UCSF

UC San Francisco Previously Published Works

Title
Prognostic Biomarkers for Melanoma Immunotherapy

Permalink
https://escholarship.org/uc/item/45h2w742

Journal
Current Oncology Reports, 22(3)

ISSN
1523-3790

Authors

Twitty, Christopher G
Huppert, Laura A
Daud, Adil |

Publication Date
2020-03-01

DOI
10.1007/s11912-020-0886-z

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/45h2w742
https://escholarship.org
http://www.cdlib.org/

2 Springer

Dear Author

Here are the proofs of your article.

Y ou can submit your corrections online or by fax.

For online submission please insert your corrections in the online correction form.
Always indicate the line number to which the correction refers.

Please return your proof together with the permission to publish confirmation.

For fax submission, please ensure that your corrections are clearly legible. Use a
fine black pen and write the correction in the margin, not too close to the edge of the

page.

Remember to note the journdl title, article number, and your name when sending
your response viae-mail, fax or regular mail.

Check the metadata sheet to make sure that the header information, especialy
author names and the corresponding affiliations are correctly shown.

Check the questions that may have arisen during copy editing and insert your
answers/corrections.

Check that the text is complete and that all figures, tables and their legends are
included. Also check the accuracy of special characters, equations, and electronic
supplementary material if applicable. If necessary refer to the Edited manuscript.

The publication of inaccurate data such as dosages and units can have serious
consequences. Please take particular care that all such details are correct.

Please do not make changes that involve only matters of style. We have generally
introduced forms that follow the journal’s style.

Substantial changesin content, e.g., new results, corrected values, title and
authorship are not allowed without the approval of the responsible editor. In such a
case, please contact the Editorial Office and return his/her consent together with the
proof.

If we do not receive your corrections within 48 hours, we will send you areminder.

Please note

Your article will be published Online Fir st approximately one week after receipt of
your corrected proofs. Thisisthe official first publication citable with the DOI.
Further changes are, therefore, not possible.

After online publication, subscribers (personal/institutional) to thisjournal will have
access to the complete article viathe DOI using the URL:

http://dx.doi.org/10.1007/s11912-020- 0886- 7

If you would like to know when your article has been published online, take advantage
of our free dert service. For registration and further information, go to:
http://www.springerlink.com.

Due to the electronic nature of the procedure, the manuscript and the original figures
will only be returned to you on specia request. When you return your corrections,
please inform us, if you would like to have these documents returned.

The printed version will follow in aforthcoming issue.


http://dx.doi.org/10.1007/s11912-020-0886-z

AUTHOR'S PROOF

Metadata of the article that will be visualized in OnlineFirst

1 Article Title Prognostic Biomarkers for Melanoma Immunotherapy

2 Article Sub- Title

3 Article Copyright - Springer Sciencet+Business Media, LL.C, part of Springer Nature 2020
Year (This will be the copyright line in the final PDF)
4 Journal Name Current Oncology Reports
5 Family Name Daud
6 Particle
7 Given Name Adil 1.
8 Suffix
9 Corresponding Organization University of California, San Francisco
10 Author Division Division of Hematology/Oncology, Department of
Medicine
11 Address 1600 Divisadero Street, Rm A741, San Francisco 94143,
CA, USA
12 e-mail Adil.daud@ucsfedu
13 Family Name Twitty
14 Particle
15 Given Name Christopher G.
16 Suffix
17 Author Organization OncoSec Inc.
18 Division
19 Address 3565 General Atomics Ct, San Diego 92121, CA, USA
20 e-mail Ctwitty@oncosec.com
21 Family Name Huppert
22 Particle
23 Given Name Laura A.
24 Suffix
25 Author Organization University of California, San Francisco
26 Division Division of Hematology/Oncology, Department of
Medicine
27 Address 1600 Divisadero Street, Rm A741, San Francisco 94143,
CA, USA
28 e-mail Laura. huppert@ucsfedu
29  Schedule Received



AUTHOR'S PROOF

30 Revised

31 Accepted

32 Abstract Purpose of Review: Recent developments in immunotherapy have transformed
the landscape of melanoma therapy. Here, we review markers for response to
immunotherapy.

