumors.”® A recent
report has also suggested CXCR5 as a marker for Tpe cells that is
coexpressed with Tcfl in the absence of Tim3, and cells with
CXCR5 expression showed similar functionality and persistence to
cells with Tim3 expression.®’ Interestingly, CXCR5 expression on
CD8" T cells has also been used to define follicular CD8" T cells,
which are able to migrate into B cell follicles and promote B cell
differentiation. These cells also express lower levels of inhibitory
receptors and exhibit more potent cytotoxicity than CXCR5~CD8™"
cells, similar to the Tpg cells phenotype.®® Considering the recent
insights into ectopic B cell follicles in human tumors, the role and
localization of CXCR5™ T cells might be of particular interest (see
also corresponding sections below).

Tee cells have relatively high transcript levels of genes encoding
cytokines, costimulatory molecules, and survival/memory mole-
cules compared to Tgx cells. Tex cells mostly expresses coinhibitory
cell surface receptors and transcription factors associated with
effector and exhausted cells. These differences are reflected in the
functional capacity of both subsets: Tpg cells contain the ability to
proliferate, generating Tcf1TPD1" and differentiated Tcf1 PD1"
cells, and Tgx cells exhibit mostly cytolytic functions. Together,
these data suggest that a delicate balance of both Tpg cells and Tgy
cells is required for an effective antitumor immune response.>’>®
Accordingly, data from mouse models of chronic viral infection
have demonstrated that both Tpg and Tgx cell subsets are required
for long-term viral control.>®

Complementary studies used cell surface expression of CX3C
chemokine receptor 1 (CX3CR1) as a marker for T cell differentia-
tion and exhaustion.®*®* A recent in vivo study divided
CX3CR1*CD8™ T cells into three subsets ranging from less to
more terminally differentiated: CX3CR1~, CX3CR1™ and
CX3CR1M9", Indeed, the CX3CR1~ cells were characterized by
high Tcf1 expression and possessed high proliferative capability
upon activation. Moreover, PD1, LAG-3, and TIGIT expression
decreased when CX3CR1 expression increased. Conversely, the
€Xc3C1M9h population exhibited the highest cytotoxicity. In
addition, CX3CR1~ cells were found to delay tumor growth and
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Precursor stem-like exhausted T cell

SLAMF6

CXCR5

self-renewal

Fig. 1

cytolytic capacity

Exhausted T cell
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< PD1
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CD8™ T cell exhaustion states. CD8™ T cell exhaustion is thought of as a gradual process, with various functional and phenotypic states,

including Tpg and Tgx states. The Tpe phenotype is characterized by the expression of TCF1, which is lost upon differentiation into Tey cells Cell
surface markers identified on Tpe cells include Slamf6, PD1, and CXCRS5, and their functional capacity comprises the ability to produce an
antigen-specific immune response, persist long-term, self-renew, and eventually differentiate into Tex cells. In contrast, Tex cells expresses
mostly coinhibitory cell surface receptors and transcription factors associated with effector and exhausted cells, including CX3CR1, PD1, CD39,
and TIM3, which reflects the functional capacity of Tgx cells, that is, mostly cytotoxic functions. Tex cells: terminally exhausted T cells, Tp cells:

progenitor STEM-like exhausted cells, TCF1: transcription factor 1

increase survival.®* The nuclear factor TOX has also been identified

as a crucial regulator of T cell exhaustion. TOX expression was
increased upon chronic TCR stimulation and was low during acute
infection. In the absence of TOX, Tgx cells do not form; T cells no
longer upregulate inhibitory receptors, chromatin remains largely
inaccessible, and Tcf1 expression is maintained. Although these
cells are phenotypically “nonexhausted”, they are still dysfunc-
tional.>>™®’ Interestingly, the aforementioned studies on TOX
indicate that T cell exhaustion may be a beneficial process
because it protects T cells from tumor and/or activation-induced
cell death.

The T cell exhaustion phenotype appears to largely overlap with
that observed for the TRM cell population. Indeed, the tumor-
reactive TRM marker CD39 is a marker of persistent TCR
stimulation, as demonstrated in both mice and human mod-
els.?®%® RNA sequencing of CD397CD8" cells revealed an
exhausted transcriptome with PD1, Tim-3, Lag-3, TIGIT, and 2BA
highly coexpressed. In addition, these cells demonstrated
impaired production of IL-2, IFNy, and TNF.°® Gene expression
profiles of double-positive CD1037CD397CD8" cells (DP CTLs)
versus double-negative CD1037CD39 CD8" cells (DN CTLs) also
identified a gene signature of DP CTLs consistent with that of cells
with an exhausted, tissue-resident phenotype. This included high
expression of PDCD1 (PD1), CTLA4 (CTLA-4), and HAVCR2 (Tim3)
and decreased expression of T cell recirculation genes such as
KLF2, SELL, and STPR1 as well as lower expression of CCR7, CD127,
and CD28 indicative of an effector memory phenotype. However,
contrary to the findings of Canale et al.,, these DP CTLs exhibited
more cytotoxic potential than DN CTLs, as more cells were
granzyme-B positive, although this was not reflected in the
production of IFNy and TNFa.?® CD4" TRM cells are also
characterized by high expression of CD103, CD69, and CD49a
and inhibitory molecules such as PD1, CTLA-4, and B24.
Altogether, these findings support earlier observations that
suggested CD103" CTLs comprise tumor-reactive CD8 T cells in
ovarian and lung cancer, characterized by the expression of
exhaustion markers but without complete loss of functional
competence.t>!

B lymphocytes

Signatures for patient stratification and response evaluation in
clinical immunotherapy have focused predominantly on T cell
responses. However, recent work has also identified a key role for
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B lymphocytes in immunotherapy, and their presence has been
associated with an improved prognosis across different cancer
types, including breast cancer, melanoma, renal cell carcinoma,
CRC, hepatocellular carcinoma, and head and neck squamous cell
carcinoma.”?7® However, the tumor-promoting effects of B cells
have also been extensively described.””#°

Functionally, B cells may act as APCs for T cells, promoting local
tumor-associated T cell responses.’®2 The observation of B cell
clonal expansion and immunoglobulin phenotype switching
across human cancers further indicates a possible role for
antibody-dependent cell-mediated cytotoxicity (ADCC) in the
antitumor humoral immune response, facilitated by antibody-
secreting plasma B cells.®®> Tumor-infiltrating B (TIL B) cells can also
kill tumor cells directly by secreting toxic cytokines such as IFNy
and granzyme B or indirectly by promoting tumor-specific T cell
secretion of immunostimulatory cytokines’®®* (Fig. 2, Table 1).

Antigen-presenting B cells. Professional APCs are characterized by
their ability to take up antigens and load the processed antigen
product onto MHC class molecules for presentation to T cells.®®
Decades ago, B cells were found to be able to act as APCs,
although they seem to function less efficiently than DCs, probably
due to their reduced, nonspecific antigen uptake. When B cells
encounter antigens, the binding affinity is relatively high (multi-
valency), resulting in B cells that are more sensitive to antigens at
lower concentrations than DCs.2°

