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Abstract

Among all tumor types, skin cancers are profoundly sensitive to immunotherapy. Indeed, the
recently reported response rates for anti-PD-1 (anti-programmed-death 1) therapy for cutaneous
malignant melanomas (MM), Merkel cell carcinomas, basal cell carcinomas, cutaneous squamous
cell carcinomas and Kaposi sarcomas are all above 40%. This unique immunogenicity renders skin
cancers as a paradigm for tumor—-immune interactions and is driven by high mutational burdens,
over-expressed tumor antigens and/or viral antigens. However, despite the clear demonstration of
immunologic cure of skin cancer in some patients, most tumors develop either early (primary) or
late (adaptive) resistance to immunotherapy. Resistance mechanisms are complex, and include
contributions of tumor cell-intrinsic, T cell and microenvironment factors that have been recently
further elucidated with the advent of single-cell technologies. This review will focus on the exciting
progress with immunotherapy for skin cancers to date, and also our current understanding of the

mechanisms of resistance to immunotherapy.
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Introduction

Skin cancer is an enormous public health concern, with non-
melanoma skin cancer (NMSC) being the most common and
melanoma the sixth most common cancer in the USA. The
numbers of aggressive skin cancers have rapidly increased,
and there are now >90 000 cutaneous malignant melanomas
(MM) and nearly 3000 Merkel cell carcinomas (MCC) diag-
nosed each year in the USA (1, 2). Although basal cell car-
cinomas (BCC) and cutaneous squamous cell carcinomas
(cSCC) are often controlled with local measures, their com-
bined millions of cases are estimated to result in several thou-
sand deaths annually (3, 4).

Despite the discouraging rise in skin cancer incidence, the
recent remarkable success of immunotherapies brings great
promise to the field. For instance, the 3-year overall survival
for metastatic melanoma has improved 5-fold: from 12%
with dacarbazine (DTIC) chemotherapy prior to ipilimumab
approval in 2011 in to 58% with the combined checkpoint
inhibitor immunotherapies ipilimumab and nivolumab in 2017
(5, 6). Indeed, in 2018 James Allison (7) and Tasuku Honjo
(8) were awarded the Nobel Prize in Physiology and Medicine
for their discovery of the CTLA4 (cytotoxic T-lymphocyte-
associated antigen 4) and PD-1 (programmed-death
1) immune checkpoints that led to these treatments.

This review will focus on skin cancers as a paradigm dis-
ease for tumor immunotherapy, starting with the reasons for the
immunogenicity of skin cancers. Next, the history of immuno-
therapy for melanoma will be reviewed, with a special focus
on how results from these trials elucidate tumor—immune inter-
actions more generally. The use of immunotherapy for other
skin cancers will then be discussed, including successes and
complications thereof. Despite marked improvements in out-
comes with immune therapy, at least half of patients with ad-
vanced/metastatic skin cancers are still not cured with these
treatments. This is an area of very active research, and sub-
stantial progress has been made over the last 5 years. We will
thus conclude with a detailed examination of the current under-
standing of mechanisms of how resistance to immunotherapy
arises, including primary and adaptive resistance.

Why are skin cancers so T-cell immunogenic?

The incidence of skin cancer is elevated in patients with T-cell
immunosuppression. This reflects both an underlying tumor
immunogenicity and the critical importance of T cells in both
surveilling against and controlling these diseases. Forms of
both CD4+* T-cell immunosuppression (HIV/AIDS) and CD8*
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T-cell immunosuppression (solid-organ transplants) have
been associated with increased risk and worsened outcomes
of ¢SCC (9, 10), BCC (9), MCC (11-13), Kaposi sarcoma
(KS) (14) and MM (14), with the strongest and most con-
sistent effects seen for cSCC, MCC and KS (15). In patients
with normal cutaneous immunity, nascent immunogenic skin
tumors are eliminated unless the tumor can evade immune
destruction. Reversing tumor immune evasion is the goal of
anti-cancer immunotherapy.