Recent Findings: Current immunotherapies disable immune checkpoints on T
cells and other immune cells and allow immune rejection of tumor. This
process depends crucially on a preexisting response to the development of the
melanoma. Here we describe the complexity ofthe anti-tumor immune
response and the links to the development of markers that are currently used or
under investigation in the clinic.

Summary: We describe immune response biomarkers along with new
developments that could translate into advances.

33 Keywords separated ~ Immune checkpoint inhibitors - Programmed death-1 (PD-1) - Programmed

by'-"' death ligand-1 (PD-L1) - Exhausted T cells (Tex) - Tumor microenvironment
(TME) - Memory T cells (Tmem) - Tumor mutation burden - Circulating
tumor DNA
34 Foot note This article is part of the Topical Collection on Melanoma
information

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



Q1

AUTHOR'S PROOF

DOCO—

© oo ~N o

11
12
13
14
15
16
17

18
19

20
21

22
23
24
25
26
27
28
29
30
31

Current Oncology Reports _#titHHHH#HHHHHHIHAHIE
https://doi.org/10.1007/s11912-020-0886-z

JrlID 11912_ArtiD 886_Proof# 1 - 18/01/2020

MELANOMA (RJ SULLIVAN, SECTION EDITOR)

Prognostic Biomarkers for Melanoma Immunotherapy

Christopher G. Twitty' - Laura A. Huppert? - Adil I. Daud?

© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Purpose of Review Recent developments in immunotherapy have transformed the landscape of melanoma therapy. Here, we

review markers for response to immunotherapy.

Recent Findings Current immunotherapies disable immune checkpoints on T cells and other immune cells and allow immune
rejection of tumor. This process depends crucially on a preexisting response to the development of the melanoma. Here we
describe the complexity of the anti-tumor immune response and the links to the development of markers that are currently used or

under investigation in the clinic.

Summary We describe immune response biomarkers along with new developments that could translate into advances.

Keywords Immune checkpointinhibitors - Programmed death-1 (PD-1) - Programmed death ligand-1 (PD-L1) - Exhausted Tcells
(Tex) - Tumor microenvironment (TME) - Memory T cells (Tmem) - Tumor mutation burden - Circulating tumor DNA

Introduction

Melanoma treatment has been transformed recently by the
development of rapidly accelerated fibrosarcoma (RAF) and
mitogen-activated protein (MAP) kinase inhibitors [1-4] and
by immune checkpoint Inhibitors (CPI) such as anti-PD-1 and
anti-CTLA-4 [5], with many patients deriving long-term clin-
ical benefit [1, 3, 6]. However, these durable responses still
occur only in a fraction of patients and can be associated with
significant toxicity, particularly when used in combination. In
this review, we focus on our current understanding of the
mechanism of action of immunotherapy and on biomarkers
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to select patients for treatment on clinical trials and for partic-
ular therapies in the clinic.

The stages of neoplastic transformation and associated mo-
lecular alterations have been well described for melanoma
[7-9], yet complex tumoral/stromal/immune interactions re-
sult in tumor heterogeneity that is evident in patients with the
same histological signatures as well as between tumors within
the same patient and even within different areas of a single
tumor [10-12]. The mechanisms fundamental to CPI and spe-
cifically to anti-PD-1/PD-L1 activity in a varied and often
complex tumor microenvironment (TME) have led to the
identification of a multifactorial process dependent on the in-
teractions of specific cell types with diverse functions.