Before immunization, antigen-specific B cells are very rare
compared to DCs. Therefore, it was long assumed that B cells only
minimally contributed as APCs to activate naive CD4" T cells.
However, by using RNA phage Q-derived virus-like particles as a
nanoparticle antigen model, Hong et al. demonstrated that B cells,
and not DCs, were responsible for the initial activation of CD4"
T cells and promoted CD4" T cell differentiation into CD4" Tgy
cells. Additionally, a germinal center (GC) response could be
induced in this model in the absence of DCs.%” Similar results were
observed when another type of immunization, a soluble protein,
was used. Again, B cells acted herein as professional APCs upon
immunization with inactivated influenza virus and initiated
activation of naive CD4" T cells. These results suggest an
important role for B cells in initiating CD4" T cell responses, with
an emphasis on viral infections. However, it has also been shown
in murine and human models that B cells efficiently present
tumor-associated antigens (TAAs) to T cells.58%° For instance, TIL B
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Fig. 2 Antitumor- and protumor-related functional properties of B cells. B cells and plasma cells have several ways to promote local tumor-
associated T cell responses. Functionally, B cells may act as antigen-presenting cells and facilitate tumor antigen-derived presentation to
T cells. B cells also promote antitumor immunity by secreting immunostimulatory cytokines, such as IFNy, that drive cytotoxic immune
responses. In addition, B cells can directly kill tumor cells by secreting toxic cytokines, such as granzyme B. Plasma cells promote the antitumor
immune response by secreting tumor-specific antibodies that can mediate ADCC, resulting in phagocytosis of tumor cells. In contrast, Breg
cells suppress the antitumor immune response indirectly by secreting the immunoregulatory cytokines IL-10, IL-35, and TGFp and directly by
inhibiting effector cells, such as cytotoxic CD8" T cells. Furthermore, Breg cells suppress antitumor immunity by converting CD4" T cells into
Treg cells via TGFp. ADCC: antibody-dependent cell-mediated cytotoxicity, Breg cells: regulatory B cells, Treg cells: regulatory T cells

cells efficiently presented TAAs to CD4" T cells in non-small-cell
lung cancer patients and influenced the CD4" phenotype.
Specifically, activated TIL B cells (CD69HLA-DRTCD271CD21%)
were associated with a CD4 ™" effector T cell response (CD4IFNy™),
demonstrating the plausible role of B cells as professional APCs in
promoting the antitumor immune response

Antibody-producing (plasma) B cells. PCs are characterized by the
absence of CD20 and the coexpression of CD38, CD138, and
cytosolic CD79a and are the dominant antibody-producing B cell
subset. Recently, it was shown that PCs seem to have an important
role in promoting antitumor immunity.

Kroeger et al. found that the prognostically favorable effects of
CD8" TILs accompanied by CD20" B cells were even further
enhanced by the presence of stromal PCs.° In high-grade serious
ovarian cancer patients, tumors infiltrated with CD20" B cells and
CD4" and CD8™ T cells together with PCs were associated with
increased survival, with ~65% of the patients being alive at 10
years after diagnosis. Interestingly, tumors containing CD8" TILs
accompanied by solely CD4" TiLs, CD20" TILs, or PCs were
associated with minor insignificant survival increases, suggesting
the importance of interplay between these different immune
subsets in promoting antitumor immunity.”® Several studies
further analyzed the association between class-switched B cells
with an increased B cell receptor (BCR) diversity and clonal fraction
resulting from tumor-related GC activity. Hu et al. identified
widespread clonal B expansion and Ig subclass switch events in
various human cancers by observing the same complementarity-
determining region 3, containing both IgG1 and IgG3 isotypes
(IgG3-1 sCSR).2% These results were comparable to Kroeger et al,,
who detected clonally expanded PCs as well as the presence of
somatic hypermutation (SMH) within VDJ families. Additionally,
IgG transcripts, specifically 1gG1, 1gG2, and 1gG3, represented the
majority of immunoglobulin subtypes.”® Increased BCR diversity
and clonal expansion were also observed in tumors of melanoma
patients.”®

Of note, some autoantibodies have also been found to be
tumor promoting. Coussens et al. showed that antibodies that are
deposited at tumor sites in the form of immune complexes recruit
myeloid cells and macrophages to become tumor promoting by
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binding to the immune complexes via Fcy-activating receptors.
These myeloid cells and macrophages were found to secrete
proangiogenic factors and immunoregulatory cytokines, enabling
tumor progression.”’

Regulatory B cells. Regulatory B (Breg) cells are a subpopulation
of B cells characterized by their unique immunoregulatory and
immunosuppressive qualities, possessing an important role in
peripheral tolerance.®* Accordingly, Breg cells have been asso-
ciated with worse clinical outcome in cancer.”>** Phenotypic
markers to characterize Breg cells, other than IL-10 production, are
not yet definitive, complicating in-depth analysis.

Nevertheless, it is clear that Breg cells suppress the immune
response by secreting IL-10, thereby inhibiting DC differentiation,
suppressing helper T1 (Ty;) and helper T17 (Ty;5) cell proliferation,
and inducing the differentiation of Treg cells.”* Accordingly, Breg
suppressive immune functions are favorable in autoimmune
diseases, as the absence of Breg cells results in the exacerbation
of rheumatoid arthritis (RA) and systemic lupus erythemato-
SUS.95'96

The antitumor immune response is likely indirectly suppressed
by Breg cells secreting immunoregulatory cytokines (IL-10, IL-35,
and TGFp) but also directly suppressed by inhibition of effector
cells such as cytotoxic CD8" T cells. In ovarian cancer, IL-10
secretion by Breg cells significantly suppressed the production of
cytotoxic effectors, such as IFNy, by CD8" T cells.”® Additionally, in
human hepatoma, IL-10 secretion by Breg cells supported tumor
growth and suppressed tumor-specific T cells.”® In glioblastoma,
Breg cells were characterized by the immunosuppressive mole-
cules PDL1 and CD155 and the production of IL-10 and TGF-$3 and
were found to suppress CD8" T cell activation, proliferation and
production of IFNy and granzyme B. Furthermore, local B cell
depletion in mice using CD20 immunotherapy significantly
improved OS, which correlated with increased tumor-infiltrating
CD8" T cells and production of granzyme B and IFNy. Interestingly,
this survival benefit was not observed in mice receiving systemic
anti-CD20 immunotherapy. This suggests that B cells have
different functions depending on their location and that naive B
cells might differentiate into a Breg phenotype when localized in
the immunosuppressive tumor microenvironment (TME).”’
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Finally, Breg cells were shown to suppress antitumor immunity
by influencing the conversion of CD4" T cells into Treg cells via
TGF, which was observed in a 4T1 breast cancer mouse model of
human gastric and tongue squamous cell carcinoma.8%98%°

Innate lymphoid cells

Innate lymphoid cells are a more recently appreciated subset of
tumor-infiltrating lymphocytes with key roles under physiological
immune homeostasis. In general, these cells are characterized as
NK cells, type 1 innate lymphoid cells (ILC1s), ILC2s, or ILC3s
(Table 1).

Natural killer cells. Natural killer cells (NK cells) are defined by the
absence of antigen-specific B or TCRs due to their lack of
recombination activating genes. The majority of peripheral NK
cells are CD56%™CD16™ and characterized by the ability to rapidly
mediate cytotoxicity. In addition, the CD56°"9" CD16~ NK cell
population accounts for ~10% of peripheral NK cells and is
characterized by low perforin production but normal production
of IFN-y and TNF-a.'°'°" NK cell activity is dependent on a
repertoire of costimulatory and inhibitory signals that bind to their
respective ligands on the cell surface. The dominant activation
receptors are CD16, NKp30, NK46, NKp44, and NK group 2,
member D (NKG2D). Inhibitory receptors include killer Ig-like
receptors and CD94/NKG2A-B, which recognizes HLA-E molecules.
When activated, NK cells exhibit antitumor activity via the release
of granzymes and perforins, the induction of TNF-related
apoptosis and the production of IFNy."°*'% In mice, indirect
antitumor activity of NK cells has also been demonstrated; NK cells
were recruited in lymph nodes undergoing an immune response
and produced IFNy, which was necessary for the priming of T-
helper cells."® In addition, more recent research has demon-
strated cancer immune control by NK cells through the
accumulation of conventional type 1 dendritic cells (cDC1s) via
the production of the chemoattractants CCL5, XCL1, and XCL2.
The tumor cells were able to counteract this axis by the
production of prostaglandin E2, which caused impaired chemo-
kine production by NK cells, consequently leading to reduced
intratumoral cDC1 recruitment.'®

The activity and presence of both circulating and intratumoral
NK cells have been associated with disease progression, meta-
static disease development, and survival.'®®°%'% |n gastric
cancer, a low percentage of NK cells in the tumor was associated
with poor survival and disease progression. Ex vivo studies
showed impairment of NK cells through TGF-f signaling by
monocytes, which resulted in decreased IFNy, TNFa, and Ki-67
expression in NK cells.'® Interestingly, surgical stress impairs
peripheral NK cell function. In patients undergoing surgery for
CRC, IFNy production by NK cells was significantly suppressed for
up to 2 months.'! Taking into account the cytolytic potential of
NK cells, there is an increased interest in the use of NK cells for
immunotherapy, either in adoptive transfer therapies or reactiva-
tion strategies affecting their activation and inhibitory ligands.