The profound antigenicity of skin cancers is thought to
derive from tumor-associated antigens, neoepitopes and/
or viral oncoproteins. Melanomas aberrantly over-express
tumor-associated antigens (e.g. MAGE antigens, MART1/
MLANA, NY-ESO1) which render them susceptible to T-cell
killing because T cells recognizing these antigens escape
negative thymic selection (16). High-throughput sequencing
approaches have further established that most skin cancers,
including MM (17), ¢SCC (18, 19), BCC (20) and virus-
negative MCC (VN-MCC) (21) also have very high tumor
mutational burdens (TMB), largely driven by UV-signature
mutations, creating new tumor-associated epitopes (22-24).
Indeed, cSCC, VN-MCC and melanoma have the highest
TMB of all solid tumors profiled thus far (25). TMB has been a
consistent predictor of immunotherapy responsiveness, both
within and across tumor types, supporting the conclusion of
a large contribution of neoantigens to immunogenicity in most
cancers (17, 26).

In stark contrast to most skin cancers, which are TMB-high,
the virus-positive skin cancers [KS and virus positive-MCC
(VP-MCC)] have an extremely low TMB similar to cancers that
respond poorly to immunotherapy such as pancreatic can-
cer or uveal melanoma (17, 21, 27). Despite this low TMB,
both KS and VP-MCC are frequently responsive to anti-PD-1
immunotherapies. Instead of mutations, the antigenicity in
these cancers is being driven by expression of viral proteins
from causative oncoviruses [human herpesvirus 8 (HHV-8)
and Merkel cell polyomavirus (MCPyV), respectively] (28, 29)
which are CD8* and CD4* T-cell antigens (30, 31). This critical
clinical observation among skin cancers suggests that immu-
notherapy responsiveness can be driven by a few high-quality
antigens, and as a corollary, that TMB-high cancers are simply
more likely to produce reactive antigens than TMB-low tumors.

Further conceptual support for this is provided by melano-
mas, where PD-1 immunotherapy responsiveness from TMB-
low cutaneous melanomas can be abrogated by a loss of a
single HLA (32) antigen and where tumor-infiltrating lympho-
cyte (TIL) regressions can be mediated by T cells restricted
to a single epitope (33). Therapeutically, this implies that
triggering recognition of solid tumors through a vaccine or
adoptive cellular therapy restricted to a few epitopes [T-cell
receptor (TCR) transgenic and/or chimeric antigen recep-
tor (CAR)-T transgenic] (34) may be adequate to enable an
immune response, particularly when combined with therapies
addressing microenvironment and/or tumor-intrinsic resist-
ance mechanisms.

Progress with immunotherapy in melanoma

Cutaneous melanoma arises from mutations in skin mel-
anocytes, specialized pigment cells that originate from

neural-crest progenitors. These neural-crest cells are highly
motile in embryogenesis, and melanoma retains this high
propensity for metastasis/spread (35). Thus, although mel-
anoma represents ~1-2% of all skin cancers (4), it is the lar-
gest contributor to deaths caused by skin cancer. Melanoma
has a strong UV association (4), and derives substantial
immunogenicity from a large number of tumor-associated
UV-signature mutations (25).

In the late 1800s, Coley developed an intralesional immu-
notherapy for melanoma. However, his injections of killed
streptococcal and serratial bacteria were far less successful
for melanoma than for sarcomas (36, 37), and so for many
decades melanoma immunotherapy was not further pursued.

In the early 1970s, interest again arose in melanoma
immunotherapy. High-dose intralesional Bacillus Calmette—
Guérin (BCG) was injected into patients with dermal mela-
noma metastases, resulting in many local and some distant
tumor regressions and renewed enthusiasm for the con-
cept of immunotherapeutic cure of solid tumors (38, 39).
However, the high toxicity of this approach and the con-
temporaneous approval of DTIC chemotherapy dampened
widespread use of BCG for melanoma (40), although BCG
immunotherapies were adopted for bladder cancer. In
2017, the mechanisms of BCG response in melanoma were
elucidated and include a complex set of tumor cell-intrinsic
(increased class | HLA expression), T cell (increased CD8*
T-cell infiltration and activation) and microenvironment
(macrophage repolarization) changes that augment anti-
tumor immunity (41).

The next set of immunotherapies to be tested in melanoma
included the cytokine therapies. Type | interferons are pol-
yfunctional and not only activate T cells, but also enhance
presentation of tumor-intrinsic antigens and impact other
cells in the environment such as polarizing macrophages and
inhibiting T-regulatory cells (Tregs) (42). Interferons were most
effective in an adjuvant setting (i.e. additional therapies given
after surgery), particularly in patients with ulcerated tumors
(43). However, low response rates and high toxicity limited
the benefits. Interleukin 2 (IL-2) is a cytokine growth factor
that promotes expansion of T cells and other lymphocytes.
Dosed at toxic levels, IL-2 produced some durable responses
in the metastatic setting with a response rate on the order of
10-20% (44). This finding was later appreciated to be due,
in part, to the paradoxical nature of IL-2, which promotes not
only expansion of CD8* T-effector cells, but also expansion of
Tregs. The dual nature of IL-2 was demonstrated by knockout
experiments in mice, where IL-2-deficient animals developed
autoimmunity (45).