Current Understanding of the Mechanism(s) of Action
of PD-1 Check Point Inhibitors

Tumor immunogenicity or the ability of the tumor to trigger a
productive immune response is arguably fundamental to all
effective anti-cancer therapies, including some chemo/radio
therapies and targeted therapies but especially immunother-
apies. While melanoma is widely recognized as an immuno-
genic tumor overall, great variability in immunogenicity is
evident during disease progression and between patients or
even lesions, which may shed light on the effectiveness of
anti-PD-1 therapies [13]. Ultraviolet radiation coupled with
key molecular changes which are the primary drivers in the
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malignant transformation of melanocytes often produces an
exceptionally high rate of somatic mutations [7, 14]. These
mutations which promote tumorigenesis by coordinated dys-
regulation of cellular processes are also central to its immuno-
genicity with the emergence of neoantigens, as well as in-
creased cancer/testis or differentiation antigens [15].
Importantly, immunogenicity is not static; indeed, co-
evolution of the immune system with the tumor initiates be-
fore neoplastic transformation. Immune pressure either elimi-
nates developing tumors or steers them towards an equilibri-
um and ultimately to tumor escape by immune evasion as well
as by direct and indirect subversion of the immune response
itself [16, 17]. The process of immunoediting highlights not
only the dynamic nature of immunogenicity but also provides
insight into the complexity and evolving spatial/temporal in-
terplay between the tumor and immune response, which lies at
the heart of the effectiveness of CPI immunotherapy.

Activated lymphocytes including NK and T cells transient-
ly express PD-1 on their cell surface, which in the melanoma
setting may represent recently engaged tumor-specific T cells.
Significantly, translational analysis of adoptive cellular thera-
py patients has identified that PD-1+ rather than PD-1— CD8+
tumor infiltrating lymphocytes (TIL) conferred superior
oligoclonal expansion of tumor-reactive TCRf3 clonotypes,
suggesting that PD-1 expression may mark a population of
anti-tumor CTL [18]. However, chronic TCR signaling can
lead to sustained PD-1 expression and the triggering of im-
mune adaptation, a physiological reaction to curb an inappro-
priate or autoimmune response that can be usurped by tumor
cells to promote peripheral tolerance. Sustained PD-1 expres-
sion along with increasing co-expression of additional
markers such as CTLA-4, TIM-3, LAG-3, TIGIT, and
VISTA denotes the transition from an activated effector
(Teff) to an exhausted T cell (Tex). In a typical melanoma
setting replete with chronic antigen stimulation, T cells tend
to exist on a continuum that ranges from a state of stemness
towards dysfunction with effector or memory-like states being
key intermediates. Identification and interrogation of these
progressively differentiating T cell subsets are paramount to
appreciating an effective anti-PD-1 therapy [19, 20].

The use of a single or limited set of markers is likely to be
inaccurate in discriminating between transitioning immune
populations as some markers such as PD-1 are shared between
immune subsets. Instead, linked functional characteristics can
more readily delineate these discrete intratumoral states with a
transition from high levels of cytotoxic molecules
(granzymes/perforin) and effector cytokines (Interferons, IL-
2,1L-12, and TNF), a high proliferative capacity and anabolic
metabolism associated with an effector subset to limited or
absent cytotoxic/effector molecules, low proliferative capaci-
ty, and catabolic metabolism associated with dysfunctional or
highly exhausted T cells [21]. Additionally, specific transcrip-
tion factors, gene expression profiles, and epigenetic

@ Springer

signatures yield an even finer picture of these subsets while
providing insight into their respective functions [19]. T-bet, a
transcription factor associated with Th1-biased response, clas-
sically associated with Teff cells also plays a role in Tex cells
[22]. The transcription factors NR4A, EOMES, and TOX all
have been associated with a Tex lineage while TCF1 addition-
ally drives a stem-like progenitor lineage capable of self-re-
newal, while seeding Teff cells and memory T cells (Tmem)
cells [19, 23, 24]. Recent advances in transcriptomic (sSCRNA-
seq) and epigenetic (ATAC-seq) analyses effects of anti-PD-1
blockade have identified gene and epigenetic signatures asso-
ciated with these subsets along with their key regulators [25¢,
26].

