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Recent breakthroughs in tumor immunotherapy such as immune checkpoint blockade
(ICB) antibodies, have demonstrated the capacity of the immune system to fight
cancer in a number of malignancies such as melanoma and lung cancer. The
numbers, localization and phenotypes of tumor-infiltrating lymphocytes (TIL) are not
only predictive of response to immunotherapy but also key modulators of disease
progression. In this review, we focus on TIL profiling in cutaneous melanoma using
histopathological approaches and highlight the observed prognostic value of the primary
TIL subsets. The quantification of TIL in formalin-fixed tumor samples ranges from
visual scoring of lymphocytic infiltrates in H&E to multiplex immunohistochemistry
and immunofluorescence followed by enumeration using image analysis software.
Nevertheless, TIL enumeration in the current literature primarily relies upon single marker
immunohistochemistry analyses of major lymphocyte subsets such as conventional T
cells (CD3, CD4, CD8), regulatory T cells (FOXP3) and B cells (CD20). We review key
studies in the literature on associations between TIL subsets and patient survival. We
also cover recent findings with respect to the existence of ectopic lymphoid aggregates
found in the TME which are termed tertiary lymphoid structures (TLS) and are generally
a positive prognostic feature. In addition to their prognostic significance, the existence
of various TIL sub-populations has also been reported to predict a patient’s response
to ICB. Thus, the literature on the predictive potential of TIL subsets in melanoma
patients receiving ICB has also been discussed. Finally, we describe recently developed
state-of-the-art profiling approaches for tumor infiltrating immune cells such as digital
pathology scoring algorithms (e.g., Immunoscore) and multiplex proteomics-based
immunophenotyping platforms (e.g., imaging mass cytometry). Translating these novel
technologies have the potential to revolutionize tumor immunopathology leading to
altering our current understanding of cancer immunology and dramatically improving
outcomes for patients.

Keywords: melanoma, tumor infiltrating lymphocyte, prognostic marker, tumor immunology and
microenvironment, immunotherapy, tertiary lymphoid structure
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INTRODUCTION

Over the past two decades, tumor immunotherapy has
demonstrated remarkable clinical success for a number of
different types of cancers (1, 2). While a large variety of drugs are
currently in clinical trials for tumor immunotherapy, the overall
therapeutic aims of these agents are to disrupt or counteract
tumor-mediated immunosuppression (3, 4). The most clinically
effective immunotherapies to date are monoclonal antibodies
targeting the checkpoint molecules CTLA-4 (cytotoxic T
lymphocyte-associated protein 4) and PD-1 (programmed cell
death protein 1) as well as its ligand PD-L1 (4–6). While there is
significant variability in the response rates to these drugs based
on the tumor type, a recent pooled analysis demonstrated an
average objective response rate (ORR) of 14% for anti-CTLA-4
and 33% for anti-PD-1 mAbs (7). In a separate meta-analysis of
results from phase III trials with ICB, it was shown that patients
treated with ICB were over 2 times more likely to experience
durable clinical responses compared to patients in the control
(non-ICB) arms of these trials (8). Thus, tumor immunotherapy
is established as a key therapeutic approach for the clinical
treatment of cancer.

The successful response to immunotherapies is predicated
on the immunological composition or “immune contexture” of
the tumor microenvironment (TME) (9–11). Furthermore, the
increased presence of certain cell types has also been shown to be
associated with enhanced survival in patients with various forms
of cancer (10, 12). These observations are in accordance with the
canonical understanding that a healthy immune system regularly
eliminates pro-tumorigenic cells and can mount responses to
established cancers which eventually escape immune control and
progress, a concept currently known as “cancer immunoediting”
(13, 14). The processes through which the immune system both
restricts and promotes tumorigenesis remain a key focus of
current immunology research (14, 15). As such, an assessment of
tumor infiltrating immune cells, in particular tumor infiltrating
lymphocytes (TIL) is of critical importance in biomedical
research as well as clinical pathology (10, 12, 16).

Cutaneous melanoma is the most lethal form of skin cancer
(17). The incidence of cutaneous melanoma continues to rise
in Europe and 5-year survival rates remain low (<30%) despite
the advent of tumor immunotherapies (18). In both preclinical
and clinical studies on melanoma, examination of TIL and
various TIL subsets by histopathologists has yielded several
biological insights in tumor immunology (10, 19). For over
three decades, a number of clinical centers have demonstrated
the therapeutic potential of adoptive TIL transfer in melanoma
(2). However, the technical challenges and costs associated with
this method have limited a wider application of this approach
and the development of transgenic T cell receptor bearing T
cells remains an important field of immunotherapy research.
Nevertheless, as the mechanistic and prognostic relevance of
various TIL subsets in cancer remains a key avenue of research,
it is imperative to understand current approaches to TIL
profiling and their association with patient clinical outcomes
(12). While techniques, such as multi-color flow cytometry and
mass cytometry (CyTOF) currently permit high dimensional

immunophenotyping of human tissues, these procedures require
tissue dissociation which leads to loss of crucial spatial and
morphological information (20). Thus, clinical pathology on
fixed tissue sections remains the gold standard for examining
the TME in situ. Generally, routine histopathology is performed
on whole tissue sections but in recent years, a large number
of investigational studies have started to use tissue microarrays
(TMA) for biomarker discovery and immunological or molecular
profiling in cancer research (12, 21).

In this review, we explore the prognostic relevance of TIL
pattern profiling enumerating various lymphocyte subsets. We
also examine their predictive value for ICB treatment. Moreover,
novel algorithms for histological assessment of tumors such as the
ImmunoScore method as well as machine-learning based image
analysis will be discussed. Finally, novel methodologies for high-
throughput immunophenotyping of tumors will be described.
Collectively, this work provides a scientific primer on TIL
subsets in melanoma and highlights novel immunophenotyping
techniques which harbor significant promise for advancing our
understanding of tumor-infiltrating lymphocytes.

PROFILING OF TIL IN CUTANEOUS
MELANOMA

TIL Assessment in H&E
Following the first characterization of TIL in melanoma by Clark
in 1969, multiple groups reported that lymphocyte infiltration
correlated with improved survival in melanoma patients (22).
While research has shown that immune cell subsets are highly
heterogeneous within human cancers, enumerating TIL using
H&E provides an important insight on the TME in a number
of cancer types (12, 23). Histologically, the location of the
immune infiltrate may be described as intratumoral, stromal
or peritumoral (12, 24). Intratumoral immune cells are located
directly within the malignant “nest” of tumor cells (12). The
stromal region is composed of blood vessels, connective tissue
and various immune cells (24). The outer border of the tumor
is known as the invasive front (24). The term peritumoral
may be thus applied to the cells around the invasive front,
in the stroma or in adjacent non-involved tissue (12, 24).
Currently, there is no single unified approach for assessing
overall immune infiltrates in H&E stained tissue in solid tumors.
Both intratumoral and peritumoral lymphocytes may be assessed
and analyzed for correlation to various clinical parameters
(12). However, it is relevant to note that a vast majority of
pathological analyses are currently performed using digitized
whole slide images (25, 26). This allows for high resolution
images, dynamic zooming and panning capabilities and permits
the images to be analyzed using image analysis softwares (25).
Generally, in cutaneous melanoma, TIL scoring is performed for
round inflammatory cells excluding polymorphonuclear cells in
the intratumoral region only (27). The biological and clinical
significance of examining intratumoral versus peritumoral TIL
has been discussed elsewhere (12, 28, 29). Furthermore, while
a majority of studies examining TIL have been performed
using primary melanoma tumors, some groups have also
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studied the prognostic value of examining TIL in metastatic
samples (30–32).

There are presently two primary strategies for scoring TIL in
H&E stained melanoma tissue, the system devised by Clark and
colleagues and the approach promoted by the Melanoma Institute
Australia (MIA) (12, 33, 34). The Clark scoring system was first
reported in 1989 and defines three distinct TIL patterns as absent,
non-brisk and brisk (Figure 1) (23, 35). Absent indicates when no
TIL are present or they do not infiltrate the tumor (27, 35). Non-
brisk denotes one or more scattered foci of lymphocytes (22, 35).
Brisk describes a diffuse infiltration of lymphocytes throughout
the tumorigenic vertical growth phase (VGP) or along the base of
the tumor (23, 35, 36). Clemente et al. further divided the scoring
of brisk TIL patterns into peripheral (along the tumor base)
or diffuse (infiltrating the entire invasive portion of the tumor)
(23, 37). Generally, perivascular lymphocytes and lymphocytes
in regions of fibrosis are not included in the scoring (23). The
Clark system remains in wide usage due to its reproducibility,
ease of application and strong interobserver agreement (23, 38).
The MIA scoring system is based on the density (mild, moderate
or marked) and distribution of TIL (focal, multifocal, or diffuse
across the entire tumor) in the dermis (23, 34). The MIA ordinal
score (0–3) is defined as follows: grade 0; TIL absent, grade
1; a mild multifocal or a mild/moderate focal infiltrate, grade
2; a moderate or marked multifocal, a marked focal or a mild
diffuse TIL pattern, grade 3; a moderate or marked diffuse
infiltrate (34).

Both the Clark and MIA scoring systems have demonstrated
that increased TIL levels are associated with improved prognosis.
In the aforementioned report by Clark et al., the authors
studied 8-year survival in over 200 patients with exhibiting
distinct histologic subtypes of primary cutaneous melanoma
(35). The 8-year survival rate in patients with absent TIL was
59, 75% in patients with non-brisk TIL patterns and 88% in
patients with brisk TIL (35). As a further demonstration of
the biological relevance of TIL scoring, the absence of TIL
as defined by Clark, was associated with increased sentinel
lymph node (SLN) metastases (39). SLN status remains the

most important independent prognostic factor in melanoma
(40). In 2012, Azimi et al. utilized the MIA scoring system to
show that TIL grade in the primary cutaneous melanoma was
inversely associated with SLN positivity and was independently
associated with disease-specific survival (DSS) (34). Thus, there
is ample evidence to demonstrate that the presence of TIL
is associated with an enhanced host response to the tumor
and therefore is associated with improved patient outcomes.
A recently reported meta-analysis of 41 published studies on
TIL in melanoma showed that simply the presence of TIL
was significantly associated with improved overall survival (OS)
(33). A majority of the studies included in this meta-analysis
were performed on primary cutaneous melanoma (33). The
authors of this report demonstrated that brisk TIL patterns
were associated with improved prognosis with respect to OS,
recurrence free survival (RFS) and DSS (33). Together, these
findings indicate that the presence of lymphocytes in the tumor
mass is representative of a host immune response to the cancer
and thus it is generally associated with positive clinical outcomes.
Given the utility of H&E assessment of TIL, the International
Immuno-Oncology Biomarker Working Group (IOBWG) has
proposed a more standardized approach for TIL assessment
(41). However, this approach requires validation in melanoma
and other solid tumors in order to determine its viability
for prognosis. Despite the effective use of TIL scoring as a
prognostic tool in melanoma, the immune cells infiltrating a
tumor are phenotypically and functionally diverse (42). The
TME for most cancers is highly heterogeneous and through
histological assessment, three major categories of immune
infiltration have been identified (43, 44). Broadly, tumors can
be classified as those with T cell-inflamed (hot) and non-T
cell-inflamed (cold) TME (Figure 2) (44). Profiling of these
subtypes has shown that T cell-inflamed tumors contain high
density of CD8+ TIL, expression of PD-L1, increased IFNγ

signaling and a high mutational burden (43, 44). Non-T cell-
inflamed tumors generally have an immune-excluded TME
with a peripheral accumulation of T cells which are unable
to enter the tumor mass as a result of immunosuppressive

FIGURE 1 | Schematic representation of the three canonical TIL infiltration patterns in cutaneous melanoma. (A) Absent: No presence of lymphocytes in the tumor
or no infiltration within the tumor itself. (B) Non-brisk: One or multiple scattered foci of lymphocytes. (C) Brisk: Diffuse infiltration of lymphocytes throughout the
tumorigenic vertical growth phase or along the tumor base.
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FIGURE 2 | H&E and CD3 immunostaining can be utilized to distinguish T cell-inflamed and non-inflamed tumor microenvironments. Representative images from
malignant melanoma samples comparing (A) a tumor with mild, focal lymphocytic infiltration with (B) few T cells compared to (C) a tumor exhibiting dense TIL
patterns and (D) a high frequency of T cells. Scale bar = 100 µm.

myeloid cells or stroma (43). Alternately, cold tumors may
also represent an immune-ignored phenotype with minimal or
absent T cell infiltration with highly proliferative tumor cells,
lack of PD-L1 expression and a low mutational burden (43,
44). The classifications described here are general categories
derived from histopathological analyses of tumor tissue (43).
The roles of stromal cells, mutational burden and tumor-
infiltrating immune cells in driving the phenotype of the TME
are still not well described and require further elucidation
(43, 45). As such, IHC for the detection and enumeration
of major lymphocyte subsets in the tumor and determining
their correlation to patient survival or response to treatment,
is also a crucial approach for clinical and pre-clinical cancer
research (10, 45).