Helper-like innate lymphoid cells. Based on function, cell surface
markers and transcription factors, ILCs have been categorized into
three groups: group 1 (ILC1s), group 2 (ILC2s), and group 3 (ILC3s).
Overall, the role of helper-like lymphoid cells in cancer remains
poorly understood, with these cells having high plasticity and
seemingly occupying controversial roles.'”’

The ILCTs are most comparable to NK cells, as both require the
transcription factor Tbet to function; both express NK1.1 and
NKp46, and they mostly produce IFNy. Unlike NK cells, ILC1s are
not dependent on Eomes expression.'® In mice, it has been
demonstrated that ILC1s can arise from NK cells as a result of TGF(3
signaling. NK cells are known to limit tumor growth and metastatic
outgrowth. However, their conversion into ILC1s leads to inferior
tumor control.'”® Indeed, complementary research in mice
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suggested that SMAD4 impeded the conversion of NK cells into
ILC1s via TGFB signaling.''® This was recently confirmed in in vitro
human cell cultures.""" In melanoma patients, ILC1s were found to
be an enriched subset, although dysfunctional, as demonstrated
by impaired IFNy production. Follow-up experiments in mice
identified the production of adenosine (ADO) and kynurenines by
melanoma cells as possible causes of ILC1 disruption and impaired
IFNy production. These data suggest that the exploration of
targeting IDO and the adenosinergic immunosuppressive axis in
melanoma patients is warranted.''? Overall, these data suggest
that at least part of the ILC1 subset emerges from NK cells. In
addition, the function of ILC1s should be further explored to
investigate their role in tumor immunology and therapy.'%%"%12

ILC2s are mostly described as proinflammatory, although some
studies highlight tumor-promoting characteristics. Their function
and development are GATA3-dependent, and the cells are
characterized by the expression of the IL-33 receptors ST2 and
CD127.""® ILC2s have been detected in multiple tumor types,
including breast, pancreatic, gastric, bladder, and prostate
cancer.'™ As ST2 is highly expressed on ILC2s, it was demon-
strated that they are dependent on IL-33 for their expansion and
cytokine production. Furthermore, IL-33-activated ILC2s are
implicated in the priming of tissue-specific CD8™ T cells, as ILC2
expansion is accompanied by increased cytokine capacity and
PD1 upregulation in CD8" T cells, implicating a possible role of
ILC2s in the antitumor response to PD1 blockade.'™'" In
contrast, in acute leukemia, ILC2s have been shown to promote
myeloid-derived suppressor cells through the production of IL-
13.""% In mice, ILC2s were shown to activate Treg cells through IL-9
production, although this was in the context of chronic
inflammation where treatment with IL-9 induced resolution of
the inflammation.""”

The overall role of ILC3s seems controversial, and they have
been described as both proinflammatory and immune regulatory.
They are characterized by the expression of RORyt and CD127. In
non-small-cell squamous lung cancer, ILC3s were found to
accumulate and produce the proinflammatory cytokines TNFa
and IL-22. Moreover, ILC3s were specifically found at the edge of
TLSs, suggesting that they may contribute to the formation of
protective tumor-associated TLSs.''® In contrast, another study in
squamous cell lung carcinoma demonstrated tumor immune
evasion by the conversion of ILC1s into ILC3s via IL-23 production
by tumor cells. The converted ILC3s were capable of IL-17
production, which promoted tumor growth and was associated
with poorer prognosis.'’® In addition, in breast cancer, increased
numbers of ILC3s were correlated with the likelihood of
developing lymph node metastasis, and in consecutive mouse
experiments, depletion of ILC3s was sufficient to decrease lymph
node metastasis.'?°

Organization of TILs in tumors

The presence of TILs in tumors has been associated with improved
clinical outcomes. However, the type and function of TILs (e.g., CTL
versus Treg cell) as well as the TME localization of different TILs are
key with respect to eventual tumor control or tumor progres-
sion.'?! Therefore, a deeper analysis of the spatial organization of
TILs in the TME, e.g., marginal zone versus tumor stroma, is
needed to provide a better understanding of antitumor immunity
and to discover potentially new biomarkers.'*?

Early histopathological analyses of tumor samples already
demonstrated varying TIL distribution across tumor types
and showed that different types of immune cells are found
in different locations, around and inside the tumor. Specifically,
the distribution of TILs was found to be not random but
well organized in specific areas. B cells, for instance, are
mainly found in the invasive margin and clustered inside
TLSs, close to the tumor, with NK cells mainly found in the
stroma.'?’!
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TIL infiltration of tumors. The initial step in the formation of TILs
from circulating lymphocytes requires the migration of immune
cells from the blood to the tumor across the tumor endothelial
barrier. The tumor endothelium is often disturbed and able to
directly suppress T cell function, thereby preventing tumor
infiltration. For instance, proangiogenic growth factors such as
VEGF-A impair lymphocyte adhesion due to an associated defect
in vascular cell adhesion molecule (VCAM-1) and intracellular
adhesion molecule (ICAM-1)."?® Proangiogenic factors can also
induce overexpression of the endothelin B receptor (ETgR), which
is associated with a lack of TILs in ovarian cancer patients.'?* These
changes are therapeutically targetable, as in vitro inhibition of
VEGF-A and ETgR resulted in a restored amount of TILs and an
improved response to immunotherapy.'**'%* Similarly, FasL
(CD95L or CD178), a pro-apoptotic cell surface protein, might
also be targeted, as it is frequentlzy overexpressed on endothelial
tumor cells of humans and mice.'?*'?” To address this, Motz et al.
studied FasL expression in tissue microarrays (TMAs) of human
breast, renal, bladder, colon, prostate and ovarian adenocarcino-
mas and control TMAs derived from healthy tissues.'® Normal
vasculature tissue did not express FasL, whereas the blood vessels
of primary and metastatic tumors did, which was associated with
reduced CD8" T cell infiltration. VEGF-A, IL-10 and prostaglandin
E2, three tumor-derived factors, together induced FasL expression,
resulting in the elimination of CD8" CTLs. Treg cells were resistant
to FasL-mediated apoptosis due to their higher levels of the anti-
apoptotic gene c-FLIP, which resulted in decreased levels of
intratumoral CD8™" T cells and accumulation of intratumoral Treg
cells. Conversely, FasL suppression resulted in increased infiltration
of CD8" T cells in tumors, improving the CD8" T cell/Treg cell
equilibrium, leading to reduced tumor volumes in mice. Of note,
vessels carrying circulating lymphocytes were largely absent from
the tumor core, localizing in the surrounding stroma and/or
invasive margin. This suggests a direction of travel from vessels to
the stroma by cancer cells and highlights a key role for the stroma
in tumors.'?®

Tumor stroma. The stroma surrounding the tumor cells is an
important component of the TME and harbors a cellular immune
component including various innate and adaptive immune cells (B
cells, T cells, macrophages, DCs, myeloid-derived suppressor cells,
and NK cells) and a nonimmune cellular component (fibroblasts,
endothelial cells, pericytes, and mesenchymal cells). Stromal cells
in the TME can be either tumor promoting or tumor suppressing.
Physiologically, in most nonmalignant tissues, stromal cells are
suppressive, regulating the proliferation and migration of
differentiated epithelial cells, as well as maintaining the structure
and size of organs.'* Immunologically active cytokines, compris-
ing growth factors, chemokines, angiogenic factors, and inter-
ferons, are major driving forces in tumor-stroma interactions.'*°
Stromal TILs, such as B and T cells, serve as key immune
organizers in the TME through the secretion of cytokines. One of
the most relevant and well-characterized chemokines in the
structural organization of the immune cell cluster is CXCL13, which
induces chemotaxis of CXCR5-expressing B cells and T cells
towards the invasive margin, where they cluster together in well-
organized structures, referred to as TLSs. This invasive margin
represents the first line of defense against cancer metastasis. In
CRC, the immune cell density is even higher at the tumor
boundary than in the tumor core. As in other solid malignancies,
CRC patients who exhibit TLSs in the invasive margin, also known
as a ‘Crohn’s-Like reaction (CLR)’, have better OS than CRC patients
who exhibit only diffuse inflammatory infiltration (DII)."3"'32
Accordingly, the existence of immune infiltrates in TLSs at the
invasive margin was associated with a decreased presence of early
metastatic processes such as vascular, lymphatic, and perineural
invasion in CRC."** In endometrial cancer, the number of TLSs is
directly correlated with specific tumor mutations, such as the
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ultramutated POLE exonuclease domain or hypermutated micro-
satellite unstable (MSI) mutations.