A number of adoptive cellular therapies have been tested for
melanoma. These include therapies using TILs (where tumor
lymphocytes are expanded in vitro and infused), endogenous
cell therapies (where circulating T cells recognizing specific
tumor antigens are expanded) and more recently transgenic
T-cell therapies (where CD8* and CD4+ cells are transduced
with either a TCR or a CAR to confer tumor specificity) (46-52).
Some impressive durable responses have been observed,
including ongoing remissions lasting for >5 years; however,
most of the treated patients have not had durable benefit to
date. There is thus strong interest in combining cell therapy
with other factors to improve T-cell recognition of tumor cells,



overcome ‘exhaustion’ of immune cell responses and/or pro-
mote a more favorable microenvironment.

In 2015, the first intralesional oncolytic virus was approved.
Talimogene laherparepvec (T-vec) is a gene-modified herpes
virus that is non-pathogenic and preferentially replicates in
tumor cells, leading to death of melanoma cells by multiple
mechanisms including increased antigen expression. T-vec
further expresses granulocyte/macrophage colony-stimu-
lating factor (GM-CSF), to promote maturation and function
of professional antigen-presenting cells (APCs), including
dendritic cells, in the microenvironment. T-vec is associated
with an overall response rate of 26%, with a higher response
at injected as compared with non-injected lesions (53).
Additional oncolytic viruses are under study, as are combina-
tions of T-vec with other immunotherapies.

Multiple therapeutic vaccine approaches have been
attempted for melanoma. Recently, tumor-specific neoanti-
gens have been targeted with personalized vaccines in early
phase trials (54, 55) and have encouragingly demonstrated
the generation of tumor-specific T-cell immune responses
and early evidence of clinical activity. The efficacy and opti-
mal timing of vaccine treatments is currently being tested in
clinical trials. The recent definition of the melanoma HLA-
ligandome—i.e. tumor-specific peptides (neoantigens and/or
over-expressed tumor antigens) that are presented/shown by
melanoma tumors to T cells—offers substantial promise for
further vaccine refinement (56).

By far the greatest success in melanoma with immuno-
therapy has been with immune checkpoint inhibitors. The first
to reach the clinic was ipilimumab, a monoclonal antibody
against CTLA4 that targets the interaction between APCs and
T cells. During antigen-specific lymphocyte activation, one of
the B7 proteins (also termed CD80 and CD86) on the APC
binds to CD28 on the T cell which stimulates activation and
induces CTLA4 expression. CTLA4 on T cells then competes
with CD28 for B7 binding, and thus inhibits T-cell activation
(7, 57, 58). Although ipilimumab monotherapy for metastatic
disease has a response rate <20%, the potential for durable
responses and improved overall survival led to its Food and
Drug Administration (FDA) approval in 2011 (6, 59, 60).

In 2014, the FDA approved two PD-1 inhibitors, which tar-
get PD-1/PD-L1 (PD-1 ligand 1) signaling between T cell and
tumor cell, or T cell and APC (8). Both pembrolizumab and
nivolumab as monotherapy are associated with response
rates of ~40-45% (6, 61). The addition of ipilimumab to
pembrolizumab or nivolumab improves the response rate
by ~10%, but comes at a cost of substantially higher toxicity
including a markedly increased rate of significant immune-
mediated adverse events (6).

In addition to immune checkpoint inhibitors, BRAF inhibi-
tors (BRAFi) and MEK inhibitors have also recently been
approved for cutaneous melanoma with BRAF V600 mutations
(62). Consistent with the findings after use of tyrosine kinase
inhibitors (TKI) for other indications, melanoma typically
develops resistance to BRAF/MEK inhibition. Interestingly,
there is some suggestion that these inhibitors have immu-
nologic impacts in addition to direct anti-tumor effects (63),
with specific improvements on tumor-specific antigen pres-
entation (64), cytolytic T-cell function and microenvironment
polarization (65, 66) in the context of BRAFi treatment.
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The introduction of immune checkpoint inhibitors and TKI
has changed the natural history of advanced melanoma. In
the DTIC era, extending from 1974 to 2011, the 3-year over-
all survival for clinical trial participants with metastatic mela-
noma from start of first-line treatment was ~13% (5). In 2018,
overall survival at 3 years has improved to >50% (Fig. 1).