Understanding the functional role that these discrete T cell
populations play during PD-1 blockade continues to be a high
priority with the initial focus being on exhausted T cells.
Interestingly, a high frequency of tumor infiltrating CD8+ T
cells expressing PD-1+/CTLA-4+, a subset of exhausted T
cells is highly predictive of anti-PD-1 CPI response in meta-
static melanoma patients [27¢, 28]. Conversely, a low
intratumoral frequency of these Tex cells exhibited a negative
predictive value with single-agent anti-PD1 therapy yet this
low frequency was not associated with poor outcomes in pa-
tients treated with combination anti-CTLA-4 and anti-PD-1,
suggesting a non-redundant mechanism with the combination
CPI [28]. Similarly, circulating peripheral Tex cells (PD-1+/
CTLA-4+ CD8+ T cells) were found to be “reinvigorated”
during anti-PD-1 therapy of melanoma, which was associated
with a positive clinical outcome particularly in patients with a
larger ratio of proliferating Tex cells to tumor burden, defined
as the sum of the long axis of all measurable lesions reported
on the pre-therapy imaging reports [29¢]. While these studies
suggest that tumor-reactive Tex are a major target of PD-1 CPI
with functional roles both in the TME and systemically, a
chronic LCMV model demonstrated that the anti-PD-1 rein-
vigoration is transient, and exhaustion persists shortly after
PD-1 CPI treatment due to a stable epigenetic signature
[25¢,30]. This functional maintenance of exhaustion may ac-
count for the narrow proliferative burst of Tex when on treat-
ment and clarify its relationship with tumor burden; beyond
the clear prognostic consideration, a larger tumor burden can
more easily withstand the effector response associated with a
transient proliferative burst while readily providing chronic
antigenic stimulation in addition to PD-L1 or other inhibitory
immune signals in the TME required to maintain T cell ex-
haustion. The dysfunctional state associated with Tex epige-
netic program, particularly in the Eomes™PD-1™ subset, is
unable to sustain a memory-like response with PD-1 block-
ade, which is critical for effective tumor immunity and re-
mains distinct from naive T cells (Tnaive), Teff, and Tmem
cells [25¢, 26]. The fate of Tex cells underscores that while
exhausted T cells can be useful to predict response and can
certainly contribute to the efficacy of PD-1 blockade when
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tumor burden is low or if PD-1 blockade occurs before
reaching a late dysfunctional state, immune subsets capable
of self-renewal and persistence in the presence of chronic
antigen are likely required for sustained responses.

The necessary role of Teff cells in a productive anti-tumor
immune response has been well documented but the cell types
that maintain this pool of effectors while enabling memory-
like subsets continue to be defined. Expression of the tran-
scription factor TCF-1 in T cells has identified a self-
renewing precursor population critical for response to immu-
notherapy both in preclinical models and in patients with mel-
anoma [31, 32]. In a chronic LCMV model, IL-12 or other
inflammatory mediators could blunt TCF-1 expression via
STAT-4, allowing for the differentiation of KLRGI1+ Teff
[33]. However, TCF-1 in a PD-1-dependent fashion could
suppress TCF-1— T-bet+/KLRG1+ Teff differentiation while
establishing a CD8+ Eomes+ Tex precursor population [24].
The factors underlying the generation, maintenance, or fate
choices of these stem-like TCF-1+ T cells are actively being
investigated. A recent study has revealed that the metabolic
state of the TME, specifically elevated extracellular potassium
which induces a starvation response/autophagy and catabolic
metabolism, promotes stem cell-like TCF-1 expressing T cells
via an epigenetic-dependent stemness-associated program
[21].