Tertiary lymphoid structures

Many tumors are associated with TLSs, de novo lymphoid tissue
resembling secondary lymphoid organs (SLOs). TLSs have been
observed near zones of infection and tumors and less frequently
near transplanted organs and autoimmune syndromes, where
there is continued need for lymphocyte extravasation.3%'347137 |n
tumors, TLSs are associated with favorable prognosis and
responses to immune checkpoint inhibitors.”*>'3® TLSs are mostly
found peritumorally in the stroma and/or in the invasive margin,
creating an optimally organized immune structure where DCs,
T cells, and B cells interact and activate each other, promoting a
local sustained immune response, e.g., induction of effector
function, antibody generation, SMH, class switch recombination
(CSR), and clonal expansion. As is the case for SLOs, the
chemokine CXCL13, secreted by activated T cells, plays a crucial
role in the formation of TLSs.5?

Neogenesis of tertiary lymphoid structures. The neogenesis of TLSs
starts with local production of IL-7 and CXCL13 by stromal cells or
lymphocytes, which leads to the recruitment of IL-17-secreting
CD4" lymphoid-tissue inducer (LT)) cells."*® LTI cells express
membrane-bound lymphotoxin a;(3, (LTa,;{,), which can interact
with stromal cells via the lymphotoxin B (LTP) receptor, initiating
NFkB signaling.'*® Of note, it has been shown that TLS neogenesis
can occur independent of CD4* LTI cells, as B cells, T-helper 17
cells, and M1 macrophages were also found to be able to initiate
TLS neogenesis.'*' 1%

Together with IL-17 secretion, NFkB signaling in CD4™ LTI cells
results in the production of homeostatic chemokines, notably
CXCL12, CXCL13, CCL19, and CCL21.2% Additionally, in stromal
cells, LTa;B,-LTR signaling leads to the secretion of adhesion
molecules (VCAM1, ICAM1, and MADCAM1) and vascular endothe-
lial growth factor C, thereby stimulating the formation of high
endothelial venules (HEVs).'*> HEVs, MECA-79-expressing specia-
lized postcapillary venules, enable lymphocyte migration and
extravasation into TLSs2*'*®' Finally, the organization of the
recruited lymphocytes results in the formation of a nodular TLS
consisting of a CD3" T cell-rich zone with mature DCs in close
proximity to CD20" GC-like follicle B cells intermingled with
follicular dendritic cells (FDCs), and surrounded by CD8+CD138+
PCs CD38"CD138" PCs®? (Fig. 3).

Cellular components, locations, and maturation of tertiary lymphoid
structures. Two important subsets of the represented T cells in
TLSs are Tgy cells and FDCs. Differentiation of conventional
CD4" T cells into Ty cells is stimulated by TGF-B, IL-12, IL-23,
and Activin A signaling, followed by upregulation of the Tg cell-
associated genes Bcl6, PD1, ICOS, and CXCR5."*87"°3 |n SLOs, Tey
cells are specialized in helping B cells in helping B cells and are
essential for GC formation, affinity maturation, SMH of immu-
noglobulin light chains and CSR of and immunoglobulin heavy
chains.

FDCs facilitate long-term retention of the intact antigen in the
form of immune complexes, enabling the positive selection of
the SMH-mutated BCR by testing its antigen affinity.'>
Furthermore, FDCs contribute to GC B cell survival and GC
affinity maturation, as demonstrated by the inactivation of FDCs
by Toll-like receptor 4, which is normally upregulated during GC
responses, resulting in smaller GCs and decreased antibody
titers in response to immunization.'”® Finally, FDCs secrete
increased levels of transforming growth factor 31 and express
increased levels of the chemokine CXCL13."*° Although the
described functional capacities of Ty cells and FDCs are mainly
applicable in SLOs, the presence of these cells in TLSs has been
identified, and similar functioning is assumed.8%'3771>°
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Fig.3 TLS maturation state and CXCL13. TLSs are optimally organized nodular immune structures consisting of a CD3" T cell-rich zone with
mature DCs in close proximity to CD20™" GC-like follicle B cells intermingled with FDCs and surrounded by plasma cells. The CXCL13-CXCR5
axis regulates the organization of B cells inside the follicles. CXCL13-secreting CD8" T cells induce chemotaxis by binding to the receptor
CXCRS5, which is mainly expressed by B cells and Tgy cells. Inside the TLS, B cells, T cells, DCs, and FDCs interact and activate each other,
promoting a local, sustained, organized immune response. TLS maturation varies from dense lymphocyte aggregates to primary TLSs and
secondary follicle-like mature TLSs. The difference between primary and secondary TLSs is the presence of germinal center activity, which is
dependent on B cells expressing AID, facilitating SHM and CSR and resulting in high-affinity antibody production by class-switched plasma
cells. In addition, mature TLSs are surrounded by HEVs, facilitating lymphocyte migration and extravasation. TLSs: tertiary lymphoid structures,
DCs: dendritic cells, FDCs: follicular dendritic cells, Tgy cells follicular helper T cells, AID: activation-induced deaminase, SMH: somatic
hypermutation, CSR: class switch recombination, HEVs: high endothelial venules

TLSs are mostly located peritumorally in the stroma and/or in
the invasive margin where the TLS maturation varies from dense
lymphocytic aggregates (early TLSs) to primary and secondary
follicle-like TLSs, depending on the presence of follicular
dendritic cells (FDCs) and a GC reaction.'”®'%® Mature TLSs
contain GC activity, defined by B cells expressing activation-
induced deaminase (AID) and the proliferation marker Ki67, and
are surrounded by HEVs.'®" Interestingly, it seems that not only
the presence of TLSs but also the TLS cellular components, such
as T cells, B cells, FDCs, Tgy cells, Treg cells, macrophages, HEVs,
and chemokines, representing the TLS maturation state, are
important for functionality in terms of a prosperous antitumor
response. This was demonstrated in colorectal cancerCRC (CRC)
stage Il and lll where not TLS density, but TLS maturation was
associated with disease recurrence. Tumors with mature GC-
harboring TLSs (secondary TLSs) had significantly decreased risk
of recurrence compared to tumors without GC-harboring TLSs
(early/primary  TLSs).'®®  Similar results were found in
chemotherapy-naive lung squamous cell carcinoma patients;
only secondary TLSs, but not early or primary TLSs, were
correlated with improved survival.'®°

These results are further supported by Yamaguchi et al., who
demonstrated that TLSs can be categorized based on the
different cellular component densities.””® CRC samples were
stained for CD3, CD8, CD20, FDC, CD68, and Bcl-6 and counter-
stained with DAPI, and TLSs were defined as those structures
that included specific T cells (Tyc cells: CD31CD8 Bcl-6—; CTLs:
CD3"CD8"; Try cells: CD3"CD8 Bcl-6"), B cells (B cells:
CD20"Bcl-67; GC B cells: CD20"Bcl-6") and FDCs (FDC™). TLS
densities of CD4™" Ty cells and macrophages were significantly
higher in patients with disease recurrence than in patients
without disease recurrence. Interestingly, on multivariate
analysis, there was a significant correlation between CRC
recurrence and the proportion of CD4" T-helper cells
(CD3*CD8 Bcl-67), suggesting that a high CD4*1 T-helper cell
density hampers the antitumor immune reaction in TLSs and
might be an independent predictor for CRC recurrence.'”® On
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the other hand, the expression of Try cell-related genes, such as
CXCL13 and IL-21, was found to predict improved survival in CRC.
Indeed, loss of CXCL13 was associated with a higher risk of
relapse and lower densities of B and Tgy cells in the invasive
tumor margin.'®?