Assessment of TIL Subsets via IHC
Tumor infiltrating immune cells are heterogeneous in both
phenotype and function and form an interactive network
with other immune cells and non-immune components of
the TME (10, 42). Due to advances in monoclonal antibody
production, it is presently possible to detect numerous leukocyte
subsets in histopathology tissue samples using both IHC and
immunofluorescence (IF) (10, 20, 46). However, a majority
of studies use antibodies targeted to key surface markers to
broadly identify major TIL subsets in cancer such as CD20
(B cells), CD3 (T cells), CD4 & CD8 (T cells) and FOXP3
(Regulatory T cells or Treg) (12, 33, 47). While tumor infiltrating
CD8+ T cells have been shown to be associated with positive
outcomes and FOXP3+ Treg are usually associated with negative
outcomes, there is tremendous heterogeneity in the results
of IHC-based detection and enumeration of TIL subsets in

cancer (10, 12, 30). However, there is no single approach for
quantifying immune cells in tumor tissue. Thus, certain studies
perform semi-quantitative (e.g., low/high or 0–3) grading by
visual examination (48, 49), or using image analysis software to
determine percentage of pixels positive for IHC staining (50).
The Clark grading system of absent, non-brisk and brisk for
TIL in H&E tissue has also been applied to tissue with stains
for lymphocyte markers such as CD8 (51). On the other hand,
the total cells positive for a specific marker (e.g., CD3) are
enumerated using visual assessment or digital image analysis
software (31, 52, 53). Given the variety of techniques utilized to
score TIL and TIL subsets in cancer between studies, conflicting
results regarding their prognostic relevance in cancer are to be
expected. However, recent advances in machine learning image
analysis algorithms are promising in their capacity to unify and
automate digital pathology, thereby yielding more consistent
results (54, 55).

In the context of melanoma, studies have shown that
while the presence of intratumoral lymphocytes is generally
a positive prognostic factor, inspecting individual populations
using markers such as CD3 or CD8, or activated T cells, may
yield conflicting results in smaller cohorts of patients (30, 33).
In a recent review, Fridman et al. combined data from 200
previously published studies in various cancer types to obtain a
comprehensive view of the prognostic value of major immune
cells subsets (10). A key limitation in the case of melanoma
versus other tumors such as colorectal cancer and breast cancer
is the relative scarcity of studies examining lymphocyte subsets
and their association with prognosis (10). Nevertheless, it has
been observed that while T cells (CD3+, CD8+, CD4+) and
B cells (CD20+) are associated with better patient outcomes,
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TABLE 1 | Overview of TIL subset detection via IHC, their canonical functions in the tumor microenvironment and association with patient survival.

TIL subset Primary identification marker† Canonical anti-tumor
function(s)

Association with patient survival‡ References

Cytotoxic T lymphocyte CD8 Direct cytotoxicity to tumor
cells. Production of IFNy

Positive (31, 32, 67, 68)

No association (51)

Helper T lymphocyte CD4 Production of pro-inflammatory
cytokines. Direct cytotoxicity to
tumor cells.

Positive (32, 68)

No association (31)

Regulatory T lymphocyte FOXP3 Direct and indirect suppression
of effector lymphocytes. Inhibit
APC functions.

No association (31, 32, 93)

B lymphocyte CD20 Production of anti-tumor
antibodies. Antigen
presentation.

Positive association (31, 102)

No association (168)

Negative association (104)

†Accepted as primary markers for the following cell types in the scientific literature. ‡Only statistically significant associations between density of each TIL subset and
patient outcomes (OS, RFS, DSS, PFS) were included.

FOXP3+ Treg are associated with worse prognosis (Table 1)
(10, 12, 30, 56). In this section, we will review the known
roles of major TIL subsets in tumor immunity as well as novel
methods which might improve and refine immunophenotyping
of these subsets in cancer. Finally, it is important to note that
while TIL immunophenotyping primarily relies upon detection
of immune cell specific protein markers, a number of studies
have also performed gene expression profiling of tumor tissue
to detect immune cell specific transcripts (57). These approaches
can currently be complemented by examining immune cell
specific transcripts in bulk tumor RNA sequencing datasets which
are publicly available at The Cancer Genome Atlas (TCGA)
(58). In addition to assessing individual genes, a number of
“immune cell deconvolution” algorithms have attempted to
estimate the relative abundance of tumor-infiltrating leukocytes
based on unique gene signatures for each cell type (59).
Furthermore, high or low expression of these signatures may
be compared with survival data which is available in TCGA,
to predict the prognostic value of various leukocyte subsets
(60). While gene expression signatures can provide evidence
of a tumor’s immune profile, ultimately the presence of these
cells in the TME must be validated through flow cytometry
or histopathology.

CD8+ TIL

CD8+ T cells play a central role in the adaptive immune response
to cancer (61–63). Activated CD8+ T cells are termed cytotoxic
T lymphocytes (CTL) as they are capable of directly recognizing
and killing malignant and infected cells (61, 63). While multiple
immune cells can exhibit tumoricidal activity including natural
killer (NK) cells and macrophages, CTL are the primary
immune cells capable of controlling tumor growth and mediating
responses to cancer immunotherapies (62–64). The primary anti-
tumor activities of CTL involves their killing of target cells via

the exocytosis of cytotoxic granules containing perforin and
granzymes as well as the production of cytokines such as IFNγ

and tumor necrosis factor (TNF) (62, 63). Recent evidence
shows that a subset of conventional dendritic cells (cDC),
cDC1 are essential for the recruitment and priming of CD8+
T cells in the TME (65). As described in the aforementioned
conceptual framework of cancer immunoediting, after a period
of initial control by T cells, the tumor is able to evade the
immune attack and promote an immunosuppressive TME (14,
61). On the other hand, chronic antigen exposure such as in
the context of chronic viremia and cancer, leads to a state
termed T cell exhaustion marked by loss of effector functions, a
sustained expression of inhibitory surface receptors (e.g., PD-1)
and distinct transcriptional profiles (66). Therefore, the diverse
phenotypes and functional profiles of CD8+ TIL in the TME
complicate the interpretation of histological studies on these cells
in tumor tissues (12, 30).

In an early report CD8+ TIL levels in primary cutaneous
melanoma tumors were found to be associated with increased
survival in a cohort of 47 patients (67). By stratifying the patients
based on CD8+ T cell density, the 5-year OS for the high,
moderate and low-density groups was observed to be 78, 44, and
25%, respectively (67). However, in a larger cohort of over 180
primary cutaneous melanoma samples in 2011, they found no
correlation between CD8+ TIL and patient survival (51). Thus,
these studies demonstrate the complexity of determining the
prognostic relevance of CD8+ TIL using immunohistochemistry.
In addition to primary tumors, a number of studies have also
examined the TIL profiles of metastatic lesions. These reports
have shown that an increased density of CD8+ T cells in
metastatic melanoma lesions (Stage III and IV) is positively
associated with survival (31, 32). As previously discussed, CD8+
TIL secrete a number of functional molecules and express a
wide variety of surface markers (62). Therefore, some studies
have investigated the use of labeling activation markers or
effector molecules in addition to labeling CD8 when studying
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the prognostic significance of CD8+ TIL. In a cohort of primary
melanoma tumors (Stage II), it was shown that the presence of
TIL positive for the CD8+ T cell effector molecule Granzyme B
(GZMB) were associated with longer progression-free survival
(PFS) and OS (68). Dual IF labeling confirmed that GZMB+
TIL were also positive for CD8 (68). Further research on the
functional status of T cells in the TME has revealed a number
of biologically relevant surface markers which may assist in
examining the prognostic value of CD8+ TIL in melanoma. Flow
cytometric analyses of intratumoral CD8+ T cells in metastatic
lymph nodes (mLN) have shown that the expression of the
chemokine receptors CXCR3 and CCR9, as well as the c-type
lectin, NKG2D, on CD8+ TIL correlates with improved clinical
outcomes in cutaneous melanoma (69). An important distinction
in the TME is that between lymphocytes which are tumor-specific
(i.e., recognize tumor antigens) and bystander TIL (70). Using
a multiplexed tetramer and mass cytometry based approach,
surface expressed ectonucleotidase CD39 was identified as a
marker to distinguish tumor-specific CD8+ TIL in lung and
colorectal cancers (70). In this report, the authors found that
bystander TIL express inhibitory receptors such as PD-1 and
TIGIT (T cell immunoreceptor with Ig and ITIM domains)
which were previously reported to distinguish tumor-specific
“exhausted” TIL (70, 71). While advanced immunophenotyping
technologies have demonstrated the diversity of CD8+ TIL in
the TME, the prognostic utility of labeling additional markers
on CD8+ TIL such as TIGIT, CD39 or NKG2D in clinical
and research pathology has yet to be determined. Nevertheless,
assessment of CD8+ T cells in the TME remains one of
the key readouts for intratumoral immune activation when
assessing disease prognosis or determining successful response to
immunotherapies (12, 72).

CD4+ TIL

Similar to CD8+ T cells, CD4+ T helper (TH) cells exhibit
tremendous diversity in phenotype and function (73). Moreover,
CD4+ T cells are essential for cancer immunity via mechanisms
that have been recently reviewed (73, 74). CD4+ T cells can
directly kill tumor cells via cytolytic mechanisms or produce
cytokines such as IFNγ which promote anti-tumor immune
responses (61, 73). Furthermore, in secondary lymphoid organs
CD4+ T cells can modulate both B cell and CD8+ CTL responses
(74). Studies using murine models have shown that CD4+ T cells
can enhance the potency of CD8+ T responses (74). CD4+ T
cells have also been described in terms of their differentiation
into various T helper lineages marked by distinct transcription
factors and cytokine production (73, 75). The most studied of
these lineages are TH1, TH2, TH17, T follicular helper (TFH)
and CD4+FOXP3+ Treg (73). While the complex functions of
each subset in various tumor types remain poorly described and
require further investigation, it is generally accepted that Th1
cells promote effective anti-tumor immune responses via the
production of large amounts of IFNγ, promoting not only CD8+
CTL function but also recruiting NK cells and classically activated
M1 macrophages (73). Alternately, Treg are hypothesized to assist

tumor growth due to their capacity to inhibit effector T cells and
to mediate immunosuppression (10, 76).

As mentioned earlier, a majority of studies on the prognostic
value of TIL in melanoma have utilized TIL pattern scoring in
H&E tissue with very few reports examining TIL subsets in situ
using IHC (10, 12, 30). In aforementioned study using primary
cutaneous melanomas (Stage II), the authors demonstrated that
while the presence of GZMB+ TIL was associated with longer OS
and progression-free survival (PFS), the presence of CD4+ and
CD8+ TIL was associated only with improved PFS and not OS
(68). However, in the context of metastatic melanoma, there are
no conclusive studies demonstrating the prognostic significance
of CD4+ TIL assessment using histopathology (12, 30). A recent
report using multi-parameter flow cytometric profiling revealed
that proportions of naive CD45RA+CD4+ T cells in mLN
of stage III cutaneous melanoma patients, inversely correlated
with the frequencies of CD8+ T cells (69). Furthermore it was
observed that patients with markedly higher proportions of naive
CD45RA+CD4+ T cells in their tumors exhibited significantly
reduced PFS (69). Finally, the surface markers CD69 and PD-1
were also found to be expressed on CD4+ T cells in metastatic
tumors but the prognostic value of assessing these markers using
immunohistochemistry or in situ IF remains to be demonstrated
in melanoma (69).