Other studies have demonstrated innate immune mecha-
nisms that can also be instrumental in effective CPI therapies.
PD-1 is expressed on natural killer (NK) cells and when en-
gaged with PD-L1 can limit NK cytotoxicity. In tumors with
loss of MHC class 1, rejection was dependent on these innate
effectors which was significantly enhanced with PD-1 block-
ade [34]. Even in models where CD8+ T cells routinely me-
diate tumor regression, PD-1+ NK cells demonstrated a mean-
ingful contribution to anti-PD-1 therapy with notable selection
of PD-L1+ tumor cells [34]. Further, NK cells were shown to
play a significant role in the efficacy of PD-1 blockade in
melanoma by producing the cytokine FLT3L and forming
stable conjugates with CD141+ c¢DC1, resulting in increased
frequencies of the DCs [35]. Similarly, cDC1 subsets were
shown to play an additional key role in the efficacy of PD-1
blockade by producing IL-12, triggering IFN-y secretion from
PD-1+ T cells, which further engaged IL-12 secretion from
DC:s. The resulting IL-12/IFN-y feed-forward loop which ini-
tiated with anti-PD-1 treatment helped further license theses
PD-1+ T cells and enhance PD-1 blockade [36]. A separate
study demonstrated the role of benefit in PD-1 blockade of
PD-1+ on CD103+ DCs that engage and activate intratumoral
T cells via production of CXCL9/CXCL10 [37]. Conversely,
increased oncogenic, 3-catenin signaling in TME leads to
downregulation of CCL4, which blunts the frequency of a
similar subset of DCs, ultimately limiting T cell recruitment
[38, 39]. Beyond NK and DC subsets, PD-1+ tumor-
associated macrophages (TAM) with an M2-like phenotype,

which generally are associated with poor patient outcomes,
can contribute to anti-tumor immunity via tumor phagocytosis
when in the presence of anti-PD-1 in combination with other
therapeutics like anti-CSFR1 or anti-SIRP« blocking antibod-
ies [40, 41].

The mechanisms fundamental to CPI and specifically anti-
PD-1/PD-L1 activity in a varied and often complex tumor
microenvironment (TME) have led to the identification of a
multifactorial process dependent on the interactions of specif-
ic cell types with diverse functions. While this complexity can
pose a challenge to identify the relevant parameter(s) specific
for a given patient or even a specific lesion, many of these
seemingly distinct mechanisms converge on the TME with
specific immune subsets driving a collective immunogenicity
in turn creating a foundation for effective anti-PD-1 therapy.

Biomarkers of Response to CPI
PD-L1 Expression

Following the discovery of PD-1 expression on lymphocytes
[42], the B7 family member, B7-H1, was identified as the
ligand for PD-1 [43]. This protein, called B7-H1, was identi-
fied by Dong et al. based on its similarity to the co-stimulatory
ligands B7-1 and B7-2 on immune cells [44]. Ligation of this
protein in the context of antigen binding on T cells caused IL-
10 secretion. The pattern of expression of B7-H1 in malignant
neoplasms such as melanoma was very interesting. Notably,
B7-H1 was strongly co-localized with tumor infiltrating lym-
phocytes [45¢]. In addition, interferon-y was found at the in-
terface of B7-H1 expressing tumor cells and TILs. In this
same study, B7-H1 (now more commonly referred to as PD-
L1) was also found to be a prognostic marker, predicting ex-
tended survival. When tumor tissue was analyzed in patients
treated with the PD-1 blocking antibody, nivolumab, PD-L1
expression was found to correlate with response [46]. A sim-
ilar observation was made with the PD-L1 antibody,
atezolizumab, in a phase I multiple solid tumor trial [47].
These observations were confirmed with pembrolizumab
[48].