Because TLSs are only present in the invasive margin, Schiirch
et al. analyzed this region in CRC TMAs of CLR and Dl
patients.'®® When further exploring the spatial organization of
the invasive margin, they identified “nine coordinated cellular
neighborhoods (CNs)”, specific areas of tissue within which
every cell has a comparable surrounding neighborhood defined
by the relative frequencies of cell types inside a defined radius.
Similar sets of CNs were observed in both patient groups (CLR
and DIl), except for the follicle-enriched CN, representing TLSs,
which was significantly more abundant in CLR patients.'®?

Strikingly, in CLR patients, the tumor immune compartments
were isolated from the tumor compartments, but in DIl patients, the
immune compartments were increasingly interspersed with tumor
compartments, suggesting that in DIl patients, the tumor might
interfere with proper development of the immune response and
prevent efficient communication between CNs, which otherwise
might result in the formation of follicular structures (TLSs).
Furthermore, while T cells and macrophages were among the
most common immune cells in the invasive margin, in DIl patients,
the CN1 (T cell-enriched) and CN4 (macrophage-enriched) areas
were highly intertwined, having close physical contact and
communication. Additionally, the CN functional states were
different: in CLR patients, the CN1 (T cell-enriched) areas were
more cytotoxic, and in DIl patients, the CN4 (macrophage-enriched)
areas were more immunosuppressive. Thus, the immune escape
resulting in poor survival in DIl patients might be due to factors
released by the tumor, resulting in the coupling of CN1 (T cell-
enriched) and CN4 (macrophage-enriched) areas and thus causing a
shift towards an immunosuppressive macrophage phenotype and
suppressed cytotoxic activity of the T cell-enriched CN, resulting in
poor tumor immune control.'®® These results highlight the
importance of understanding the underlying immune architecture

Cellular & Molecular Immunology (2021) 18:842-859



in the TME. Whether this CN spatial organization is applicable across
tumor types needs to be further explored.

The role of CXCL13 in tertiary lymphoid structure formation. The
chemokine CXCL13 induces chemotaxis by binding to the
receptor CXCR5, which is mainly expressed by B cells and Ty
cells. The CXCL13-CXCR5 axis regulates the organization of B cells
inside the follicles of lymphoid tissues.'®*

Interestingly, Thommen et al. showed a potential link between
CXCL13-secreting exhausted CD8™ T cells (high expression of PD1)
and the formation of TLSs.'®®> They analyzed and compared the
functional, metabolic, and transcriptional signatures of CD8™ TIL
populations with PD1-high (PD1"), PD1-intermediate, and no PD1
expression (PD17) from tumor samples of non-small-cell lung
cancer patients. Indeed, PD1" CD8" T cells were highly
dysfunctional concerning classic cytotoxic functions such as IFNy
production compared to the other subsets, but strikingly, PD1™
CD8* T cells highly expressed and constitutively secreted CXCL13.
To study the function of CXCL13 in recruiting CXCR5-expressing
cells towards the TME, colocalization of PD1™ CD8" T cells with
CD4" Tey and B cells within the TME was analyzed. PD1" CD8*
T cells were most represented in peritumoral and intratumoral
TLSs, in close proximity to B cell infiltrates and CD4" Tgy cells. In
the majority of the tumors, PD1" CD8" T cells were localized at
the tumor-host interface, surrounding the central B cells,
suggesting an active role of PD1" CD8" T cells in recruiting
immune cells and forming TLSs. Additionally, the presence of
PD1" CD8™ T cells was predictive of the response to PD1 blockade
treatment in non-small-cell lung cancer patients and correlated
with OS and durable responses, demonstrating the reinvigoration
capacity of PD1" CD8" T cells upon PD1 blockade treatment.'®”

A similar relationship between exhausted CXCL13-secreting
tissue-resident CD8" T cells (CXCL137CD1037CD8*) and TLS
formation was found by Workel et al."® They analyzed pretreat-
ment tumorous tissue of stage IlIC high-grade serous ovarian
cancer patients (one patient received three cycles of chemother-
apy prior to interval debulking surgery) and found that the
phenotype of exhausted CD8" tissue-resident T cells was similar
to the exhausted CD8™ subpopulation of the study of Thommens
et al, with both populations expressing equal PDCD1 (PD1) levels.
Indeed, CXCL13 expression and secretion were observed in
exhausted CD1037CD8" TiLs. Interestingly, as demonstrated by
its ability to reactivate CD8" T cells isolated from peripheral blood
from healthy donors in vitro, TGF3 turned out to be a specific
inducer of CXCL13 and CD103 in CD8" T cells. Furthermore, the
association between CXCL13-secreting tissue-resident CD8"
T cells and TLS formation was assessed by analyzing TCGA mRNA
expression across different tumor types, including ovarian, uterine,
lung, and breast cancers. The TLS-related genes of all four tumor
types correlated with the CXCL137CD1037CD8" cell-related
genes, suggesting that exhausted tissue-resident CD8" T cells
recruit lymphocytes towards the tumor and promote the
formation of TLSs across tumor types.'®®

Similar results were found by Duhen et al., who identified CD39
and CD103 double-positive intratumoral CD8 T cells
(CD1037CD391CD8™), which displayed an exhausted TRM pheno-
type (expression of PD1, CTLA-4, and TIM-3), as tumor-reactive
T cells in human solid tumors.?® Accordingly, TGFB presence was
needed for the maximum coexpression of CD39 and CD103 on
CD8" T cells, and indeed, this CD8" TIL subset highly expressed
CXCL13. In addition, CD103"CD39*CD8™ TILs were associated with
increased survival in head and neck squamous cell carcinoma, lung
adenocarcinoma and lung squamous cell carcinoma patients.?®

TILs in clinical practice

In clinical practice, TILs have been suggested as potential
prognostic and therapeutic biomarkers, most notably in the
context of immune checkpoint blockade (ICB) therapy.
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Interestingly, the established prognostic benefit of TILs in ovarian
and breast cancer does not directly translate to therapeutic
benefit for ICB treatment in these malignancies, suggesting
differences in the quality of the TIL response. Nevertheless, TIL
quantification is steadily making a clinical impact in combination
with the traditional parameters of disease staging.

Prognostic benefit of TILs. As discussed above, intraepithelial
CD8" T cells are associated with improved survival; however,
some studies have also highlighted the importance and prog-
nostic relevance of stromal TILs."®” In epithelial ovarian cancer,
stromal TILs were associated with improved OS, specifically in
high-grade serous ovarian cancer.'® In contrast, another study
with similar research techniques found that increased levels of
both intratumoral and stromal TILs were associated with a better
prognosis, but statistical significance was only found for
intratumoral TILs.'®® In HER2-positive breast cancer patients,
higher levels of stromal TILs are associated with improved
prognosis.'’%'72 In one of the largest retrospective studies, Kim
et al. assessed 1581 eligible B-31 cases for TILs in the NSABP trial
and analyzed the association between infiltration of stromal TILs
and clinical outcome in early-stage HER2-positive breast cancer
patients receiving combined adjuvant trastuzumab plus che-
motherapy or adjuvant chemotherapy alone. They found that
higher levels of stromal TILs were associated with improved DFS in
both groups. However, there was no association between stromal
TILs and trastuzumab benefit. The authors concluded that “stromal
TILs may have utility as a prognostic biomarker identifying HER2-
positive early BC at low recurrence risk”.'”®

Stromal TILs were also found to have increased prognostic value
in CRC compared to intraepithelial TILs."”* The importance of
stromal TILs is reflected in the existence of a standardized
methodology for evaluating TILs, designed by the International
TILs Working Group (ITWG) in 2014. This methodology was initially
designed to assess TILs in breast cancer, but subsequently, the
ITWG also proposed a model for other solid malignancies. In short,
stromal TILs residing in the stromal areas, in-between carcinoma
cell islets, are scored as a percentage. The surface areas occupied
by the carcinoma cell islets are not included in the total valued
surface area.'”>'’® Fuchs et al. assessed the efficacy of the
methodology in all-stage CRC patients (n = 1034). They used the
ITWG method to estimate the stromal TIL density and found that
the assessed stromal TILs had a superior predictive value
compared to intraepithelial TILs using a traditional system
proposed in the Royal College of Pathologists of Australia protocol
(using the criterion of =5 intraepithelial lymphocytes directly in
contact with tumor cells per high-power field).'”” This study
demonstrated that estimating stromal TILs, which are not in direct
contact with carcinoma cells, seems to be a more adequate
parameter than estimating intraepithelial TILs. This does not imply
that intraepithelial TILs are not important but rather reflects the
difficulties in determining intraepithelial TILs on H&E staining due
to the small numbers and heterogeneous appearance of TILs.
Another advantage of solely assessing stromal TILs is that the
density or growth pattern of carcinoma cell islets does not affect
the stromal TIL score.'”* Recent advances in machine-learning
approaches may help provide new insight into the utility of
stromal versus intraepithelial TILs.