Currently, only a limited number of studies have investigated
the prognostic potential of CD4+ TIL enumeration in melanoma
using IHC or IF (12, 30). Using TMAs constructed from
metastatic melanoma samples (from multiple anatomic sites)
and IHC to identify major TIL subsets, it was shown that
while higher densities of CD3+ and CD8+ TIL were positively
associated with OS, this was not the case for CD4+ TIL (31).
Nevertheless, a study which examined only melanoma metastases
within the SLN and enumerated intratumoral lymphocytes by
visual counting, higher counts of CD4+ TIL were significantly
correlated to increased OS and RFS (32). As SLN biopsy is
routinely performed to stage primary cutaneous melanoma,
assessment of various TIL subsets within metastatic SLN may
provide useful prognostic and biological insights on the roles
of these cells in cancer immunity (77). However, the studies
mentioned above complicate the interpretation of the roles of
CD4+ TIL in melanoma. First, the low number of studies
examining TIL subsets in melanoma and the diverse techniques
used to identify and enumerate labeled cells do not allow for
standardized comparisons between multiple reports (12, 30).
Second, it is not possible to characterize the diversity of CD4+
T helper lymphocytes by labeling only the surface antigen
CD4. While TH1 CD4+ TIL are considered to augment cancer
immunity, the roles of TH2 and TH17 are more nuanced and
their involvement in tumor development and progression are
not fully understood (73, 78). Knowledge of the mechanisms
through which T helper subsets influence tumor development
has been largely obtained from in vivo murine models where
both CD4+ TH1 and TH2 cells have been shown to eliminate
B16 melanomas (78). However, studying T helper subpopulations
is challenging in the context of immunopathology as they often
do not express unique surface markers and are defined by the
differential expression of key cytokines (73). As a result, a number
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of studies have performed gene expression profiling to assess TH1
or TH2 signature genes in human melanoma biopsies. A report
demonstrated that the expression of TH1 associated genes such
as TNFβ and IL-2 was significantly higher in primary melanoma
tumors which undergo spontaneous regression (a clinically
observed occurrence indicating the activation of host anti-tumor
immune responses) compared to non-regressing tumors (57).
Gene expression of the primary TH1 effector cytokine, IFNγ,
was also elevated in regressing primary tumors but these levels
did not reach significance (57). In another study, CD4+ T
cells from SLN of 13 cutaneous melanoma patients (positive
and negative LN were included) displayed a TH2 skewed gene
signature in association with increased production of VEGFA
(79). While the differentiation of T cells into various effector
subpopulations is still not fully understood, it is known that
specific transcription factors regulate the differentiation of CD4+
T cells into various T helper lineages such as TH1 (T-bet), TH2
(GATA-3) TH17 (RORγt) and Treg (FOXP3). Thus, in some
settings, IHC for T-bet+ cells in tumor tissue has been performed
as a readout for TH1 cells. In primary tumors of colorectal as
well as ovarian cancer, increased numbers of T-bet+ cells were
found to be associated with improved prognosis in patients
(80, 81). However, similar studies have not been reported in
the literature for melanoma (12, 30, 33). Furthermore, using
T-bet as a marker for TH1 cells in single or dual marker IHC
may lead to biologically invalid assumptions as shown by recent
work demonstrating that Treg can also express T-bet (82). In
a landmark paper, Levine et al. showed in murine models that
T-bet is stably expressed by Treg cells and the depletion of
T-bet+ Treg in mice resulted in pronounced TH1 autoimmune
responses (82). Thus, the latest studies have challenged the
accepted paradigms of T helper cell differentiation and as
such, assessing CD4+ TIL in cancer tissue will necessitate
the evaluation of a number of specific phenotypic markers
in addition to CD4+ to study the biological and prognostic
relevance of each subset. This is especially valid in view of the
observed diversity in Treg populations in cancer and the divergent
results from studies which have utilized FOXP3+ to examine
tumor-infiltrating Treg (10, 83).

FOXP3+ TIL (Treg)

Regulatory T cells i.e., Treg, are essential for maintaining self-
tolerance and as such, are crucial for the proper functioning
of a healthy immune system (76, 84). However, in the context
of cancer, Treg can limit anti-tumor immune responses thereby
contributing to an immunosuppressive TME (76). To date,
the best characterized population of regulatory T cells are
CD4+CD25+FOXP3+ Treg and in the literature, the term Treg
is primarily applied to that aforementioned subset (84). CD4+
regulatory T cell populations which lack FOXP3 expression
such as Tr1 (Type 1 regulatory) have also been described but
their specific functions are yet to be fully characterized (84).
Moreover, the expression of FOXP3 is not restricted to CD4+
Treg and has been reported in both normal and neoplastic
epithelial tissue as well as in other immune cells such as CD8+

T cells (76, 85). Similar to CD4+FOXP3+ Treg, CD8+FOXP3+
T cells with apparent immunosuppressive capacity have been
reported in human malignancies such as colorectal cancer and
ovarian cancer (76). Nonetheless, CD4+CD25+FOXP3+ T cells
remains the central focus of Treg-based research in cancer biology
due to their potent immunosuppressive functions and their
presence in a wide range of tumor types (76, 86). The recently
observed diversity within Treg populations and the mechanisms
through which Treg suppress immune responses have been
reviewed elsewhere (76, 86, 87). The major mechanisms of
Treg immunomodulatory functions can be divided into four
categories as follows: a) release of immunosuppressive cytokines
such as IL-10, IL-35 and TGFβ, b) direct cytotoxicity to
activated cells via granzymes and perforin, c) direct regulation
of APC function through surface expression of the checkpoint
molecule CTLA-4 and d) nutrient deprivation of effector cells
through high surface expression of the IL-2 receptor subunit
α (CD25) leading to reduced IL-2 levels for effector T cell
activation (87–89). Canonically, Treg were also purported to
induce metabolic disruption of activated immune cells through
the surface molecules CD39 and CD73 which converts ATP
to AMP (via CD39) and eventually to adenosine (via CD73)
leading to immunosuppressive signaling in effector T cells
and APC through the adenosine A2A receptor (A2AR) (86,
87). Nevertheless, a recent study suggests that in human
cancers, CD73 is expressed on only a limited proportion of
Treg and a higher proportion of conventional T cells, while
CD39 is the more commonly expressed ectonucleotidase on
intratumoral Treg (90). Blocking both the surface bound and
soluble form of CD39 and CD73 through antibodies was recently
shown to synergistically rescue human T cells from ATP-
mediated suppression, suggesting the utility of such an approach
for cancer immunotherapy (91). Due to the broad range of
immunoregulatory capacities of Treg, they play an important role
in promoting an immunosuppressive TME (87). Murine models
of cancer have shown that depleting Treg (using specific ablation
of Foxp3 or anti-CD25 antibodies) lead to enhanced anti-tumor
immune responses, demonstrating the biological significance
of these cells to tumor progression (86). Treg proportions are
increased in malignant tissue, while Treg make up 2–5% of all
CD4+ T cells in the peripheral blood of healthy individuals,
between 10 and 50% of CD4+ T cells in tumors are reported
to be Treg (87). An important distinction between Treg is
determined on the basis of their origin. Natural or thymic Treg
(tTreg) originate in the thymus and have key functions in the
maintenance of self-tolerance in healthy individuals, while in the
periphery, induced Treg (iTreg) can be generated as a result of
a number of stimuli (87). The transcription factor Helios and
the transmembrane protein neuropilin 1 have been proposed to
be markers for tTreg but recent research has shown that these
markers may not be exclusive to tTreg as Helios expression has
been seen in both tTreg and iTreg (76, 87).

In histopathology, FOXP3 remains the primary marker for
detection of Treg in fixed tumor tissues. FOXP3+ TIL are
associated with poor prognosis in most cancers including breast
cancer, lung cancer and pancreatic cancer, but in the case of
colorectal or gastric cancer, FOXP3+ TIL correlate to improved
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clinical outcomes (10). In cutaneous melanoma, a number of
reports have shown that FOXP3+ TIL are associated with a
negative prognosis, while others have reported no significant
association (10, 30). As discussed earlier for both CD4+ and
CD8+ TIL, the staining approach and the enumeration method
for FOXP3+ Treg varies between studies which may account for
the inconsistency between multiple reports. In a 2007 report,
studying two groups of melanoma patients who either exhibited
or did not exhibit local disease recurrence, it was shown that
the percentage of CD4+ T cells which were CD25+FOXP3+
(as determined by dual IHC) was significantly elevated in
the primary tumors of patients who had recurrent disease
(92). This study therefore demonstrates that the methodologies
used to detect, enumerate and compare FOXP3+ TIL are
vital to determine their association with clinical parameters.
In a subsequent study of primary tumor biopsies from over
90 melanoma patients, FOXP3 was detected via IHC and
enumerated visually both in the intratumoral and stromal regions
but failed to show a significant associations with patient survival
or any other clinical parameter such as tumor thickness or
ulceration (93). In a TMA consisting of metastatic melanoma
lesions (multiple anatomic sites) from over 140 patients, FOXP3+
cell density did not show a prognostic association with survival
(31). However, the functional and prognostic relevance of Treg
in a tumor may vary depending on whether it is a primary
tumor or a metastatic lesion. In the aforementioned report by
Kakavand et al. who examined metastatic SLN, a strong trend
was observed for a negative association between high counts
of FOXP3+ TIL and recurrence-free and overall survival (32).
As for other immune cell genes, qPCR for FOXP3 can also be
performed as a readout for Treg abundance and in a study of
metastatic SLN, patients with very high levels of FOXP3 gene
expression (>90th percentile) displayed significantly lower PFS
(94). While gene expression profiling is not routinely utilized in
histopathology to study the diversity of TIL subsets, the studies
discussed here show that gene expression profiling may provide
a useful immunophenotyping tool in the TME. In addition to
qPCR, mRNA fluorescent in situ hybridization (FISH) provides
a useful tool for immunophenotyping tumor tissue. For instance,
mRNA FISH was utilized to detect PD-L1 mRNA expression in
primary breast carcinomas and was shown to be associated with
longer RFS (95). In addition to CD25 and CTLA-4, Treg also
express a number of other key surface molecules such as ICOS,
OX40, GITR and TIGIT (86, 87). However, as these markers
are not exclusive to Treg, detection of FOXP3 in tumor tissue
is inferred to represent CD4+CD25+FOXP3+ Treg (12, 30).
Nonetheless, recently work has demonstrated that a population
of FOXP3+ non-Treg cells are also found in cancer (87). As such,
FOXP3+ populations in CD4+ T cells are currently classified into
three fractions based on their expression of CD45RA and FOXP3.
These include naive Treg (CD45RA+FOXP3loCD25loCD4+),
effector Treg (eTreg, CD45RA−FOXP3hiCD25hiCD4+) and non-
Treg (CD45RA−FOXP3loCD25loCD4+) (87). FOXP3+ non-
Treg are considered immunostimulatory and may account
for the reported association between increased FOXP3+ TIL
and improved prognosis reported for certain cancers such as

colorectal and gastric cancer (87). Therefore, FOXP3+ TIL
represent a heterogeneous population of cells and further
research is required to identify markers to clearly differentiate
immunosuppressive FOXP3+ Treg from FOXP3+ non-Treg, for
their use in histopathology and therefore allow immunologists
to better study classical immunosuppressive Treg in tumor
tissues. Furthermore, as for other TIL subsets, a standardization
of methodologies for IHC detection and enumeration of
Treg will allow for the pooling of results between multiple
studies in order to determine the biological roles of both
immunostimulatory and immunoregulatory lymphocytes in situ
not only in tumor tissues but also in autoimmune disease and
organ transplantation.

TUMOR-INFILTRATING B CELLS

Currently, the roles of B cells in tumor immunity are not fully
characterized and studies examining their prognostic potential
are limited (56, 96). Cancer patients are observed to produce
antibodies to a wide range of tumor antigens, in particular,
overexpressed antigens or neoantigens resulting from somatic
mutations (96, 97). Moreover, autoantibodies are also detectable
in a wide number of malignancies (96). While antibodies specific
to tumor cells can in theory, lead to their elimination through
complement activation, macrophage phagocytosis and NK cells,
at present there is not sufficient evidence to indicate whether
autoantibodies or tumor-specific antibodies can independently
control disease progression in cancer (96, 97). However, B
cells also display important effector functions apart from the
production of antibodies and experimental evidence has shown
that B cells can both restrain and promote anti-tumor immune
responses (96–98). Briefly, B cells can hinder tumor progression
by promoting cytotoxicity to tumor cells, producing tumor-
specific antibodies and as APC, particularly when DC function
may be impaired or where DC may be absent (96, 97). Conversely,
murine models have demonstrated a wide range of potentially
pro-tumorigenic activity of B cells. For instance, circulating
immune complexes resulting from B cell produced IgG induce
chronic inflammation and myeloid cell activation while B cell
secreted lymphotoxin can promote the growth of cancer cells
(97). Recently, a number of studies have also shown the important
role of B cell subsets with immunoregulatory function, i.e., Breg
(96, 99). Currently, hypothesized to be essential for maintaining
self-tolerance, numerous B cell subsets display Breg function
defined primarily by their production of IL-10 and in certain
subsets, IL-35 (99). An additional important subset of tumor
associated Breg were described in mice by Olkhanud et al. in 2011
(100). These CD25+CD19+B220+ cells termed tumor-evoked
Breg (tBreg) were observed in a murine breast cancer model (4T1)
and were found to produce high levels of TGFβ (100). In a TGFβ-
dependent manner, these cells were further shown to induce Treg
from conventional CD4+ T cells and were observed to be vital
in promoting lung metastasis in this model (100). The authors
also found evidence for the existence of such a population in
humans as CD19+ B cells from healthy donor blood, upregulated
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CD25 and suppressed T cell proliferation following treatment
with ovarian and colon cancer cell conditioned medium (100).
The capacity to induce Treg and promote metastasis suggests
an essential role for this subset in disease progression. Due
to their diversity of function and phenotype, Breg are now
recognized as a crucial immunoregulatory population in human
cancers (12, 56).