Given the clinical and translational data supporting the use
of PD-L1 as a biomarker for response to PD-1 blockade, many
recent trials have explored this prospectively and retrospec-
tively. In a retrospective analysis of patients treated on the
Keynote 001 trial, tumors from 451 patients (out of 655 pa-
tients treated) were stained with the 22C3 monoclonal anti-
body [48]. Samples were assessed by a quantitative membra-
nous staining called the MEL score which incorporated inten-
sity and frequency of staining on tumor and tumor adjacent
stromal and immune cells. A positive score was anyone with
MEL > 2 (staining in > 1% of cells). Of the 451 patients eval-
uated, 344 (76%) had PD-L1-positive tumors. A higher MEL
score was associated with a higher response rate and longer
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PFS (hazard ratio, 0.76; 95% CI, 0.71 to 0.82) and OS (hazard
ratio, 0.76; 95% CI, 0.69 to 0.83) (P<.001 for each). The
objective response rate was 8% for MEL 0 and ranged up to
57% for MEL 4 showing the dynamic range of this marker. In
a prospective nivolumab vs dacarbazine clinical trial [49],
using the rabbit monoclonal 28-8 antibody, 5% or greater tu-
mor cell staining was considered “positive” [50] with 2 pa-
thologists independently scoring using an automated Dako
stainer. In the PD-L1-positive group, 52.7% had an objective
response to nivolumab versus 33.1% in the PD-L1-negative
group. Other trials in melanoma have consistently shown a
higher response rate and higher PFS (and in some cases a
higher OS) in PD-L1 high patients [6, 51-53]. Some of the
questions that remain with PD-L1 IHC have to do with the
difference between tumor and/or stroma and different mono-
clonal antibodies although recent data has shown that most
widely used PD-L1 monoclonal antibodies are quite consis-
tent, reproducible, and inter-comparable regardless of the spe-
cific methodology used in the hands of trained experienced
pathologists using recent rapidly processed specimens [54].
Also, PD-L1 expression has differing predictive value in ma-
lignancies arising from differing sites. In non-small cell lung
cancer, in the Keynote 001 clinical trial, the response rate of
pembrolizumab varied from 8.1% in the < 1% PD-L1 group to
29.6% in the PD-L1 50-74% group [55]. In Keynote 010,
where chemo-naive patients were randomized to
pembrolizumab at 2 mg/kg or 10 mg/kg (or docetaxel), PD-
L1 staining of 1-49% was associated with a response rate of
10% while >50% PD-L1 had a response rate of 30% (all for
the pembrolizumab cohort). Contrast these findings to
nivolumab in renal cell cancer in the Checkmate 025 study
where PD-L1 expression was not found to significantly pre-
dict benefit from PD-1 blockade (< 1%, OS was 27.4 months
while PD-L1 >1%, OS was 21.8 months). Similar results
were seen in Keynote 427, which examined first line
pembrolizumab in renal cell cancer; no difference in response
rate with PD-L1 expression [56].

Immune Cell Infiltration and “Exhausted” T (Tex) Cells
in the Tumor Microenvironment

Tumor infiltrating lymphocytes (TIL) have been shown to
correlate with prognosis in melanoma (as well as in many
other tumor types) [57-59]. An important study, by Tumeh
et al., showed that CD8+ TIL density in tumor samples was
higher in responding patients than in patients with disease
progression [60¢]. Subsequently, it was demonstrated that
CD8+ cells with dual PD-1/CTLA4 expression, or
“exhausted” CD8+ cells, were predictive of PD-1 monother-
apy response in melanoma [27¢]. Furthermore, lower levels of
“exhausted” CD8+ cells were associated with response to dual
PD-1/CTLA4 inhibitor therapy but were insufficient for
monotherapy PD-1 blockade [28]. Another important study
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by Broz et al. showed that the presence of cDC1 dendritic
cells in melanoma was predictive of response [61¢]. These
findings have been extended by Spranger et al. who showed
that BATF + dendritic cells are characteristic of immune infil-
trated melanoma [62]. More recently, the Krummel group
demonstrated that there are 2 axes in “immunogenic” tumors,
one a NK-cDC1 axis [35] that operates in checkpoint respon-
sive tumors and a CD4-cDC2 axis [63]. Other axes may op-
erate in other tumor types as well.

Recent translational studies have shed light on the biology,
location, and surroundings of Tex cells. Tex have a distinctive
transcriptional profile that is maintained stably via large-scale
epigenetic programming and transcription factors [25¢, 30].
The presence of Tex cells in tumors can predict responses once
tumor burden is factored in [29¢]. Thommen et al. reported
that these cells produce chemokines that attract B cells and
TFH cells that produce tertiary lymphoid structures [64].
More recently, the transcription factor Tox, highly expressed
in exhausted T cells, appears to be critical to maintain their
tissue presence but not the dysfunction associated with them
[65—67]. There remain unanswered questions about precursor
and terminal exhausted T cells and the transitions possible
between these states [68].