Clinical quantification of TiLs. Traditionally, TIL infiltration has
been manually quantified by pathological assessment. However,
with the ever-increasing complexity in the understanding of TIL
composition and localization, novel quantification approaches are
under active development. The current development of digital
immune scores, digital prognostic scores integrating multiple
immune features into a single model, provides the opportunity to
translate the prognostic benefit of TILs into a clinically usable
diagnostic tool to aid clinical decisions and to improve
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personalized therapy. Digital pathology is earning more attention
due to the advent of whole-slide imaging.'”®

In colon cancer, an internationally validated immune score is
predictive of time to disease recurrence independent of existing
prognostic factors, such as age, sex, tumor stage, node stage, and
MSI. Of all clinical parameters, the immune score had the highest
relative contribution to the risk of recurrence. This immune
scoring system represents the first standardized immune-based
assay for the classification of cancer.'”? In the metastatic setting,
response to treatment and prolonged survival were both
significantly associated with high immune infiltration.'®® In
addition, a prognostic score for oral squamous cell carcinoma
incorporating four immune markers, including the levels of
immune cells present in both the invasive margin and center of
the tumor, was recently published. This seven-immune-feature-
based prognostic score is significantly correlated with disease-free
survival.'®" An independent study in oral squamous cell carcinoma
identified the abundance, location, and spatial patterns of TILs as
strong predictors of survival."® While both scoring methods were
tested in small cohorts and need to be cross-validated in larger
patient groups, these studies indicate oral squamous cell
carcinoma as a promising next candidate for the implementation
of digital immune scoring in the clinic. The use of immune scores
has also been suggested for gastric and bladder cancer.'®*'84 The
accuracy of a digital immune score is dependent on the markers,
regions of interest, procedures, measurements, and strategies
used for quantification.'””®'®" Therefore, immune scores should be
evaluated per cancer, and the method should be validated in
multiple independent cohorts.

It is worth noting that manual quantification of TILs may have
limited application as a diagnostic tool due to interobserver
variability and the lack of diagnostic reproducibility. With
automatic machine learning, these limitations may be overcome
by the quantification and classification of digitized tissue samples
by supervised deep learning.'®® Studies presenting deep learning-
based models for nuclei segmentation have been pub-
lished.'”®85187 |n addition, a deep learning model to differentiate
between adenocarcinoma and squamous cell carcinoma and
predict commonly mutated genes was validated in lung cancer,
and the classification is expected to be extended to other less
common lung cancers.'®® In colon cancer, the accuracy of a deep
learning classifier to predict 5-year disease-specific survival was
compared with that of visual assessment. Patients were categor-
ized into low-risk or high-risk, and the machine learning-based
method demonstrated superior accuracy in patient stratification
compared to human observers.'® The application of deep
learning algorithms was also suggested for the detection of
lymph node metastases in breast cancer.'®

Overall, recent developments support the implementation of
immune scores as a new component in the classification of cancer
and advocate for the development and use of automatic machine
learning. The use of immune scores will likely be extended to a
wide variety of tumors, and the application could be extended to
predict the development of metastatic disease and even the
response to immunotherapy.'”181190191

TiLs and response to immunotherapy. Immunotherapy, and in
particular ICB, is targeted towards the reactivation of Tgy cells in
tumors. Accordingly, gene profiling of responders includes
assessment of (exhausted) T cell signatures, IFN-related genes,
enrichment of both immunosuppressive checkpoints and immune
signaling of T, B, and NK cells and increased cytokine and
chemokine signaling. To elucidate determinants of response, one
recent study compared pretreatment biopsies of metastatic
melanoma patients responding and not responding to ICB. The
gene profile of responders included IFN-related genes and genes
related to enrichment of both immunosuppressive checkpoints
and immune signaling of T, B, and NK cells and increased cytokine
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and chemokine signaling. In addition, there was an abundance of
TRM cells in ICB responders.'®> Complementary research has
demonstrated an increased prevalence of TRM cells in treatment-
naive tumors versus healthy adjacent tissue, as well as demon-
strating that ICB responders are characterized by CD8" TCM cell
accumulation.'®® During ICB, these TCM cells develop an effector-
like phenotype with a cytolytic gene signature. Characterization of
nonresponders revealed increased coexpression of LAG-3, BTLA4,
and PD1 during treatment.'®*

Interestingly, several recent studies have suggested that treat-
ment with anti-PD1 therapies does not necessarily reverse the state
of already Tgx cells but rather acts on the activation of Tpg cells. In
human lung cancer, transcriptional analysis of PD1"9" CD8* T cells
identified that these cells had a low cytolytic capacity but high
proliferative function compared to PD1'°“/"®92e CDg* T cells,
corresponding with a Tpg cell phenotype. PD1M9" CD8™ T cells were
predictive for both survival and response to PD1 blockade and were
shown to secrete CXCL13, indicating their involvement in the
formation of TLSs (see also corresponding section above).'® This
observation is supported by several studies describing that ICB
induces a proliferative response of less differentiated CD8" T cells,
whereas Tgx cells cannot respond to anti-PD1 therapy.>”>%* This is
supported by a high-dimensional single-cell RNA analysis of
melanoma tumors treated with checkpoint inhibition, which
identified TCF77CD8" T cells in particular to be associated with
better tumor regression and overall response in checkpoint-treated
patients.® Taken together, these findings suggest that signature
genes consistent with Tpe cells may serve as a potential biomarker
for ICB response.>’~8606364

In addition to the role of CD8" T cells and MHC class |, Elspach
et al. recently reported on a series of elegant experiments
demonstrating the importance of MHC-II during ICB. In their work,
mice were challenged with a sarcoma tumor cell line expressing
MHC-I and/or MHC-Il neoantigens in the absence or presence of
administration of ICB. Interestingly, only the mice with functioning
MHC-I and MHC-Il were able to slow down tumor growth in the
absence of ICB and were able to completely reject the tumor with
the administration of ICB, thus demonstrating the requirement of
MHC-Il-mediated Ty cell responses for optimal priming of MHC-I-
restricted CD8" cells and their maturation into CTLs. Unrespon-
siveness to ICB in the presence of a favorable mutational burden
could therefore be explained by the lack of MHC-II expression.>? In
human tumors, MHC-Il expression was also associated with the
response to ICB. In addition, low MHC-II expression was associated
with primary resistance to ICB>'

ICB does not only affect beneficial antitumor immune cells. In
particular, Treg cells are known to express both PD1 and CTLA-4, in
addition to GITR, ICOS, and 0X40."”*' |n some cases, patients
treated with an anti-PD1 antibody develop hyperprogressive
disease (HPD). A recent study revealed a markedly increased
proliferation of Treg cells in HPD patients, while there was a
reduction in Treg cells in patients with no HPD. This suggests that
Treg cell depletion before anti-PD1 therapy may help prevent the
induction of HPD.'” Accordingly, the success of anti-CTLA-4
treatment seems to be at least partially attributable to the
depletion of intratumoral Treg cells.'*®