Potential for the immune system to cure metastatic
solid tumors

With rare exceptions (e.g. testicular cancer), chemotherapy
as isolated agents or combination regimens have been insuf-
ficient to cure metastatic solid tumors. Similarly, although
often effective for months or years, targeted therapies do
not typically result in cure. This is due to the large number of
cancer cells in a metastatic cancer at the time of diagnosis
(~1 billion per gram), and thus the statistical likelihood that
a treatment-resistant sub-clone already exists at the time of
treatment start. However, the adaptive immune system has
potential to engage with tumor diversity, and mediate tumor
sterilization/cure. Indeed, this has been demonstrated with
melanoma and the high-dose IL-2 therapies, where 5-10% of
patients were cured with no further treatment, and the longest
complete responses now extend decades (67).

Although the ultimate durability of responses to anti-CTLA4
and anti-PD-1 in melanoma remains to be demonstrated,
recent data suggest that survival has a plateau at 2-3 years
with ongoing responses at >8 years and >3.5 years after
stopping therapy, respectively, supporting the curative poten-
tial of these approaches (68, 69). Thus, the experience in
melanoma clearly demonstrates the potential for a properly
engaged immune system to cure metastatic solid tumors.
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Fig. 1. Overall survival from selected first-line therapies for metastatic
melanoma. The graph shows 3-year overall survival rates for selected
immunotherapies, targeted therapies and chemotherapies (5, 6, 44,
62, 127, 128). As there are differences between the selected studies
in terms of entry criteria, as well as change over time in availabil-
ity of second-line therapies, this graph is intended to illustrate the
marked improvement in overall survival with recently FDA-approved
immunotherapies and not intended for treatment decision-making.
Ipi, ipilimumab; Nivo, nivolumab; Pembro, pembrolizumab; HD IL-2,
high-dose IL-2; Dab, dabrafenib; tram, trametinib; DTIC = dacar-
bazine. Green indicates immune therapy; yellow indicates targeted
therapy; red indicates chemotherapy.
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Treatment of a low-tumor burden may be associated
with improved outcomes

Adjuvant immunotherapy with ipilimumab was associated with
improved melanoma-specific and overall survival as com-
pared with placebo control for patients with resected stage Il
(nodal) melanoma (43). More recently, adjuvant immunother-
apy with nivolumab or pembrolizumab has been associated
with improved progression-free survival for resected stage
Il (or for nivolumab I1I/IV) disease. This supports the likely
effectiveness of immunotherapy when the disease burden is
small/microscopic, even without a large tumor to ‘prime’ the
immune system (70, 71). Among patients who have meta-
static melanoma treated with anti-PD-1, an increased burden
pre-treatment is associated with a lower response rate and
with worsened overall survival, supporting the potential for
improved responsiveness if treatment is initiated in a low-
burden context (72).

There are multiple hypotheses as to why immunotherapy
might be more effective in terms of both responses and cures
at a time of lesser disease burden. The first is mutation based:
more tumor present means more statistical chance of hav-
ing a sub-clone that bears immunotherapy resistance, such
as a B-2-microglobulin mutation abrogating presentation of
a tumor-specific antigen (73). The second is microenviron-
ment based: larger tumors are more likely to have a microen-
vironment that is more suppressive to CD8* T cells, and have
less oxygen, more lactate (74, 75) and more fibroblasts and
M2-like macrophages (76) that pose both biochemical and
physical (77) barriers to T-cell function.

Although it appears there is benefit to treating patients when
the tumor burden is low, the optimal timing of anti-PD-1 initia-
tion related to tumor and nodal removal for stage Il patients
remains to be established. One viewpoint suggests that for
resectable disease, neoadjuvant (i.e. given before surgery) ini-
tiation of immunotherapy may be more effective. Neoadjuvant
checkpoint inhibition may have a greater ability to trigger
epitope spreading with the tumor serving as its own ‘vaccine’
with intact draining lymph nodes to potentiate responses to anti-
PD-1 antibody therapy; however, clinical data in support of this
are limited to small case series without comparators (78, 79). It
remains unclear whether these benefits outweigh the microen-
vironment benefit of debulking, or the risk to the patient of com-
plications from immunotherapy potentially delaying complete
surgical cure. The current standard of care is to perform surgi-
cal resection prior to immunotherapy implementation; however,
this may change pending the results of further studies.