A recently reported systematic review of 69 studies in 19
different types of cancers showed that most studies identified
a positive or neutral association of B cells with survival, with
fewer than 10% reporting a negative association (56). The most
commonly used IHC marker for B-TIL is CD20, which detects
both naive and memory B cells, but not differentiated plasma
cells (PC), which are identified in most IHC studies as CD138
(syndecan-1) positive (12, 56). Other IHC markers utilized for
PC include the immunoglobulin kappa constant (IGKC) as well
as the ER-associated protein p63 (56). The transcription factor
Pax5 is also used to establish the B cell lineage of lymphoid
cancers (101). However, according to a recent meta-analysis,
its use as an IHC marker for B-TIL in tumors has not been
investigated (56). As previously described for other TIL subsets,
in situ studies have revealed tumor-infiltrating PC and CD20+
B-TIL to be associated with both positive and negative prognostic
outcomes (56). Relatively few studies have examined B-TIL in
cutaneous melanoma with only two reports demonstrating a
positive, one showing no effect and one revealing a negative
prognostic association of CD20+ B cells (56). In 2011, Ladányi
et al. showed that increased numbers of both intratumoral and
peritumoral CD20+ B-TIL in cutaneous primary melanomas
were associated with increased patient survival (102). In this
report, activated T cells were also enumerated using the markers
CD25 and OX40 (CD134). By combining B cell counts with
activated T cell counts, patients were classified as high or low
for CD20 and CD25 or OX40. It was observed that patients with
high B cell and high activated T cells demonstrated the highest
5-year survival rates in the cohort while patients from the low B
cells/low activated T cell subgroup displayed the poorest survival
of all subgroups (102). In a more recent report in 2016, high
numbers of CD20+ B cells in primary cutaneous melanomas
with a Breslow thickness >1 mm were associated with improved
survival (103). In addition, analysis of gene expression data from
TCGA for over 300 cutaneous melanomas (primary tumors and
metastatic tissues) showed CD20/CD19-high patients to exhibit
significantly improved OS (103). In both of the aforementioned
reports, the authors also found that primary tumors from patients
with metastases displayed lower numbers of B cells compared
to tumors from patients without metastases or in the case of
the earlier report, patients without visceral metastases (102, 103).
Therefore, these studies suggest that CD20+ B-TIL might serve
an important role in promoting tumor immunity and limiting
disease progression in melanoma. Further evidence for this
notion is available from a study in metastatic melanoma lesions
(multiple anatomic sites), where high numbers of both CD20+ B
cells and CD138+ PC were found to be associated with improved
survival (31). In the same report, they demonstrated that higher
numbers of CD8+ TIL but not CD4+ TIL were associated with
increased survival in metastatic melanomas (31). Thus, further

studies are required to elucidate potential mechanisms through
which B cells may promote CD8+ TIL responses. While it is
known that B cells can produce immunostimulatory cytokines
and act as APC, their precise effects on T cells in the TME
remain poorly characterized (56). In contrast to the reports
described above, a negative prognostic association has also
been observed for B-TIL and PC in melanoma. In a study of
91 primary cutaneous melanomas where both CD3+ TIL and
CD20+ B-TIL were enumerated, the latter were found to be
associated with poor survival in cases where they represented
15% or more of all TIL (104). As this study utilizes a cut-off
of CD20+ TIL as a proportion of CD3+ and CD20+ TIL, a
comparison of their results to other studies which determined
an association between survival and absolute numbers of B-TIL
is particularly challenging. Furthermore, these findings are not
in corroboration with studies in larger cohorts discussed above
or with mechanistic studies in murine models. Depletion of
B cells with an anti-CD20 antibody in B16 melanoma bearing
mice resulted in increased tumor volume, metastatic capacity
and impaired T cell immunity (105). As a whole, it can be
inferred that while certain B cell subsets such as Breg may be
immunosuppressive (99), improved survival of patients with high
CD20 gene expression and with high numbers of CD20+ B-TIL
in the majority of patient cohorts reported thus far, strongly
supports an anti-tumor role for conventional B cells in cutaneous
melanoma. In a study of primary cutaneous melanomas, it was
observed that cases with high levels of PC (CD138+) displayed
worse OS than those without any PC (106). Notably, however,
cases with low numbers of scattered PC displayed better OS
compared to cases with high PC scores (106). These observations
suggest that both the functional diversity as well as the spatial
localization of B cells and PC are important considerations when
determining their prognostic and biological significance in the
TME. Notably, the formation of ectopic lymphoid aggregates
termed tertiary lymphoid structures (TLS) has been noted in
many types of tumors and these TLS are zones of B cells, T
cells and DC akin to secondary lymphoid organs (SLO) (107).
As such, the prognostic and mechanistic significance of the
localization of B-TIL and other leukocytes within TLS is a
vital avenue of investigation in tumor immunology and cancer
histopathology (107–109).

TERTIARY LYMPHOID STRUCTURES

TLS are transient ectopic lymphoid tissues which develop in the
context of chronic inflammatory responses such as in chronic
viral infections, autoimmune diseases, allograft rejection and
cancer (108, 110). TLS in the tumor can vary in complexity from
lymphocyte clusters to highly organized, spatially segregated
structures bearing a strong resemblance to SLO, in particular,
LN (107, 108). Thus, with the exception that highly organized
TLS are not surrounded by fibrous capsules akin to LN, they
are nevertheless recognized histologically by many of the same
features as LN (107). TLS are also observed to contain high
endothelial venules (HEV), distinct T cell zones with mature
DC and B cell follicles with a germinal center, and evidence
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of antibody class-switching (107, 108). The precise mechanisms
through which TLS are induced in tumors are not fully described
and the research pertaining to TLS neogenesis has been recently
reviewed (107, 108). Studies demonstrate that TLS generation
in tumors involves many of the same molecular signals as the
formation of LN, such as lymphotoxin, CCL21 and CXCL13
(108, 109). However, instead of lymphoid tissue inducer (LTi)
cells which modulate LN formation, multiple cell types have
been shown to be involved in the generation of TLS including
DC, naive B cells, macrophages, TH17 and NKT cells (108).
While significant further research is required to uncover the
mechanisms through which TLS form and to determine their
exact roles in situ, the induction of TLS as a therapeutic approach
has been examined in murine models (107, 109). These strategies
have varied from use of the LTβR ligand LIGHT (TNFSF14)
to adoptive transfer of DC expressing CCL21, and have shown
efficacy in a number of diverse tumor models (109). Nevertheless,
the therapeutic use of TLS induction necessitates a more detailed
understanding of their roles in tumor immunity.

Histologically, TLS are found in a proportion of cancers of
various types such as NSCLC, melanoma and colorectal cancer
(107, 109). They are usually located in the invasive margin or in
the stroma rather than the tumor core, and HEV are detected in
close proximity to TLS (109). Using H&E, mature TLS can be
identified either as well differentiated lymphoid follicles which
include structures resembling germinal centers (109). TLS can
be identified by IHC using the marker DC-lysosome-associated
membrane glycoprotein (DC-LAMP) for mature DC, or CD20+
B cell follicles next to a CD3+ T cell zone (109). In addition to
these markers, TLS also contain CD68+ macrophages, CD138+
PC and HEV expressing peripheral node addressin (PNAd) and
vascular addressin (MECA-79) (109). Finally, a number of gene
expression profiles, comprised of genes for key chemokines such
as CCL19, CCL21 and CXCL13, or a combined TH1 and B cell
signature, have been utilized to determine the presence of TLS
in tumor tissues (111, 112). An increasing body of evidence
indicates that TLS are potent modulators of the immune response
in tumors where they are found (109, 113). Generally, tumors
with high TLS presence are also marked by features of CD8+
T cell activation, a TH1 tilted CD4+ repertoire and mature
DC (108, 109). Furthermore, TLS are also purported to be
involved in the generation of tumor-specific antibody responses
and support antigen presentation and activation of T cells via
B-TIL (109). This crucial interaction between B-TIL and T cells is
further supported by the previously discussed systematic review,
where the prognostic effect of CD3+ and/or CD8+ TIL was
stronger when B cells (CD20+ B-TIL or PC) were present (56).
Given these observations, it is unsurprising that increased TLS
density or specific TLS features such as HEV, has been shown
to be associated with improved survival in a range of different
tumor types including lung cancer, colorectal cancer, pancreatic
cancer and melanoma (107, 109). Nevertheless, there are a few
studies which have shown that TLS may also be negatively
associated with patient outcomes. In patients with hepatocellular
carcinomas (HCC), a histologically validated TLS gene signature
was found to be associated with poor patient survival and
subsequent investigations in an HCC murine model revealed that

TLS served as a niche for progenitor HCC tumor cells (114).
These findings are in accordance with additional observations in
the literature that TLS in a breast cancer cohort were associated
with a higher tumor grade, and with murine studies showing
that Treg can also be found in TLS and control anti-tumor
immune responses (115, 116). Thus, the mechanisms underlying
whether TLS adopt immunosuppressive/pro-tumorigenic or
immunogenic roles in a particular TME are not elucidated and
require further study.

In cutaneous melanoma, only a limited number of studies
have examined the associations of TLS with patient survival
and TLS are deemed to be a favorable prognostic factor in
this tumor (107, 109). In a 2007 report examining DC and
T cell numbers in primary cutaneous melanomas, the authors
reported that while CD1a+ DC were detected in the intratumoral
and stromal regions, DC-LAMP+ (mature) DC were located in
peritumoral regions in association with lymphocyte aggregates
(117). An increased density of both DC correlated positively
with higher numbers of activated (CD25+ or OX-40+) T cells
and DC-LAMP+ were significantly associated with longer patient
survival (117). In a subsequent 2011 study by the same group they
showed an association of CD20+ B-TIL density with improved
survival in patients with primary cutaneous melanomas (102). In
the same report, the authors noted the presence of follicle-like
B cell aggregates in 26% of their cohort but did not observe any
association of these structures with survival (102). In 2012, it was
shown that fully formed TLS could be detected in a proportion
(24%) of skin metastases of patients with cutaneous melanoma,
with follicular dendritic cells, B cell follicles, DC-LAMP+ DC
and PNAd+ HEV, while primary melanomas contained HEV
but not fully developed TLS (118). However, the biological
roles of these structures in the metastatic process or disease
progression remain to be deciphered (118). In another report
from 2012, PNAd+ (detected by the MECA-79 antibody) HEV
were found to be present in nearly two-thirds of all 225 primary
melanoma tumors examined (119). Furthermore, HEV were
observed in the vicinity of DC-LAMP+ mature DC and HEV
density was strongly correlated to that of CD8+ and CD20+
TIL (119). Ultimately, the authors showed that high levels of
HEV were correlated with low Clark invasion levels and lower
Breslow thickness indicating that HEV play an important role
in promoting tumor immunity in melanoma (119). Collectively,
these findings support a role for TLS in mediating anti-tumor
immune response.

These findings are also corroborated by transcriptomic
profiling. As discussed earlier, the presence of TLS may also
be determined using gene expression analysis (109). High
expression of a 12-chemokine gene signature previously validated
in colorectal cancer, was able to detect TLS in non-locoregional
melanoma metastases (120). By comparing the tumors with the
highest and lowest scores for this 12-gene signature, it was
shown that tumors with low scores exhibited minimal or no
lymphocyte infiltration, whereas high scoring samples displayed
a notable lymphocyte infiltration with the presence of TLS both
intratumorally as well as at the tumor-stroma interface (120).
These TLS contained discernable lymphoid follicles with CD20+
B cells, CD86+ DC, and both CD4+ and CD8+ T cells but
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very few FOXP3+ Treg (120). Finally, the authors showed that
the 12-gene expression score was also correlated to the survival
of patients with melanoma metastases (120). These results are
of particular interest, as the 12-chemokine score can be used
to query microarray or RNA-seq data from tumors sample
for which archival whole tissue is also available. Such tissue
might then be analyzed using IHC and IF techniques to further
dissect the architecture and the prognostic/predictive relevance
of TLS. Nevertheless, in a recently published systematic review
of TLS in cancer, the authors conducted an in-depth analysis
of tumor RNA-seq profiles from TCGA for the presence of TLS
genes and various cellular subtypes using immune deconvolution
algorithms (109). It was shown that while the 12-chemokine gene
signature was found in tumors with higher abundances of T
cells, B cells and DC, there was significant heterogeneity among
tumor types in their expression of the aforementioned signature
(109). While cutaneous melanoma displayed the signature at high
levels, uveal melanomas revealed a very low level of expression,
which was also the case for tumors from other immune-privileged
anatomical locations (e.g., glioblastoma) (109). As such, further
research is required to determine the molecular events which
lead to TLS neogenesis in each tumor type. Furthermore, the
precise roles of various components of TLS in modulating
tumor progression remain largely unknown, in particular, that
of antibody-producing plasma cells (113). Finally, the prognostic
roles of TLS have only been reported for a limited number of
cohorts in various tumor types, and a larger, collective tissue
repository is required in order to perform more meaningful
histopathological analyses of TLS in melanoma as well as in
other tumor types.