Mutational load, immune infiltrates, and immune checkpoint
blockade. As mentioned, both the quantity and quality of TILs
are likely factors in determining prognostic and therapeutic
benefits. In general, the quality of T cell responses is determined
by the antigen recognized through their cognate TCR. In a recent
study of ICB nonresponders and responders, TCR sequencing from
the tumor, normal adjacent tissue and peripheral blood revealed
expansion of T cell clones in the periphery, normal adjacent tissue
and tumor. Moreover, the expansion of both peripheral and
intratumoral T cells was correlated with the response to ICB. This
suggests a relationship between peripheral clonal expansion and
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tumor infiltration. Interestingly, peripherally expanded T cells
infiltrating the tumor acquired a TRM-like phenotype during
successful ICB responses, reconfirming the observed link between
T cell exhaustion and TRM phenotypes. Considering this link,
liquid biopsies to identify peripheral expanded T cell clones may
help predict ICB response.'®* Accordingly, single-cell RNA and TCR
sequencing from site-matched tumors after anti-PD1 treatment
revealed expansion of CD8TCD39" T cells, yet these T cell clones
did not derive from pre-existing intratumoral T cells, suggesting
that they were derived from peripheral T cells.'?® Similarly, high
TCR clonality but lack of TCR diversity in pretreatment liquid
biopsies was associated with longer PFS and good response to
PD1 blockade but a poor response to CTLA4 inhibition. Multi-
variate regression models confirmed both TCR clonality and
diversity as independent predictive factors for response.'®
Altogether, these studies suggest that TCR specificity and cognate
antigens are key determinants of the quality of the TILs and the
corresponding ICB response.

During successful ICB, TCR specificity is mainly directed against
neoantigens and mutation-induced changes in (generally nondriver)
cancer cell proteins. Accordingly, tumor mutational burden is directly
related to immune infiltration and is associated with response to ICB.
A subset of cancers is characterized by mismatch repair deficiency
(dMMR), which leads to the accumulation of mutation-associated
neoantigens (MANAs) and TAAs that stimulate the activation,
differentiation, and infiltration of TILs and are associated with a
better prognosis.’®*?°" In endometrial cancer, increased immune
infiltration and improved clinical outcome are seen in molecular
subtypes harboring more mutations, such as POLE-mutant, MSI, and
p53-mutant tumors.?°272%* Similar results were shown in MSI CRC,
which showed increased immune infiltration and a superior
prognosis compared with microsatellite-stable (MSS) CRC.2%>2%
Interestingly, the results of the study presenting a validated
colorectal immune score showed better prognostic benefits in
highly infiltrated MSI and MSS tumors than poorly infiltrated MSI and
MSS tumors. In line with the literature, relatively more MSI tumors
than MSS tumors are infiltrated with a high number of TILs,
indicating that mutational load does not directly contribute to
improved survival but rather that high immune infiltration occurs as
a consequence of high mutational load.'”®

Tumors with a high mutational load and thus increased immune
infiltration have a favorable response to ICB. A recent meta-analysis
including 939 patients with MSI advanced cancer from 14 studies
demonstrated a response rate of 41.5%, a disease control rate of
62.8% and a 1- and 2-year overall survival of 75.6% and 56.5%,
respectively.>”” Earlier work showed a response rate of 53% and a
complete response rate of 21% in ICB-treated dMMR tumors.
Moreover, the expansion of MANA-specific T cells in the peripheral
blood was documented as early as 2 weeks after the start of
treatment?® The application of neoadjuvant ICB has also been
successfully demonstrated in multiple tumors characterized by high
mutational burden, such as melanoma and small-cell lung cancer,
demonstrating impressive response rates of 78% and 45%,
respectively.??'° In addition, neoadjuvant administration of ICB
produces a superior response in MSI CRC, as demonstrated by the
100% pathological response rate in dMMR tumors and only 27%
response rate in mismatch repair-proficient tumors?'' Taken
together, these data demonstrate that mutational burden is highly
predictive of the pathological response to ICB and highlight a role for
neoadjuvant ICB administration.?°~2'2

In tumors with low mutational burden, treatment with ICB has
relatively poor response rates.?'>?'> A recent phase Il trial compared
anti-CTLA4-treated prostate cancer patients with a favorable out-
come to those with an unfavorable outcome, demonstrating a gene
signature enriched for the IFNy response and CTL pathways, which
was confirmed by the increased immunohistochemistry staining of
CD3, CD8, granzyme-B, and PD1 in the favorable cohort. Interestingly,
although there was no difference in total mutational burden
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between the cohorts, 8/9 patients in the favorable cohort showed
peripheral T cell expansion in response to TAAs/MANAs, whereas this
was only demonstrated in 4/10 patients in the unfavorable cohort.
These data demonstrate that despite a low mutational burden, some
mutations are capable of inducing antigen-specific T cell responses
that facilitate the ICB response.?'® To improve the ICB response in
tumors with a low mutational burden, strategies to elicit immune
induction are being explored, including vaccination, chemotherapy,
and radiation strategies that target either T cells alone or a
combination of TIL subsets.?'’ "

Reactivation of T cells coactivates NK cells. Some cosignaling
receptors are expressed on both NK cells and T cells and have been
of interest due to their therapeutic potential of simultaneously
activating both cell types.?2>"?%2 For example, TIGIT is expressed on
both tumor-infiltrating T cells and NK cells and has been associated
with tumor progression. Interestingly, TIGIT expression was found to
be significantly higher on intratumoral NK cells than on peritumoral
NK cells. In mice, TIGIT blockade was capable of reversing NK cell
exhaustion and delaying tumor growth. Moreover, NK cells were
proven critical for therapeutic effects with TIGIT blockade, PD1
blockade and combination therapy.??°

Another receptor expressed on ~50% of peripheral NK cells and
on a subset of activated CD8" T cells is NKG2A. NKG2A is an
inhibitory receptor that binds to HLA-E; upon engagement, NK cells
transmit intracellular signals, preventing its activation. In tumor-
bearing mice, treatment with the anti-NKG2A antibody monalizu-
mab resulted in both T and NK cell effector functions.*"*** A first-
in-human trial of MSS CRC treated with monalizumab and
durvalumab demonstrated preliminary activity and manageable
toxicity.?' In head and neck cancer, overall response rates to
cetuximab improved when it was combined with monalizumab,
and the combination resulted in manageable side effects.>* Finally,
monotherapy with monalizumab in advanced-stage gynecological
malignancies demonstrated no dose-limiting toxicities and man-
ageable adverse events. However, no clinical effects were
elicited.?*> This could suggest that NKG2A inhibition is more
suitable for combination strategies. Overall, these studies indicate
an important role of NK cells in the successful application of
immunotherapy, advocating the dual targeting of both CD8™" T cells
and cytotoxic NK cells.?2°72%

Adoptive T cell transfer. In addition to immune checkpoint
inhibition, adoptive cell therapy (ACT) has emerged as a promising
cancer immunotherapy. ACT involves three different strategies
using either TILs or genetically modified T cells with novel TCRs or
chimeric antigen receptors (CAR-T).>?* For the first approach,
naturally occurring TILs are harvested, expanded ex vivo, and
subsequently transfused back into the patient to induce a robust
immune-mediated antitumor response. In addition to TILs,
peripherally obtained T cells can be genetically modified in vitro
to T cells expressing TCRs that recognize specific TAAs expressed
by tumor cells. However, recognition of the TAA by the TCR
requires antigen presentation via MHC, which is often down-
regulated in cancer cells.?>> ACT with CAR-T cells circumvents this
problem because the CAR molecules, containing an extracellular
antigen-binding domain and intracellular signaling and cosignal-
ing domains, possess the properties to facilitate binding of CAR-T
cells to their target and subsequently activate CAR-T cells
independent of MHC.?*® The overall application of ACT with TILs
has been mainly investigated in solid tumors, especially in the
context of metastatic melanoma, and multiple independent
studies have demonstrated durable responses, including in
patients resistant to ICB.*???® In addition, adoptive transfer of
autologous lymphocytes specifically targeting somatic mutations
has elicited objective responses in gastrointestinal, colon, and
breast cancer.*2*" To optimize ACT using TILs, selection of the
TIL subtype most suitable for expansion and reinfusion with the
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highest antitumor response is crucial. A phase Il clinical trial in
melanoma showed a correlation between the total number of
CD8™" T cells and clinical response, whereas nonresponders were
characterized by higher percentages of CD4" TILs. During more in
depth analysis into CD8 differentiation memory status, especially
the more differentiated effector memory T cells compared to TCM
were found in responding patients. effector memory T cells is toch
TEM? en TEM is Temz 222 However, other studies suggested Tew
cells as a suitable candidate for ACT as they possess high
proliferative capacity.'” More recently, y§ T cells have been of
interests because they have been reported to possess effector-like
functions.”**** One study successfully expanded y& T cells from
PBMCs and demonstrated that adoptive cell transfer of these cells
in an ovarian carcinoma mouse model was capable of suppressing
tumor growth via specific cytotoxic activities.** However,
although generally well tolerated, no impressive therapeutic
response was seen in the initial clinical trials.?3323323% |n the
context of CAR-T cells, high effectivity has been demonstrated in B
cell malignancies targeting CD19. In addition, CAR-T cells have
been investigated in multiple myeloma and leukemia. However,
the treatment of solid tumors with TAA-specific CAR-T cells has
achieved limited success, mostly due to restricted antitumor
activity or severe toxicity.>>’