Tumor Mutation Burden and MSI

Tumors with high mutation burdens appear to have an in-
creased response rate and better survival in response to PD-1
immunotherapy [69]. In non-small cell lung cancer, a higher
non-synonymous mutation burden was associated with better
PFS, OS, and objective response when treated with anti-PD-1
[70]. While some neoantigens are clonal (shared by multiple
sites), others are present in a more localized fashion (branch).
It has been hypothesized that because of the selection pressure
that neoantigen-directed T cells put on tumor cells, that non-
clonal neoantigen bearing tumor cells could be edited out
while clonal neoantigens persist and can predict for greater
response to PD-1 inhibitors [71]. The use of tumor mutation
burden to select patients for PD-1 therapy has not yielded
consistent results and at present is experimental [72]. These
studies need additional replication to be widely accepted. At
present, it is unclear how tumor mutation burden impacts mel-
anoma although it has been noted that uveal melanoma, which
has a low tumor mutation burden has a low response rate to
PD-1 blockade [73, 74].

Extremely high rates of tumor mutation burden are seen in
patients with mismatch repair deficiency [75]. These tumors
also have a very high response rate to PD-1 immunotherapy
[76, 77] and anti-PD-1 therapy is approved for use in these
patients regardless of primary site. Widespread and continual
mutation resulting from a deficiency in DNA repair is thought
to generate neoantigens which in turn prime T cells [78].
While melanoma is not part of Lynch syndrome and mismatch
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repair deficiency is uncommon in melanoma, desmoplastic
melanoma, which can have a high UV mutagenesis signature,
is also associated with a high response rate to anti-PD-1 ther-
apy [79, 80]. Basal cell cancer of the skin is the most mutated
non-mismatch repair deficient cancer [81]. Squamous cell
cancer of the skin also has a very high mutation burden [82].
Squamous cell cancers respond well to PD-1 blockade, while
response rates for basal call cancers are lower [83, 84]. Merkel
Cell Cancer, an uncommon skin neoplasm, also responds to
PD-1 blockade regardless of polyoma viral status [85] al-
though only the merkel cell polyoma virus negative tumors
have a high mutation burden, presumably due to UV damage
[86]. These data illustrate the complexity of this field and the
continuing research into the impact mutation burden has on
PD-1 response.

Peripheral Blood Biomarkers

There is great interest in identifying peripheral blood bio-
markers associated with favorable response to immunothera-
py in melanoma, as these could be serially collected and offer
significant safety, cost, and convenience advantages.
Peripheral biomarkers could also allow for profiling of the
systemic immune response in a way that tumor biopsies
cannot.

Since basic peripheral blood laboratory variables are col-
lected routinely in standard clinical care, it is possible to study
these variables in large retrospective clinical studies. For ex-
ample, Martens et al. analyzed peripheral blood biomarkers of
209 patients with advanced melanoma on ipilimumab. They
found that a baseline signature of low lactate dehydrogenase
(LDH), absolute monocyte count (AMC), and myeloid-
derived suppressor cells (MDSC), as well as high absolute
eosinophil count (AEC), regulatory T cells, and relative lym-
phocyte count (RLC) were associated with improved out-
comes with ipilimumab therapy [87]. Similarly, Weide et al.
analyzed peripheral blood biomarkers of patients with ad-
vanced melanoma treated with pembrolizumab and found that
high relative eosinophil count (REC), high relative lympho-
cyte count (RLC), low LDH, and absence of metastasis other
than soft-tissue/lung metastases are independent baseline
characteristics associated with favorable overall survival
[88]. Most recently, Rosner et al. evaluated peripheral blood
clinical laboratory variables associated with outcomes follow-
ing combination nivolumab and ipilimumab immunotherapy
in melanoma. They found that significant independent vari-
ables for favorable OS included the following: high relative
eosinophils, high relative basophils, low absolute monocytes,
low LDH, and a low neutrophil-to-lymphocyte ratio [89].
Further work is needed to validate these peripheral blood bio-
markers in randomized controlled clinical trials. Ultimately,
such biomarkers could be a simple and cost-effective way to

define which patients with metastatic melanoma may derive
the most benefit from immunotherapy.