TIL AS PREDICTIVE BIOMARKERS FOR
ICB RESPONSE

Mechanism of Action of ICB Drugs
The immune composition of the tumor reflects the continuous
interplay between the host immune response and the evasive
mechanisms utilized by the cancer cells to ensure their survival
(121, 122). Therefore, elevated numbers or proportions of specific
tumor-infiltrating immune cells have been observed to show
positive or negative prognostic associations with survival in
multiple tumor types (10, 12). However, TIL profiling has
also demonstrated predictive value for a subset of cancer
patients treated with chemotherapy and radiotherapy (123–
125). Furthermore, as mentioned above, it is established that
cytotoxic chemotherapies and radiation treatment can enhance
the immunogenicity of a tumor and shape the responses of
intratumoral immune cells, albeit the fact that many of the
mechanisms involved are not well described (126). Nevertheless,
given the wide range of cancer therapies currently in clinical
trials, including immune modulating agents and combination
treatments, a vast amount of future work is required to accurately
dissect the predictive value of various TIL subsets in response to
these therapies. Tumor immunotherapies have currently emerged
as a critical avenue of both preclinical and clinical research in
oncology. The major types of tumor immunotherapies, their

clinical efficacies and future therapeutic targets including novel
checkpoint molecules (e.g., LAG-3, VISTA) have been reviewed
expertly elsewhere (3, 4, 127). However, given that ICB with
anti-CTLA-4 and anti-PD-1 antibodies functions by promoting
T cell activation and the fact that it is currently utilized for the
treatment of metastatic melanoma, an investigation of whether
TIL subsets can serve as predictive markers for these treatments
is of significant clinical value (128). Both CTLA-4 and PD-1
surface molecules, like the co-stimulatory molecule CD28 are
members of the immunoglobulin superfamily but are bound
by distinct ligands and have unique mechanisms of action
(129). Thus, a brief description of their function is warranted.
The expression of CTLA-4 is enhanced immediately following
T cell activation (i.e., TCR stimulation) and by binding to
the co-stimulatory molecules CD80 and CD86 with a higher
affinity than CD28, CTLA-4 serves to limit T cell activation
(129, 130). Given that APC provide co-stimulatory signaling
to T cells via the interactions of CD80 and CD86 with CD28,
CTLA-4 putatively functions in secondary lymphoid organs
and is key for maintaining immune tolerance (130). Similarly,
the PD-1 pathway also attenuates T cell activation and is an
important mechanism in the prevention of autoimmunity in
peripheral tissues (130). PD-1 is expressed on activated T cells,
B cells and even NK cells (129). The primary ligand for PD-
1, PD-L1 is expressed by both immune cells and non-immune
cells while PD-L2 is putatively only expressed by APC in
normal tissues (129). The expression of PD-L1 and to a lesser
extent, PD-L2 is induced by pro-inflammatory cytokines such
as IFNγ (130). Binding of PD-L1 or PD-L2 is purported to
inhibit T cell activation via the tyrosine phosphatase SHP2,
although recent studies have shown that SHP2 is dispensable for
establishing T cell exhaustion in vivo suggesting the existence
of multiple redundant signaling mechanisms downstream of
PD-1 (130). While the molecular functions of CTLA-4 and
PD-1 have been described, an increasing body of literature
has shown that checkpoint blocking antibodies have distinct
and unique functions on the immune system in vivo (129–
131). However, in the clinic, anti-PD-1 antibodies (nivolumab
& pembrolizumab) result in significantly higher ORR and
lower toxicity profiles compared to anti-CTLA-4 antibodies
(ipilimumab) (6, 132). It is pertinent to note that due to
the very recent testing and implementation of these drugs,
there is variability in the reported ORR for each age. The
objective radiographic response rate was shown to be 15%
for ipilimumab in patients with metastatic melanoma (6).
Furthermore melanoma patients treated the anti-PD1 agents,
nivolumab and pembrolizumab, demonstrate a response rate
of between 35 and 40% while combination nivolumab and
ipilimumab therapy in melanoma results in responses rates of
approximately 60% (6). While ICB displays clinical efficacy in a
number of tumor types including melanoma, only a fraction of
patients display durable responses and certain forms of cancer,
such as pancreatic ductal adenocarcinoma (PDAC), remain
largely refractory to currently approved checkpoint inhibitors
(6, 133). Thus, there is a significant need to identify tumor-
specific features to identify potential biomarkers for successful
response to ICB.
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Predictive Biomarkers for ICB Response
Studies have shown that a wide range of tumor and host-
specific biological factors are associated with responses to
checkpoint inhibitor therapies. As reviewed recently, these
features include but are not limited to, tumor-specific genetic
features (tumor mutational burden or particular transcriptional
profiles), intratumoral expression of PD-L1, host-specific features
such as gut microbiota and finally, the immune composition of
the TME as well as the peripheral blood (134, 135). A number
of reports have shown for instance, that elevated neutrophil
to lymphocyte ratios in peripheral blood are associated with
decreased survival in a number of cancer types treated with anti-
CTLA-4 and anti-PD-1 ICB (135). A number of other features
assessed in peripheral blood such as T cell clonality, monocytes,
MDSC and Treg cells are purported to be associated with response
to ICB but require further investigation and validation (135).
However, it is the immunological composition of the TME which
remains a key focus of current research on the predictive potential
of immune cells for ICB. As previously mentioned, numerous
studies have investigated the roles of myeloid cells in modulating
both the immune response to tumors as well as response to tumor
therapies (135, 136). Thus, in keeping with the scope of this work,
this section will specifically discuss the association of TIL with
responses to anti-CTLA-4 and anti-PD-1 checkpoint drugs.

Due to the expression of PD-L1 by both tumor and immune
cells, it has been investigated as a potential biomarker for
determining response to anti-PD-1 ICB (134, 135). While the
positive correlations of PD-L1 expression to patient outcomes
have been reported in a number of studies, there is currently
insufficient evidence to define PD-L1 as an independent
biomarker for ICB response (134, 135, 137). It is important
to note that IHC-based detection of PD-L1 has been approved
as a biomarker for selecting pembrolizumab as a treatment
in NSCLC patients (135). However, PD-L1 both on immune
cells and tumor cells can be highly dynamic both in its spatial
and temporal expression (135). As such, multiple reports have
shown no association between PD-L1 status and ICB response
while other reports have shown that patients with no PD-
L1 expression display durable clinical responses to ICB (135).
Therefore, collectively from the literature, it is evident that PD-
L1 is not a comprehensive biomarker for response to ICB. This
is particularly important given observations that even when PD-
L1 is expressed, a pre-existing lymphocyte infiltrate is required
for induction of anti-tumor immune responses with checkpoint
inhibitors (134, 137).

To date, only a limited number of scientific reports have
investigated TIL profiling in cutaneous melanoma and its
potential association with response to ICB treatment in human
patients (134, 138). In a study in 2011, 82 patients with
unresectable stage III/IV melanomas treated with ipilimumab
showed, that at baseline, only positive immunostaining for
the markers IDO and FOXP3 in resected tumor biopsies,
could significantly distinguish patients who obtained clinical
benefit from those who did not (139). Indole-2,3-dioxygenase
1 (commonly referred to as IDO or IDO1) is a key enzyme
in tryptophan catabolism and in tumors, high IDO1 levels
derived from tumor cells and tolerogenic myeloid cells leads

to the inhibition of effector T cells and NK cells (140). While
baseline TIL scores in H&E stained biopsies were not elevated in
patients who displayed clinical responses compared to those who
did not, a majority of responding patients exhibited significant
increases in TIL scores following treatment (139). In a more
recent study which examined surgical biopsies (lymph nodes and
subcutaneous/cutaneous metastases) from melanoma patients
prior to treatment with ipilimumab, serial IHC for 11 leukocyte
markers was performed and cell were visually enumerated to
determine their association with response to therapy (141).
In LN metastatic lesions, densities of CD4+, CD8+, FOXP3+,
CD134+ and CD20+ lymphocytes as well as NKp46+ NK cells
were found to be significantly higher in responders compared
to non-responders (141). In separately evaluated subcutaneous
and cutaneous metastatic lesions, responders displayed only
higher densities of CD68+ and CD16+ leukocytes (141). These
results suggest that the surgical site of the biopsy warrants
further investigation when determining the predictive utility
of TIL profiling. Furthermore, when all metastatic lesions
were evaluated together, NKp46+, CD68+ and FOXP3+ cells
were found to be the most statistically significantly different
populations between responders and non-responders, in part
corroborating the findings of Hamid et al. above (139, 141). Given
that FOXP3 and IDO are markers for an immunosuppressive
TME, their association with response to ICB treatment might be
counter-intuitive (142). However, as demonstrated in a report by
Spranger et al., T cell inflamed tumors do exhibit high levels of
IDO, PD-L1 and FOXP3+ Treg and murine studies suggest that
these immunosuppressive mechanisms do not precede but are
instead induced following the infiltration of CD8+ T cells into
the tumor (143). Therefore, depending on the specific TME of
a metastatic lesion, or a primary tumor as well as the timing of
the biopsy, immunoregulatory cell markers such as FOXP3 might
predict successful ICB response.

As mentioned previously, ICB with anti-PD-1 antibodies
results in higher response rates than with ipilimumab (7).
However, as is the case for ipilimumab, there is a crucial need
for determining predictive biomarkers for anti-PD-1 drugs. In
2014, Tumeh et al. studied pre-treatment and post-treatment
biopsies of metastatic melanomas (multiple anatomic sites) in a
cohort of 46 patients treated with pembrolizumab (144). Using
logistic regression, the authors were able to show that the density
of CD8+ T cells at the invasive margin was the most optimal
predictive marker for response to pembrolizumab (144). Other
statistically significant predictors were CD8+ T cell density in
the tumor, and the densities PD-1+ as well as PD-L1+ cells at
the invasive margin and in the tumor (144). However, CD4+ T
cell densities at baseline in the tumor or at the invasive margin
were not shown to be predictive of response to pembrolizumab.
Similar to the patients who responded to ipilimumab, most
patients who responded to pembrolizumab also exhibited an
increase in CD8+ TIL from baseline (144). While further
studies are needed, it is evident that TIL have the potential to
serve as effective biomarkers for tumor immunotherapy drugs.
As discussed above for TIL profiling in prognostic studies in
melanoma, IHC is limited in the number of markers which can
be assessed simultaneously. A number of the findings made using
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IHC in situ are corroborated by results from multiparametric flow
cytometric analyses of immune biomarkers for response to ICB.
In a cohort of metastatic melanoma samples from patients treated
with pembrolizumab or nivolumab, PFS and response to ICB
were positively correlated with increased proportions of CD8+
T cells in tumor biopsies marked by high surface expression
of CTLA-4 and PD-1 (145). The frequencies of CTLA-4hiPD-
1hi CD8+ T cells were shown to be independent of anatomic
site of the biopsy or previous therapy, and treatment with anti-
PD-1 antibodies resulted in an increase in the frequency of
intratumoral CD8+ T cells with a simultaneous decrease in
intratumoral CD4+ T cells (145). Furthermore, Treg (defined
as CD4+FOXP3hiCTLA-4hi) were not significantly associated
with clinical responses and treatment with anti-PD-1 antibodies
resulted in increased frequencies of CD8+ T cells (145). These
findings are in accordance with the report by Tumeh et al. which
showed that baseline numbers of CD8+ TIL and intratumoral
PD-1+ cells were associated with clinical response to anti-PD-
1 therapy (144). Taken together, these studies demonstrate that
while CD8+ TIL density is a key biomarker for response to ICB,
assessing surface markers such as CTLA-4 and PD-1 or functional
molecules such as Granzyme B might identify subsets of CD8+
TIL with improved potential for predicting response to ICB.