B cells in the response to immunotherapy. In addition to T cells
and NK cells, a subset of B cells, ICOSL* B cells, emerges after
chemotherapy treatment and boosts antitumor immunity. Pre-
treatment breast cancer samples were enriched with high IL-10
and low complement-receptor 2 (CR2) expression, while post-
chemotherapy samples showed an increase in ICOSL- and CR2-
expressing B cells, but IL-107CD19" B cells were dramatically
decreased.”® In a mouse model, ICOSL blockade significantly
inhibited chemotherapy efficacy and was accompanied by
increased Treg cells and decreased levels of cytotoxic CD8" T
and TH1 cells in the tumors.® Interestingly, Griss et al. observed
similar results in melanoma patients, in which tumor-infiltrating
CD8" and CD4™ T cells diminished after anti-CD20 treatment.”>”
Moreover, ICOSL™ B cells were associated with improved
therapeutic efficacy and improved DFS and OS in breast cancer
patients receiving neoadjuvant chemotherapy, except the
HR™Her2~ subtype.2®

Pretreatment TIL B cells by themselves are also associated with
improved immunotherapy responses and better survival.”>242%!
Helmink et al. observed significantly higher expression levels of B
cell-related genes in tumor samples from melanoma and renal cell
carcinoma patients who responded to ICB treatment than in those
from nonresponding patients. Moreover, increased BCR diversity,
clonal expansion, and switched memory B cell signatures were
more frequently observed in tumor samples from ICB responders
than in those from nonresponders.”> Accordingly, Petitprez et al.
found that a B cell lineage signature correlated with improved
survival in soft tissue sarcoma patients, regardless of the amount
of tumor-infiltrating CD8" T cells. Furthermore, tumors enriched
with B cell lineage signatures exhibited the highest response rate
to ICB treatment.**" Comparable results were found in tumor
samples of metastatic melanoma patients.>*°

In short, TIL B cells can suppress antitumor immunity, although
accumulating evidence shows that TIL B cells support antitumor
immunity and promote immunotherapy responses by acting as
APCs, producing high-affinity antibodies and secreting antitumor
cytokines. These conflicting observations might be caused by the
heterogeneity of B cell subsets as well as the various responses of
these B cells to different anticancer treatments.?*? Future research
and new immunotherapy strategies should focus on TIL B cells
and how to exploit plasma B cells to promote lymphocyte
infiltration and stimulate cytotoxic T cell activation to increase the
antitumor immune response.

Of note, while corticosteroids are often used to treat the side

SPRINGERNATURE

effects of chemotherapy, radiotherapy, and immunotherapy, in
addition to other cancer patient comorbidities, in lung squamous
cell carcinoma patients, it was recently suggested that GC formation
inside TLSs, reflecting a mature (secondary) TLS, could be impaired
by corticosteroid treatment.'®® Tumors of chemotherapy-naive lung
squamous cell carcinoma patients treated with corticosteroids
before surgery, either systemically or locally, showed a significantly
lower TLS density and size of GCs than those of noncorticosteroid-
treated patients. Using a mouse model, the causal role of
corticosteroids in TLS impairment was studied. TLSs were induced
in mice by intranasal administration of alum, a chemical compound,
with or without Ova as an antigen, followed by systemic low-dose
dexamethasone treatment. Interestingly, TLS development was
observed in both models, but high TLS density and GC formation
were only found in mice challenged with Ova antigen, suggesting
that GC formation requires antigen-dependent interactions
between TLS-residing lymphocytes.'®® Supporting their hypothesis,
dexamethasone treatment did not affect TLS density but signifi-
cantly reduced the development of mature GC-bearing TLSs.
Altogether, these data suggest that corticosteroids negatively
influence TLS maturation in the lungs. The use of corticosteroid
treatment in cancer patients deserves further exploration.

Perspectives

It is evident that CD8™" TILs are crucial for an effective antitumor
immune response. With the rise of single-cell sequencing, it has
become clear that CD8™ T cells are divided into a wide variety of
subsets ranging from more naive-like and proliferative to more
differentiated and cytolytic immune cells. In particular,
CD1037CD39" TRM cells seem capable of tumor control.
Interestingly, CD8"CD103%7CD39~ bystander T cells, although
unspecific for tumor antigens, seem capable of contributing to
the antitumor response. In our review, we further emphasize the
importance of B cells that promote immune surveillance and
improve the ICB response as a single-cell type. But even more
when clustered together with T cells in well-organized TLSs,
initiated by chemokine CXCL13. TLSs give rise to a highly
advanced immune response, reflected by the production of
affinity-matured antibodies secreted by plasma B cells and created
in GC-harboring TLSs near tumor areas. Interestingly, the presence
of a TLS itself is associated with improved clinical outcome and
response to ICB; however, when TLSs harbor GC activity, reflecting
a mature TLS, this survival benefit is even further increased.
Accordingly, proper identification of the presence and location of
TILs and their spatial organization and identification of highly
advanced immune structures such as TLSs is important to
accurately predict prognosis, including the development of
metastatic disease or recurrence, and response to ICB. A valuable
tool to realize this could be found in automatic digital machine
learning. Automatic machine learning enables the assessment of
complex TIL composition and localization using multiple defining
markers simultaneously, without interobserver variability. The
success of ICB, especially anti-PD1 therapy, is undeniable, especially
in a subset of solid tumors harboring a high mutational load. This
clinical efficacy has been mostly attributed to the reactivation of Tgy
cells. However, the current literature suggests that anti-PD1 therapy
does not necessarily reverse the exhausted state of T cells but
rather acts on the activation of Tpg cells, as T cell exhaustion seems
to be a gradual developing state. Tcf7-expressing Tpe cells persist
long term, are capable of self-renewal and can eventually
differentiate into Tgx cells exhibiting high cytolytic capacity. In this
overview, we show that Tpe-like cells are especially associated with
better tumor regression and overall response in ICB-treated
patients. We believe that combinatorial immunotherapy regimes
are the key to successful optimization of response rates and clinical
outcomes of immunotherapy-treated cancer patients. Such strate-
gies include the immune checkpoint inhibitors simultaneously
targeting NK cells and T cells that are now entering the clinic,
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including anti-NKG2A and anti-TIGIT agents. In addition, strategies
priming patients prior or during ICB treatment to induce an
immune response via vaccination, chemotherapy, or radiotherapy
also exist. More research into the recently discovered helper-like
innate lymphoid cells might reveal new opportunities for the
application of immunotherapy. Finally, we believe that future
research should focus on the development of new immunotherapy
strategies that can induce and exploit TLS formation.

In conclusion, tumor-infiltrating lymphocytes play a significant
role in the tumor immune environment. No individual lymphocyte
subset is responsible for tumor immune control; rather, the
location, clustering, interplay, and costimulation of all lymphocyte
subsets are required for a successful antitumor immune response.
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