Immunotherapy and the Microbiome

Complex microbial communities, known as the microbiota,
colonize the mammalian host and contribute to the health of
the host [90]. Over the last few decades, there has been in-
creasing evidence to suggest that the bacterial microbiome
plays an important role in carcinogenesis as well as the body’s
response to cancer treatment [91] [92]. While CPI therapy has
revolutionized the treatment of metastatic melanoma, re-
sponse to CPI therapy is variable, with some patients achieve
a robust response while other patients have minimal or no
response. One hypothesis that has emerged recently is that
the gut microbiome may affect response to CPI therapy, and
thus the study of the gut microbiome can yield important clues
about which patients will derive the most benefit from
immunotherapy.

There is evidence in mouse models that modulation of the
gut microbiome may enhance responses to immune check-
point blockade, so several groups have studied whether the
human microbiome affects response to CPI therapy. In a study
by Gopalakrishnan et al., the authors examined the oral and
gut microbiome of 112 melanoma patients undergoing anti-
PD-1 immunotherapy [93]. The authors observed significant
differences in the diversity and composition of the gut, but not
oral, microbiome of patients who responded to PD-1 therapy
versus those patients who did not respond, namely responders
had higher alpha diversity (P <0.01), relative abundance of
bacteria of the Ruminococcaceae family (P<0.01), and
showed significantly higher alpha diversity (P < 0.01) and rel-
ative abundance of bacteria of the Ruminococcaceae family
(P<0.01) in responding patients. In a similar study analyzing
the stool microbiota before and after anti-PD-1 therapy,
Matson et al. showed that patients who responded to anti-
PD-1 therapy had an abundance of certain bacteria, including
Bifidobacterium longum, Collinsella aerofaciens, and
Enterococcus faecium compared with non-responders [94].
One hypothesis is that the increased bacterial diversity in some
patients leads to increased immune cell infiltration. Wargo
et al. performed immune profiling of stool samples from mel-
anoma patients and demonstrated increased tumor immune
infiltrates in responding patients, with a higher density of
CD8+ T cells which correlated with abundance of specific
bacteria enriched in the gut microbiome [95]. Together, these
studies suggest that the commensal microbiome of patients
may have a mechanistic impact on anti-tumor immunity.
Further studies are needed to better understand the precise
mechanisms mediating this effect, and specifically to deter-
mine whether there are ways to modulate the microbiome to
affect response to treatment.
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Aside from the ways in which the gut microbiome affects
response to therapy, another interesting observation is that the
gut microbiome may influence which patients are most at risk
for checkpoint blockade-induced colitis. In a prospective
study of patients with metastatic melanoma undergoing
ipilimumab treatment, authors correlated the pre-
inflammation fecal microbiota and microbiome composition
with subsequent development of colitis [96]. They observed
that patients with a paucity of bacteria involved in polyamine
transport and B vitamin biosynthesis was associated with an
increased risk of colitis, whereas patients with increased rep-
resentation of bacteria in the Bacteroidetes phylum were more
resistant to the development of colitis.

Conclusions

Recently, we have seen a rapid increase in our understanding
of the mechanism of action of CPI. Melanoma has served as a
model system for many functional and analytical studies.
While some of these laboratory advances have translated into
clinical and translational studies, in many instances, the com-
plexity of the immune response to tumor has stymied attempts
to develop markers that accurately and comprehensively pro-
file the immune response to tumor. While it is unlikely that a
single biomarker or a simple combination of biomarkers can
provide the profile we need as clinicians and translational
researchers, rapid advances are underway and we expect some
of these advances to translate into trial and clinical use.
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