Due to the heterogeneity between patients and tumor
types, multi-parameter immunophenotyping techniques such
as flow cytometry are of limited value and next-generation
high-throughput technologies might be required identify novel
immune biomarkers for ICB response. In a recent report,
scRNAseq of metastastic lesions led to the identification of
the transcription factor TCF7 as a marker for a subset of
CD8+ T cells which are enriched in tumors of patients who
respond to checkpoint therapy (anti-CTLA-4, anti-PD-1 or
dual treatment) (146). In contrast, non-responding lesions
displayed an enrichment of a CD8+ T cell subset expressing
multiple genes liked to T cell exhaustion such as LAG3
and TIM3 (146). Subsequent immunofluorescent labeling of
tissue sections from responding versus non-responding tumors
with CD8 and TCF7 demonstrated that increased numbers
of TCF7+CD8+ T cells were present in responders whereas
increased TCF7−CD8+ T cells were present in non-responders
(146). This study demonstrated the utility of high-throughput
single-cell profiling approaches for identifying novel markers
for clinically meaningful TIL subsets which can be readily
applied to routine histopathology. However, the clinical validity
of TCF7+CD8+ T cells as predictive biomarkers for ICB warrant
confirmation in larger cohorts. Finally, studies have shown that
checkpoint inhibitors can lead to the expansion of distinct TIL
subsets, with anti-CTLA-4 and anti-PD-1 antibodies displaying
differences effects on various lymphocyte subsets thereby leading
to treatment-dependent shaping of the immune repertoire in
tumors (147, 148). While these studies permit us to understand
the intricate mechanisms through which checkpoint inhibitors
mediate their therapeutic effects, selecting treatments and
outcome prediction requires biomarkers which can be assessed in
pre-treatment biopsies. As discussed in this section, collectively
the literature suggests that TIL subsets such as CD8+ and
FOXP3+ T cells are potentially useful biomarkers for predicting

response to ICB. However, this requires validation in larger and
better stratified cohorts, thereby permitting the identification of
TIL subsets capable of predicting response to anti-PD-1 and
anti-CTLA-4, respectively. Finally, while a single TIL population
might not be predictive of response to therapy by itself, a
combination of immune-specific and tumor-specific proteins
might provide a more comprehensive marker panel for predicting
checkpoint response. The TME is highly dynamic representing
a continuous interplay of tumor cell and stromal cell derived
factors with tumor-infiltrating immune cells and leukocyte
derived molecules (149). The underlying driver mutations in
cancers are key modulators for the expression of molecules which
influence immune cell function (149). BRAFV600E is a key driver
mutation in melanoma, and is known to promote the expression
of IL-10, IL-6 and VEGF, factors which are purported to assist
in the induction of an immunoevasive TME (149). Therefore,
combined assessment of both TIL-specific and tumor-derived
molecules in surgical biopsies might uncover biomarkers which
can predict patient outcomes or response to therapy with high
accuracy. Finally, it is relevant to note that while scRNAseq
and mass cytometry can unveil the diversity of the immune
contexture in tumors in exquisite detail, these technologies offer
no information on spatial configuration. However, a number of
next generation, in situ profiling methods have recently been
described which might offer improved capacity to detect immune
cell subsets with prognostic and predictive potential for cancer.

NEXT GENERATION APPROACHES FOR
TIL PROFILING

An overview of the published literature on TIL profiling
shows that measuring TIL densities and phenotypes offers
important mechanistic insight into tumor immunology (12, 23).
Furthermore, TIL profiling has shown to offer prognostic value
for patient outcomes as well as provide predictive information
about successful response to ICB (12, 135, 138). However,
the literature also reveals that there is a lack of consensus
on methods for the identification, enumeration and scoring
of TIL subsets, even in the context of well-studied tumor
types such as melanoma (12, 30). Furthermore, in order to
discover novel spatial relationships and phenotypic details,
highly multiplexed approaches are required. Thus, this section
will discuss two critical aspects of next-generation profiling
approaches in cancer and their use in cutaneous melanoma.
First, we will review a novel scoring algorithm for tumor
infiltrating immune cells labeled “Immunoscore,” which has
already been shown to have excellent prognostic potential and
reproducibility in colorectal cancer (150, 151). Second, we will
examine novel in situ immunophenotyping technologies which
harbor significant promise for unveiling the complexity of the
TME, particularly the immune contexture.

Immunoscore
Currently, IHC-based detection of various TIL-specific markers
(e.g., CD3, CD8, FOXP3) on serial sections of tumor tissue is one
of the primary approaches for profiling the lymphocyte infiltrates
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in the TME (10, 12). As such, assessing lymphocyte densities as
ratios such as CD8/FOXP3 or CD4/CD8 has been investigated
and has shown to have prognostic potential in certain
tumor types, but warrants further validation and systematic
investigation (152, 153). However, a novel scoring algorithm
for intratumoral lymphocytes termed the “Immunoscore” has
been established as a potent prognostic tool in colorectal cancer
(150, 154). Immunoscore ranges on a scale from I0-I4 and is
based on digitally quantified densities of IHC-labeled CD3+
and CD8+ T cells, both in the tumor center (CT) and at
the invasive margin (IM) (150, 154). Using a dedicated image
analysis software (Immunoscore R© Analyzer, HalioDx, France),
an operator defines specific regions (tumor, healthy tissue,
necrosis etc.) and validates the CD3 and CD8 stains (154). An
IM extending 360 µm into the healthy tissue and 360 µm
into the tumor is automatically determined by the software
(154). In stage I, II and III colorectal cancer, Immunoscore
performed better as a prognostic factor for DFS, OS and
DSS compared to the AJCC/IUCC (American Joint Committee
on Cancer, International Union for Cancer Control) TNM
staging system which examines the primary tumor (T), LN (N)
involvement and metastases (M) (154). In a recent international,
multi-center study from over 13 countries, colorectal cancer
tissue samples from over 2,500 patients were analyzed by
Immunoscore demonstrating high reproducibility and reliability
of the assay across different centers (151). Furthermore patients
with a high Immunoscore had a significantly reduced risk of
disease recurrence at 5 years compared to patients with a
low Immunoscore (151). Given that the Immunoscore assay
qualifies most of the characteristics of an ideal biomarker
(rapid, robust, reproducible, quantitative etc.), it has received
regulatory approval for clinical use in colon cancer as an in vitro
diagnostic and it has been advocated to include an immune
component to TNM staging (TNM-I) in order to provide a
more comprehensive prognostic assessment (154). Given the
utility of Immunoscore in colon cancer, there have been efforts
to translate it to additional tumor types such as melanoma,
breast cancer and NSCLC (155). As such, the clinical validation
of Immunoscore as a prognostic and predictive biomarker
(for ICB) in these other tumor types are still underway while
additional TIL markers such as CD20 and FOXP3 have also been
included in evaluating the Immunoscore in melanoma (155).
An additional aspect of adapting Immunoscore for prognostic
use in advanced cancers, including melanoma is assessing its
utility in biopsies from metastatic lesions where the IM is
rarely available (154). However, Immunoscore has been adapted
and tested for biopsies without IM and was shown to be
prognostic as well in colorectal cancer, although this warrants
further investigation (154). Ultimately, it is crucial to note
that while CD8+ T cells are an essential component of tumor
immunity, a number of additional immune cell types have
shown prognostic associations in cancer such as FOXP3+ Treg,
CD20+ B-TIL as well as myeloid cells such as M1 and M2
macrophages (10). Taken together, as Immunoscore has yet
to be further studied for melanoma and a number of other
tumor types, incorporation of additional immune markers into
a more comprehensive Immunoscore might possess significantly

enhanced prognostic potential for clinical outcomes or predictive
utility for ICB.

State-of-the-Art TIL Profiling
As novel imaging and molecular technologies emerge, the
capacity to assess multiple markers simultaneously offers
significant promise for discovering actionable and clinically
relevant immune markers in cancer. Studies have shown that it
is now possible to assess multiple RNA molecules at a single-
cell resolution using single-molecule FISH (fluorescent in situ
hybridization), and a recent report has demonstrated an iterative
immunofluorescence (4i) based approach for multiplexed
profiling of up to 40 proteins simultaneously (156, 157). However,
these technologies are in their early phase of development and
their application to tumor tissue immunophenotyping in situ has
not been tested. In recent years, a series of detection methods
involving cyclic immunofluorescence, nucleotide tagging or
metal ion tagging as well as a number of novel image
analysis softwares have been developed for simultaneous
detection of multiple protein markers (as reviewed recently)
(158). NanoString Technologies has also recently revealed the
GeoMxTM digital spatial profiling (DSP) technique, where mRNA
or antibody probes are bound to photocleavable oligonucleotides
(159). Using digital micromirror devices, ultraviolet light is
guided to specified regions of interest in tissue labeled with
fluorescent markers to visualize tumor (e.g., PanCK) and immune
(e.g., CD45) regions (159). However, although this technique
permits the spatially resolved simultaneous detection of large
numbers of RNA or protein markers in FFPE tissue, it does not
permit multiplex visualization of multiple markers on single cells
(159). Given that the focus of this section is about technologies
which can provide detailed immunophenotyping of TIL in situ,
we will briefly discuss the nature of two major techniques which
are currently in development for the simultaneous visualization
of multiple protein markers in FFPE tissue (158).

Due to the fact that immunofluorescent labeling techniques
are still used extensively in clinical cancer research, it is
pertinent to briefly describe the methodologies currently in
use for multiplexing using immunofluorescence. Currently, one
technique for multiplexed immunofluorescence (mIF) in tumor
tissue is based on sequential staining using tyramide coupled to a
fluorophore, such as the OpalTM system by PerkinElmer (160).
Briefly, a single primary antibody is labeled using the OpalTM

HRP polymer and a single fluorophore followed by stripping
of the bound antibodies using a special microwave (160). Using
this approach, it is possible to multiplex up to 9 markers on
the same cell, thereby yielding far more important on the TME
compared to single or dual color IHC (160). Another recently
described approach which demonstrates significant potential for
multiparameter immunophenotyping of FFPE tissue tissue-based
cyclic immunofluorescence (t-CyCIF), uses sequential rounds
of immunofluorescence imaging in 4 channels to assess up to
60 markers (161). This process involves labeling and imaging
with 3 antigens per cycle with a DNA marker to locate and
register images across all cycles. This is followed by bleaching the
fluorophores in the presence of white light before another cycle
of immunolabeling. Finally all image tiles are stitched together
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and analyzed (161). The t-CyCIF approach has significant
value for TIL profiling in human tumor biopsies. The repeated
labeling and bleaching steps are labor-intensive and therefore the
reproducibility of this approach across various research groups
has not yet performed comprehensively. Nonetheless, t-CyCIF
is a cutting-edge approach for multiplexed immunophenotyping
and warrants further development.

Imaging mass cytometry (IMC) is an adaptation of mass
cytometry (CyTOF), a technique which has utilizes metal isotope
tags chelated to a polymers which are in turn conjugated to
monoclonal antibodies, which are ionized and then measured on
a single-cell basis using time of flight (TOF) mass spectrometry
(158, 162). The stable metal isotopes are derived from the
lanthanide series for a total of 37 unique metals, which can
be used in combination with non-lanthanide metals (bismuth,
gold, platinum) to create a panel of 40 markers which may
be simultaneously assessed. IMC involves the labeling of
immobilized tissues or cells on slides with mass cytometry
antibodies which are then ablated using a pulsed laser and
the resulting particles are transported to the mass cytometry
via a stream of inert gas (162). The metal isotopes are all
simultaneously detected and indexed for the specific location of
the spot and an image is generated using the ion current for
each mass tag to indicate the abundance of that tag (162). All
of the detected markers are co-registered in computer generated
images and advanced image analysis software is employed to
segment and classify individual cells (162). Thus far, IMC has
been applied to dissect the microenvironments of normal human
and murine tissues as well as cell signaling pathways (162). Recent
studies also reported the use of IMC on human FFPE tissues (LN,
Hodgkin lymphoma and colon cancer), demonstrating its utility
for providing multiparametric immune profiles of tumor tissue
including microenvironmental features such as TLS in colon
cancer, which were found to have high numbers of FOXP3+
Treg (163). As IMC does not involve fluorescence, issues such
as fluorescence spectral overlap and sample autofluorescence are
obviated (158, 162). However, there are certain limitations to
IMC, in particular, given that most mass cytometry antibodies are
optimized for single cell suspension and not FFPE tissue and that
image acquisition by laser is highly time intensive (1.5 mm2 in
2 h) (158, 162).