Application of anti-PD-1 to other skin tumors

Given the stellar outcomes for many melanoma patients
treated with immune checkpoint inhibitors, as well as the
established immunogenicity of other skin cancers, immune
checkpoint inhibition with PD-1 and/or PD-L1 inhibitors has
been attempted on many other skin cancers. These studies
support the observed high response rates across skin can-
cers, which are consistently superior to the experience in
other solid tumors, as shown in Fig. 2.

Among NMSCs, phase Il trials have been performed on
cSCC and MCC. For advanced cSCC, the 47% objective
response rate to the anti-PD-1 agent cemiplimab (47%) (80)

led to its recent FDA approval. For MCC, responses to pem-
brolizumab (56%) (81, 82) and avelumab (anti-PD-L1; 62%)
(83) both exceed 40% as first-line treatments, and overall sur-
vival is substantially improved with these agents as compared
with historical data derived from the use of chemotherapy
(82, 84). The response to pembrolizumab is similar irrespec-
tive of whether the MCC is virally induced or UV-induced (82).

Data for effects of anti-PD-1 monotherapy on metastatic
BCC, KS and cutaneous angiosarcoma are emerging. For
BCC, a prospective study included nine patients of whom
four (44%) responded (20). For KS, a retrospective review
included nine consecutive patients with HIV-associated KS
(six objective responders; 67%) (27) and a second case
series of two responding endemic KS patients has also been
reported. For cutaneous angiosarcoma, a single case report
describes a positive response (85). Although the data are
emerging in these cancers, early evidence supports a high
response rate consistent with other skin cancers.

Skin toxicities of checkpoint inhibitor immunotherapy

Toxicity from immune checkpoint inhibitors is largely driven by
a broad spectrum of immune-related adverse events (iRAEs)
related to autoimmune attack of healthy tissues. The iRAEs for
immune checkpoint inhibitors given for skin cancers appear
similar to those for other malignancies, with the exception of
increased cutaneous toxicities. The national comprehensive
cancer network (NCCN) has recently published a guideline to
iRAEs and their management (86). As iRAEs can affect many
organ systems (cutaneous, gastrointestinal tract, pulmonary,
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Fig. 2. Response to anti-PD-1 blockade in advanced skin cancers and
other solid tumors. Data from representative trials of anti-PD1 agents
in skin cancers (6, 20, 27, 80, 82) and non-skin cancers are shown
(17, 32, 129-133); for selected gastrointestinal malignancies [DNA
mismatch repair (MMR)-proficient colon cancer, pancreatic cancer,
gastric cancer] summary data are as reported from Yarchoan et al.
(17). Where possible data are from first-line therapy; however, for some
cancers only 2L+ data are available. Data include all comers irrespec-
tive of PD-L1 tumor status. Only anti-PD-1 monotherapy is included.
Reported response rates to anti-PD-1 monotherapy in skin cancers
are consistently >30-40% and are substantially higher than reported
response rates for most other solid tumors. SCC-HN, squamous cell
carcinoma of the head and neck; SCLC, small cell lung cancer.



endocrine, hematologic, nervous and others), a comprehen-
sive detailing of all iRAEs is beyond the scope of this review
and we will instead focus on cutaneous toxicities.

Cutaneous iRAEs occur in between one-third and half of
patients treated with immune checkpoint inhibitors (86).
Rashes are the most common; however, these represent
a wide variety of clinical presentations from focal to wide-
spread/diffuse, with eczematous, psoriatic, lichenoid, eryth-
rodermic and other variants. Rashes are often pruritic. More
severe cutaneous toxicities have occurred including bullous
dermatidites, Stevens—Johnson syndrome/toxic epidermal
necrolysis, Sweet’s syndrome and DRESS (drug rash with
eosinophilia and systemic symptoms) syndrome (87-89).