Co-detection by indexing (CODEX) is a multiplex
fluorescence-based imaging approach which utilizes
oligonucleotide conjugated antibodies (158, 164). Up to 50
antibodies can be assessed simultaneously and the sample
is stained with the entire array of oligonucleotide-tagged
antibodies (158). Each oligonucleotide is custom prepared
with a 5’ overhang which allows for the incorporation of a
fluorescent dye labeled nucleotide permitting the antibodies
which are to be detected first having shorter overhangs than
those which are set to be revealed later (158). A company which
is commercializing CODEX technology, Akoya Biosciences1,
has been established and offers an instrument which can be
integrated into existing fluorescent microscopes for assay
automation and image acquisition (165). While the technology

1https://www.akoyabio.com

offers several advantages such as obviating autofluorescence and
simultaneously assessing multiple markers, the methodology is
limited due to the sampling time and the fact that it has yet to
be optimized for FFPE tissue (158). Nevertheless, data have been
obtained for the application of CODEX in FFPE cancer tissues
including specialized image analysis pipelines (165). Both IMC
and CODEX have high potential for immunophenotyping of
the TME; however, optimization of the methodologies as well as
pipelines for the analysis and interpretation of the data obtained
from these multiplex technologies require significant further
investigation. Determining whether spatial configuration such
as the distance between various immune and non-immune cell
types, or the density of a specific TIL subset have association
with patient clinical parameters such as disease stage or survival
will be essential for revealing the translational value of these
technologies (158).

CONCLUDING REMARKS

A tumor’s capacity to evade immune control is now recognized
as a canonical “hallmark” of cancer (166). In this review,
we presented an overview of histopathological analysis of key
lymphocyte subsets in cutaneous melanoma. Moreover, we have
presented recent findings which offer tremendous potential
in improving TIL profiling both for routine pathology and
oncology research. A comprehensive classification of TIL in
H&E stained melanoma tissue has been available since 1989
(23). Furthermore, multiple lymphocyte subsets, in particular,
CD8+ T cells have shown both prognostic value for clinical
outcomes, as well as predictive value for response to ICB (12,
30, 125, 138). Nevertheless, in the absence of large multi-center
studies, standardized IHC protocols and automated enumeration
methods, it will be difficult to validate the potential of various
TIL subsets as prognostic and predictive biomarkers in cancer.
Furthermore, studies have shown that tumor associated myeloid
cells such as DC, macrophages, neutrophils and MDSC also
play vital roles in modulating lymphocyte recruitment to the
tumor (44, 167).

AUTHOR CONTRIBUTIONS

MS, FM, and HS conceptualized the study. MS oversaw the
literature review was involved in all aspects of designing and
writing the manuscript. FM performed the literature review.
FM and HS wrote the manuscript. SS and RH provided
immunopathology images and provided input on the discussion
of various sections. All authors contributed to the article and
approved the submitted version.

FUNDING

This work is funded by the Peter Hans Hofschneider Stiftung
experimentelle Biomedizin, the Helmut Horten Foundation and
the Fondazione San Salvatore.

Frontiers in Immunology | www.frontiersin.org 15 September 2020 | Volume 11 | Article 2105

https://www.akoyabio.com
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-02105 September 8, 2020 Time: 18:21 # 16

Maibach et al. Emerging Advances in TIL Profiling

REFERENCES
1. Drake CG, Lipson EJ, Brahmer JR. Breathing new life into immunotherapy:

review of melanoma, lung and kidney cancer. Nat Rev Clin Oncol. (2014)
11:24–37. doi: 10.1038/nrclinonc.2013.208

2. Yang JC, Rosenberg SA. Adoptive T-cell therapy for cancer. Adv Immunol.
(2016) 130:279–94.

3. Marshall HT, Djamgoz MBA. Immuno-oncology: emerging targets and
combination therapies. Front Oncol. (2018) 8:315. doi: 10.3389/fonc.2018.
00315

4. Dougan M, Dranoff G, Dougan SK. Cancer immunotherapy: beyond
checkpoint blockade. Annu Rev Cancer Biol. (2018) 3:55–75. doi: 10.1146/
annurev-cancerbio-030518-055552

5. Topalian SL, Drake CG, Pardoll DM. Immune checkpoint blockade: a
common denominator approach to cancer therapy. Cancer Cell. (2015)
27:450–61. doi: 10.1016/j.ccell.2015.03.001

6. Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade.
Science. (2018) 359:1350–5. doi: 10.1126/science.aar4060

7. Sanmamed MF, Chen LA. Paradigm shift in cancer immunotherapy: from
enhancement to normalization. Cell. (2018) 175:313–26. doi: 10.1016/j.cell.
2018.09.035

8. Pons-Tostivint E, Latouche A, Vaflard P, Ricci F, Loirat D, Hescot S, et al.
Comparative analysis of durable responses on immune checkpoint inhibitors
versus other systemic therapies: a pooled analysis of phase III trials. JCO
Precis Oncol. (2019) 3:1–10. doi: 10.1200/po.18.00114

9. Trujillo JA, Sweis RF, Bao R, Luke JJ. T cell–inflamed versus non-T cell–
inflamed tumors: a conceptual framework for cancer immunotherapy drug
development and combination therapy selection. Cancer Immunol Res.
(2018) 6:990–1000. doi: 10.1158/2326-6066.CIR-18-0277

10. Fridman WH, Zitvogel L, Sautès–Fridman C, Kroemer G. The immune
contexture in cancer prognosis and treatment. Nat Rev Clin Oncol. (2017)
14:717–34. doi: 10.1038/nrclinonc.2017.101

11. Park YJ, Kuen DS, Chung Y. Future prospects of immune checkpoint
blockade in cancer: from response prediction to overcoming resistance. Exp
Mol Med. (2018) 50:109. doi: 10.1038/s12276-018-0130-1

12. Barnes TA, Amir E. HYPE or HOPE: the prognostic value of infiltrating
immune cells in cancer. Br J Cancer. (2017) 117:451–60. doi: 10.1038/bjc.
2017.220

13. Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: integrating
Immunity’s roles in cancer suppression and promotion. Science. (2011)
331:1565–70. doi: 10.1126/science.1203486

14. Teng MWL, Galon J, Fridman W-H, Smyth MJ. From mice to humans:
developments in cancer immunoediting. J Clin Invest. (2015) 125:3338–46.
doi: 10.1172/jci80004

15. O’Donnell JS, Teng MWL, Smyth MJ. Cancer immunoediting and resistance
to T cell-based immunotherapy. Nat Rev Clin Oncol. (2019) 16:151–67. doi:
10.1038/s41571-018-0142-8

16. Badalamenti G, Fanale D, Incorvaia L, Barraco N, Listì A, Maragliano R, et al.
Role of tumor-infiltrating lymphocytes in patients with solid tumors: can a
drop dig a stone? Cell Immunol. (2018) 343:103753. doi: 10.1016/j.cellimm.
2018.01.013

17. Schadendorf D, van Akkooi ACJ, Berking C, Griewank KG, Gutzmer R,
Hauschild A, et al. Melanoma. Lancet. (2018) 392:971–84. doi: 10.1016/
S0140-6736(18)31559-9

18. Svedman FC, Pillas D, Taylor A, Kaur M, Linder R, Hansson J. Stage-specific
survival and recurrence in patients with cutaneous malignant melanoma
in Europe – a systematic review of the literature. Clin Epidemiol. (2016)
8:109–22. doi: 10.2147/CLEP.S99021

19. Lee S, Margolin K. Tumor-infiltrating lymphocytes in melanoma. Curr Oncol
Rep. (2012) 14:468–74. doi: 10.1007/s11912-012-0257-5

20. Lyons YA, Wu SY, Overwijk WW, Baggerly KA, Sood AK. Immune cell
profiling in cancer: molecular approaches to cell-specific identification. NPJ
Precis Oncol. (2017) 1:26.

21. Camp RL, Neumeister V, Rimm DL. A decade of tissue microarrays: progress
in the discovery and validation of cancer biomarkers. J Clin Oncol. (2008)
26:5630–7. doi: 10.1200/JCO.2008.17.3567

22. Mihm MC, Mulé JJ. Reflections on the histopathology of tumor-infiltrating
lymphocytes in melanoma and the host immune response. Cancer Immunol
Res. (2015) 3:827–35. doi: 10.1158/2326-6066.cir-15-0143

23. Lee N, Zakka LR, Mihm MC, Schatton T. Tumour-infiltrating lymphocytes in
melanoma prognosis and cancer immunotherapy. Pathology. (2016) 48:177–
87. doi: 10.1016/j.pathol.2015.12.006

24. Ruiter D, Bogenrieder T, Elder D, Herlyn M. Melanoma-stroma interactions:
structural and functional aspects. Lancet Oncol. (2002) 3:35–43. doi: 10.1016/
S1470-2045(01)00620-9

25. Pantanowitz L, Sharma A, Carter A, Kurc T, Sussman A, Saltz J. Twenty years
of digital pathology: an overview of the road travelled, what is on the horizon,
and the emergence of vendor-neutral archives. J Pathol Inform. (2018) 9:40.
doi: 10.4103/jpi.jpi_69_18

26. Kather JN, Suarez-Carmona M, Charoentong P, Weis CA, Hirsch D,
Bankhead P, et al. Topography of cancer-associated immune cells in human
solid tumors. eLlife. (2018) 7:e36967. doi: 10.7554/eLife.36967

27. Němejcová K, Tichá I, Bártů M, Kodet O, Důra M, Jakša R, et al. Comparison
of five different scoring methods in the evaluation of inflammatory
infiltration (tumor-infiltrating lymphocytes) in superficial spreading and
nodular melanoma. Pigment Cell Melanoma Res. (2019) 32:412–23. doi: 10.
1111/pcmr.12757

28. Schnell A, Schmidl C, Herr W, Siska P. The peripheral and intratumoral
immune cell landscape in cancer patients: a proxy for tumor biology and
a tool for outcome prediction. Biomedicines. (2018) 6:25. doi: 10.3390/
biomedicines6010025

29. Fridman WH, Galon J, Pagès F, Tartour E, Sautès-Fridman C, Kroemer
G. Prognostic and predictive impact of intra- and peritumoral immune
infiltrates. Cancer Res. (2011) 71:5601–5. doi: 10.1158/0008-5472.CAN-11-
1316

30. Ladányi A. Prognostic and predictive significance of immune cells infiltrating
cutaneous melanoma. Pigment Cell Melanoma Res. (2015) 28:490–500. doi:
10.1111/pcmr.12371

31. Erdag G, Schaefer JT, Smolkin ME, Deacon DH, Shea SM, Dengel
LT, et al. Immunotype and immunohistologic characteristics of tumor-
infiltrating immune cells are associated with clinical outcome in metastatic
melanoma. Cancer Res. (2012) 72:1070–80. doi: 10.1158/0008-5472.CAN-11-
3218

32. Kakavand H, Vilain RE, Wilmott JS, Burke H, Yearley JH, Thompson JF, et al.
Tumor PD-L1 expression, immune cell correlates and PD-1+ lymphocytes in
sentinel lymph node melanoma metastases. Mod Pathol. (2015) 28:1535–44.
doi: 10.1038/modpathol.2015.110

33. Fu Q, Chen N, Ge C, Li R, Li Z, Zeng B, et al. Prognostic value of tumor-
infiltrating lymphocytes in melanoma: a systematic review and meta-analysis.
Oncoimmunology. (2019) 8:1593806.

34. Azimi F, Scolyer RA, Rumcheva P, Moncrieff M, Murali R, McCarthy SW,
et al. Tumor-infiltrating lymphocyte grade is an independent predictor
of sentinel lymph node status and survival in patients with cutaneous
melanoma. J Clin Oncol. (2012) 30:2678–83. doi: 10.1200/JCO.2011.37.8539

35. Clark WH, Elder DE, Guerry D, Braitman LE, Trock BJ, Schultz D, et al.
Model predicting survival in stage I melanoma based on tumor progression.
J Natl Cancer Inst. (1989) 81:1893–904. doi: 10.1093/jnci/81.24.1893

36. Elder DE. Pathology of melanoma. Clin Cancer Res. (2006) 12:2308s–11s.
37. Clemente CG, Mihm MC, Bufalino R, Zurrida S, Collini P, Cascinelli N.

Prognostic value of tumor infiltrating lymphocytes in the vertical growth
phase of primary cutaneous melanoma. Cancer. (1996) 77:1303–10. doi: 10.
1002/(SICI)1097-0142(19960401)77:73.0.CO;2-5

38. Busam KJ, Antonescu CR, Marghoob AA, Nehal KS, Sachs DL, Shia J,
et al. Histologic classification of tumor-infiltrating lymphocytes in primary
cutaneous malignant melanoma: a study of interobserver agreement. Am J
Clin Pathol. (2001) 115:856–60. doi: 10.1309/G6EK-Y6EH-0LGY-6D6P

39. Taylor RC, Patel A, Panageas KS, Busam KJ, Brady MS. Tumor-infiltrating
lymphocytes predict sentinel lymph node positivity in patients with
cutaneous melanoma. J Clin Oncol. (2007) 25:869–75. doi: 10.1200/JCO.2006.
08.9755

40. Balch CM, Soong SJ, Gershenwald JE, Thompson JF, Reintgen DS, Cascinelli
N, et al. Prognostic factors analysis of 17,600 melanoma patients: validation
of the American joint committee on cancer melanoma staging system. J Clin
Oncol. (2001) 19:3622–34. doi: 10.1200/JCO.2001.19.16.3622

41. Hendry S, Salgado R, Gevaert T, Russell PA, John T, Thapa B, et al. Assessing
tumor-infiltrating lymphocytes in solid tumors: a practical review for
pathologists and proposal for a standardized method from the International
immuno-oncology biomarkers working group: part 2: TILs in melanoma,

Frontiers in Immunology | www.frontiersin.org 16 September 2020 | Volume 11 | Article 2105

https://doi.org/10.1038/nrclinonc.2013.208
https://doi.org/10.3389/fonc.2018.00315
https://doi.org/10.3389/fonc.2018.00315
https://doi.org/10.1146/annurev-cancerbio-030518-055552
https://doi.org/10.1146/annurev-cancerbio-030518-055552
https://doi.org/10.1016/j.ccell.2015.03.001
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1016/j.cell.2018.09.035
https://doi.org/10.1016/j.cell.2018.09.035
https://doi.org/10.1200/po.18.00114
https://doi.org/10.1158/2326-6066.CIR-18-0277
https://doi.org/10.1038/nrclinonc.2017.101
https://doi.org/10.1038/s12276-018-0130-1
https://doi.org/10.1038/bjc.2017.220
https://doi.org/10.1038/bjc.2017.220
https://doi.org/10.1126/science.1203486
https://doi.org/10.1172/jci80004
https://doi.org/10.1038/s41571-018-0142-8
https://doi.org/10.1038/s41571-018-0142-8
https://doi.org/10.1016/j.cellimm.2018.01.013
https://doi.org/10.1016/j.cellimm.2018.01.013
https://doi.org/10.1016/S0140-6736(18)31559-9
https://doi.org/10.1016/S0140-6736(18)31559-9
https://doi.org/10.2147/CLEP.S99021
https://doi.org/10.1007/s11912-012-0257-5
https://doi.org/10.1200/JCO.2008.17.3567
https://doi.org/10.1158/2326-6066.cir-15-0143
https://doi.org/10.1016/j.pathol.2015.12.006
https://doi.org/10.1016/S1470-2045(01)00620-9
https://doi.org/10.1016/S1470-2045(01)00620-9
https://doi.org/10.4103/jpi.jpi_69_18
https://doi.org/10.7554/eLife.36967
https://doi.org/10.1111/pcmr.12757
https://doi.org/10.1111/pcmr.12757
https://doi.org/10.3390/biomedicines6010025
https://doi.org/10.3390/biomedicines6010025
https://doi.org/10.1158/0008-5472.CAN-11-1316
https://doi.org/10.1158/0008-5472.CAN-11-1316
https://doi.org/10.1111/pcmr.12371
https://doi.org/10.1111/pcmr.12371
https://doi.org/10.1158/0008-5472.CAN-11-3218
https://doi.org/10.1158/0008-5472.CAN-11-3218
https://doi.org/10.1038/modpathol.2015.110
https://doi.org/10.1200/JCO.2011.37.8539
https://doi.org/10.1093/jnci/81.24.1893
https://doi.org/10.1002/(SICI)1097-0142(19960401)77:73.0.CO;2-5
https://doi.org/10.1002/(SICI)1097-0142(19960401)77:73.0.CO;2-5
https://doi.org/10.1309/G6EK-Y6EH-0LGY-6D6P
https://doi.org/10.1200/JCO.2006.08.9755
https://doi.org/10.1200/JCO.2006.08.9755
https://doi.org/10.1200/JCO.2001.19.16.3622
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-02105 September 8, 2020 Time: 18:21 # 17

Maibach et al. Emerging Advances in TIL Profiling

gastrointestinal tract carcinom. Adv Anat Pathol. (2017) 24:235–51. doi: 10.
1097/PAP.0000000000000161

42. Joyce JA, Fearon DT. T cell exclusion, immune privilege, and the tumor
microenvironment. Science. (2015) 348:74–80. doi: 10.1126/science.aaa6204

43. Hegde PS, Karanikas V, Evers S. The where, the when, and the how of immune
monitoring for cancer immunotherapies in the era of checkpoint inhibition.
Clin Cancer Res. (2016) 22:1865–74. doi: 10.1158/1078-0432.CCR-15-1507

44. van der Woude LL, Gorris MAJ, Halilovic A, Figdor CG, de Vries IJM.
Migrating into the tumor: a roadmap for T cells. Trends Cancer. (2017)
3:797–808. doi: 10.1016/j.trecan.2017.09.006

45. Becht E, Giraldo NA, Dieu-Nosjean M-C, Sautès-Fridman C, Fridman
WH. Cancer immune contexture and immunotherapy. Curr Opin Immunol.
(2016) 39:7–13. doi: 10.1016/j.coi.2015.11.009

46. Halse H, Colebatch AJ, Petrone P, Henderson MA, Mills JK, Snow H, et al.
Multiplex immunohistochemistry accurately defines the immune context
of metastatic melanoma. Sci Rep. (2018) 8:11158. doi: 10.1038/s41598-018-
28944-3

47. Becht E, Giraldo NA, Germain C, de Reyniès A, Laurent-Puig P, Zucman-
Rossi J, et al. Immune contexture, immunoscore, and malignant cell
molecular subgroups for prognostic and theranostic classifications of cancers.
Adv Immunol. (2016) 130:95–190. doi: 10.1016/bs.ai.2015.12.002

48. Park JH, Powell AG, Roxburgh CSD, Horgan PG, McMillan DC, Edwards J.
Mismatch repair status in patients with primary operable colorectal cancer:
associations with the local and systemic tumour environment. Br J Cancer.
(2016) 114:562–70. doi: 10.1038/bjc.2016.17

49. Park CK, Kim SK. Clinicopathological significance of intratumoral and
peritumoral lymphocytes and lymphocyte score based on the histologic
subtypes of cutaneous melanoma. Oncotarget. (2017) 8:14759–69. doi: 10.
18632/oncotarget.14736

50. Baine MK, Turcu G, Zito CR, Adeniran AJ, Camp RL, Chen L, et al.
Characterization of tumor infiltrating lymphocytes in paired primary and
metastatic renal cell carcinoma specimens. Oncotarget. (2015) 6:24990–5002.
doi: 10.18632/oncotarget.4572

51. Jensen TO, Schmidt H, Møller HJ, Donskov F, Høyer M, Sjoegren P,
et al. Intratumoral neutrophils and plasmacytoid dendritic cells indicate
poor prognosis and are associated with pSTAT3 expression in AJCC
stage I/II melanoma. Cancer. (2012) 118:2476–85. doi: 10.1002/cncr.
26511

52. Puppa G, Sheahan K, Zlobec I, Pecori S, Langner C, Nakamura T, et al.
Standardization of whole slide image morphologic assessment with definition
of a new application: digital slide dynamic morphometry. J Pathol Inform.
(2011) 2:48. doi: 10.4103/2153-3539.86830

53. Sharma P, Shen Y, Wen S, Yamada S, Jungbluth AA, Gnjatic S, et al. CD8
tumor-infiltrating lymphocytes are predictive of survival in muscle-invasive
urothelial carcinoma. Proc Natl Acad Sci USA. (2007) 104:3967–72. doi: 10.
1073/pnas.0611618104

54. Saltz J, Gupta R, Hou L, Kurc T, Singh P, Nguyen V, et al. Spatial organization
and molecular correlation of tumor-infiltrating lymphocytes using deep
learning on pathology images. Cell Rep. (2018) 23:181–93.e7. doi: 10.1016/
j.celrep.2018.03.086

55. Koelzer VH, Sirinukunwattana K, Rittscher J, Mertz KD. Precision
immunoprofiling by image analysis and artificial intelligence. Virchows Arch.
(2019) 474:511–22. doi: 10.1007/s00428-018-2485-z

56. Wouters MCA, Nelson BH. Prognostic significance of tumor-infiltrating B
cells and plasma cells in human cancer. Clin Cancer Res. (2018) 24:6125–35.
doi: 10.1158/1078-0432.CCR-18-1481

57. Lowes MA, Bishop GA, Crotty K, Barnetson RSC, Halliday GM. T
helper 1 cytokine mRNA is increased in spontaneously regressing primary
melanomas. J Invest Dermatol. (1997) 108:914–9. doi: 10.1111/1523-1747.
ep12292705

58. Hutter C, Zenklusen JC. The cancer genome atlas: creating lasting value
beyond its data. Cell. (2018) 173:283–5. doi: 10.1016/j.cell.2018.03.042

59. Finotello F, Trajanoski Z. Quantifying tumor-infiltrating immune cells from
transcriptomics data. Cancer Immunol Immunother. (2018) 67:1031–40. doi:
10.1007/s00262-018-2150-z

60. Iglesia MD, Parker JS, Hoadley KA, Serody JS, Perou CM, Vincent BG.
Genomic analysis of immune cell infiltrates across 11 tumor types. J Natl
Cancer Inst. (2016) 108:djw144. doi: 10.1093/jnci/djw144

61. Gonzalez H, Hagerling C, Werb Z. Roles of the immune system in cancer:
from tumor initiation to metastatic progression. Genes Dev. (2018) 32:1267–
84. doi: 10.1101/gad.314617.118

62. Durgeau A, Virk Y, Corgnac S, Mami-Chouaib F. Recent advances in
targeting CD8 T-cell immunity for more effective cancer immunotherapy.
Front Immunol. (2018) 9:14. doi: 10.3389/fimmu.2018.00014

63. Martínez-Lostao L, Anel A, Pardo J. How do cytotoxic lymphocytes kill
cancer cells? Clin Cancer Res. (2015) 21:5047–56. doi: 10.1158/1078-0432.
CCR-15-0685

64. Morvan MG, Lanier LL. NK cells and cancer: you can teach innate cells new
tricks. Nat Rev Cancer. (2016) 16:7–19. doi: 10.1038/nrc.2015.5

65. Böttcher JP, Reis e Sousa C. The role of Type 1 conventional dendritic cells
in cancer immunity. Trends Cancer. (2018) 4:784–92. doi: 10.1016/j.trecan.
2018.09.001

66. McLane LM, Abdel-Hakeem MS, Wherry EJ. CD8 T cell exhaustion during
chronic viral infection and cancer. Annu Rev Immunol. (2019) 37:457–95.
doi: 10.1146/annurev-immunol-041015-055318

67. Piras F, Colombari R, Minerba L, Murtas D, Floris C, Maxia C, et al. The
predictive value of CD8, CD4, CD68 and human leukocyte antigen-D-related
cells in the prognosis of cutaneous malignant melanoma with vertical growth
phase. Cancer. (2005) 104:1246–54. doi: 10.1002/cncr.21283

68. Van Houdt IS, Sluijter BJR, Moesbergen LM, Vos WM, De Gruijl TD,
Molenkamp BG, et al. Favorable outcome in clinically stage II melanoma
patients is associated with the presence of activated tumor infiltrating
T-lymphocytes and preserved MHC class I antigen expression. Int J Cancer.
(2008) 123:609–15. doi: 10.1002/ijc.23543

69. Jacquelot N, Roberti MP, Enot DP, Rusakiewicz S, Semeraro M, Jégou S, et al.
Immunophenotyping of stage III melanoma reveals parameters associated
with patient prognosis. J Invest Dermatol. (2016) 136:994–1001. doi: 10.1016/
j.jid.2015.12.042

70. Simoni Y, Becht E, Fehlings M, Loh CY, Koo SL, Teng KWW, et al.
Bystander CD8 + T cells are abundant and phenotypically distinct in human
tumour infiltrates. Nature. (2018) 557:575–9. doi: 10.1038/s41586-018-
0130-2

71. Chauvin J-M, Pagliano O, Fourcade J, Sun Z, Wang H, Sander C, et al. TIGIT
and PD-1 impair tumor antigen-specific CD8+ T cells in melanoma patients.
J Clin Invest. (2015) 125:2046–58. doi: 10.1172/jci80445

72. Jacquelot N, Pitt JM, Enot DP, Roberti MP, Duong CPM, Rusakiewicz S,
et al. Immune biomarkers for prognosis and prediction of responses to
immune checkpoint blockade in cutaneous melanoma. Oncoimmunology.
(2017) 6:e1299303. doi: 10.1080/2162402X.2017.1299303

73. Kim H-J, Cantor H. CD4 T-cell subsets and tumor immunity: the helpful and
the not-so-helpful. Cancer Immunol Res. (2014) 2:91–8. doi: 10.1158/2326-
6066.cir-13-0216
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