Interestingly, immune checkpoint inhibitors in melanoma
have been specifically associated with the development of
hypopigmentation/vitiligo ranging from 3 to 25% of cases
(Fig. 3) (90, 91). Hypopigmentation has been very rarely
reported in immune checkpoint inhibitors use for other solid
tumors, but appears to be much higher in melanoma, occur-
ring exclusively in melanoma in several case series (92-94).
This is thought to represent on-target, off-tissue immune rec-
ognition of over-expressed melanoma antigens on healthy
melanocytes. Indeed, vitiligo development has been associ-
ated with improved melanoma survival after immunotherapy
treatment in a number of small trials and a large meta-anal-
ysis (95).

Determinants of skin cancer response/resistance to
anti-PD-1 and other immunotherapies

Determining the mechanisms of resistance to immunothera-
pies and especially immune checkpoint blockade, includ-
ing both early/primary and late/acquired resistance (73), is
imperative to improving immunotherapy outcomes in skin
cancers and increasing the fraction of patients cured. It is
increasingly evident that responsiveness and resistance to
immune checkpoint blockade and immunotherapy does not
seem to be readily predicted by a single biomarker and there
has been dramatic recent progress in understanding these
mechanisms (Fig. 4).

Tumor cell-intrinsic factors

Many tumor cell-intrinsic features are appreciated to contrib-
ute to immunotherapy responsiveness and resistance.

Antigens. The underlying presence of antigen visible to T
cells is critical to immunotherapy success, again highlight-
ing the importance of T-cell recognition as a component of
an effective anti-tumor immune response. TMB-low tumors
are less likely to respond to immunotherapy (17), and tumor
escape from immunotherapy has been mediated by de-differ-
entiation and other forms of antigen loss (96).

Antigen presentation. Tumors must not only contain T-cell
antigens, they must also properly process and present these
antigens bound to the major histocompatibility complex
(MHC). Genetic (32, 97) and adaptive/transcriptional (98-
100) mechanisms resulting in poor antigen processing and/
or presentation are frequently employed by skin cancers and
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Fig. 3. Development of vitiligo-like hypopigmentation in a patient
being treated with immunotherapy. Top panel: standard photograph.
Bottom photograph: Wood's lamp. Vitiligo/hypopigmentation arose in
a patient on immune checkpoint inhibitor immunotherapy.

have been identified as mediating multiple forms of immuno-
therapy, including resistance to anti-PD-1, to anti-CTLA4 and
to adoptive T-cell therapy. Active research is ongoing into
means to improve antigen presentation.

Tumor metabolism. Highly metabolic tumors both consume
a large amount of glucose and release lactate. This simul-
taneously starves CD8* effector T cells and promotes Treg
function (101). Another tumor cell-intrinsic factor is expres-
sion of T-cell suppressive surface markers: melanomas and
MCC have been described to express molecules known to
inhibit CD8* T cells, including PD-L1 (6) and CD200 (102,
103) among others.

T-cell factors

Multiple T-cell factors have been proposed as biomarkers to
predict immunotherapy responsiveness and patient outcome.

CD8* T cells. The number and pattern of localization of
CD8* T cells (absent/desert, excluded or infiltrated; Fig. 5)
modestly predict anti-PD-1 responsiveness in melanoma,
other skin cancers and other solid tumors (82, 104). Results
on T-cell clonality are mixed and this has not emerged as a
consistent predictor (105, 106). CD8* T-cell avidity against
MART-1 (107) and viral (108) antigens has been positively
associated with improved patient outcomes in small series
of patients with melanoma and VP-MCC, respectively. In
November 2018, investigators used single-cell technologies
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to interrogate CD8* T-cell populations in responding and non-
responding melanoma patients. A subset of CD8* T cells ex-
pressing the transcription factor TCF7, which is implicated
in development of TSCm (memory stem T cells) (109) was
identified, and predicted immunotherapy responsiveness
in a second test set of patients (110). Finally, it is apparent
that the tissue restriction/specificity of CD8* T cells may con-
tribute to tumor-specific immunity. Indeed, recent studies in
animal models demonstrate the importance of tissue-resident
(in the case of melanoma skin-resident) CD8* T cells in con-
trolling melanoma progression (111); the impact on these
on immunotherapy response in humans is an area of active
investigation.

CD4* T cells. Fundamental experiments in the 1980s dem-
onstrated that CD4* T cells mediate protective immunity
against cancer (112). Given the difficulties in studying CD4+ T
cells in human tumors, the role of CD4+*-restricted T-cell func-
tions in responses to PD-1 therapy remains poorly defined.
CD4+ T-cell infiltration alone failed to predicted outcomes
(113). However, in melanoma patients who received neoan-
tigen-specific vaccines followed in some cases by immune
checkpoint inhibitors, tumor-specific CD4* T-cell responses
were predominant, supporting the conclusion that this subset
has a role (55). More research is needed in this area.

Tregs. Not unexpectedly, Tregs have been anticorrelated with
PD-1 response. The improved clinical outcomes in aged mela-
noma patients treated with PD-1 have been recently correlated
with the relative paucity of Tregs in these patients (114).

Other checkpoints. A number of other ligand-receptor inter-
actions have reported as modulators of tumor-specific T cells,
including those involving ICOS, TIM3, BTLA, A2aR and others
(115).

Microenvironment factors

Macrophages. Macrophages are adversely polarized in
melanoma and are believed to contribute to CD8* T-cell inhi-
bition through PD-L1-PD-1 interactions, CTLA4 signaling,
cytokine production and other factors (116). The role of mac-
rophages in anti-PD-1 resistance and susceptibility remains to
be determined. Macrophage contributions are likely complex
in that patients with high numbers of PD-L1-expressing mac-
rophages may be more likely to respond to anti-PD-1 therapy,
whereas macrophage compartments expand and repolar-
ize during responses to immunotherapy in murine models
(117, 118). The role of macrophages in other skin cancers
is less well defined. Macrophages have been reported to be
both immunosuppressive and to correlate with positive T-cell
responses in MCC, and the impact of macrophages on PD-1
responsiveness in MCC and c¢SCC has not been reported
(103, 118).

Fibroblasts. Cancer-associated fibroblasts (CAF) make up
a significant portion of the stromal environment in most skin
cancers, including melanomas. These fibroblasts have been
demonstrated to contribute to an immunosuppressive micro-
environment through chemokine production and extracellular
matrix (ECM) production (119, 120). Pre-clinical studies have
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melanomas and MCC: T-cell desert, T-cell exclusion and T-cell infiltration (134, 135). These patterns partially predict anti-PD-1 immunotherapy
responsiveness (104). Top row: schematic indicating the localization pattern of T cells (red) compared with tumor (blue). Bottom row: three
VP-MCC tumors (blue) exhibiting each of the three described patterns; in the bottom row, blue staining indicates CD56 (marks MCC) and red

staining indicates anti-CD3 (marks T cells).

recently implicated a significant CAF contribution to mel-
anoma PD-1 resistance (121); however, human studies have
not yet been reported.

Dendritic cells and Langerhans cells. Dendritic cells and
Langerhans cells promote tumor-specific immunity through
antigen cross-presentation. They are specifically targeted
by topical imiquimod (a TLR7 agonist) that has been FDA-
approved for BCC (122). Recently, these cells have been
demonstrated to positively contribute to anti-PD-1 respon-
siveness in both mouse models and human melanomas (123).
Endothelial cells. Endothelial cells may limit immune
responses by restricting CD8* T-effector entry.

Natural killer (NK) cells. Peripheral and microenvironment
signatures of NK responses have been associated with clini-
cal efficacy for therapies using IL-2, interferon a (124) and
PD-1 inhibitors in human melanoma (123). In addition, murine
melanomas lacking the murine equivalent of HLA-E, an inhibi-
tor of NK function over-expressed by human melanoma (125),
do not develop PD-1 resistance (126), and an MCC was
demonstrated to over-express HLA-E at the time of immuno-
therapy escape (99). This supports a model wherein antigen-
specific T cells and NK cells cooperate to clear tumors, with
NK cells being essential for eradicating tumor clonotypes that
have lost class | HLA expression.

Conclusion

Skin cancers are highly immunogenic, due to tumor-associ-
ated antigens, mutations and/or viral gene expression. As a
consequence, skin tumors must evade immune clearance
and thus immunotherapies that derepress immune responses
are extremely effective. Melanoma is the paradigm solid tumor
for immunotherapy development and has demonstrated the
potential for the immune system to cure solid tumors. Other
skin cancers are being treated in a similarly successful way
with anti-PD-1 immune checkpoint inhibitors, supporting their
underlying immunogenicity. However, despite great progress
most patients are not cured by these treatments. Barriers to
the efficacy of immunotherapy are being actively delineated
and include tumor cell-intrinsic, T cell and microenvironment
obstacles. Promising research on these mechanisms is on-
going, and combination regimens offer the hope of increasing
response rates, extending response durability and affording
cures to a significantly higher fraction of patients.
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