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ARTICLE INFO ABSTRACT

Available online 16 February 2024 Melanoma is the most aggressive form of skin cancer, representing approximately 4% of all cutaneous neoplasms
and accounting for up to 80% of deaths. Advanced stages of melanoma involve metastatic processes and are as-
sociated with high mortality and morbidity, mainly due to the rapid dissemination and heterogeneous responses
to current therapies, including immunotherapy. Immune checkpoint inhibitors (ICls) are currently used in the
treatment of metastatic melanoma (MM) and despite being linked to an increase in patient survival, a high per-
centage of them still do not benefit from it. Accordingly, the number of therapeutic regimens for MM patients

Associate editor: F Limana

ﬁé‘;vsgf]; using ICIs either alone or in combination with other therapies has increased, together with the need for reliable
Immune checkpoint inhibitors biomarkers that can both predict and monitor response to ICls.

Immunotherapy response In this context, circulating biomarkers, such as DNA, RNA, proteins, and cells, have emerged due to their ability to
Liquid biopsy reflect disease status. Moreover, blood tests are minimally invasive and provide an attractive option to detect bio-
Circulating biomarkers markers, avoiding stressful medical procedures.

This systematic review aims to evaluate the possibility of a non-invasive biomarker signature that can guide ther-

apeutic decisions. The studies reported here offer valuable insight into how circulating biomarkers can have a role

in personalized treatments for melanoma patients receiving ICIs therapy, emphasizing the need for rigorous clin-

ical trials to confirm findings and establish standardized procedures.

© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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the point that immunotherapy is widely used in cancer therapy
today.

Melanoma is a malignant skin cancer arising from melanocytes.
Once it becomes metastatic, it undergoes rapid systemic dissemination,
resulting in a very poor prognosis. The transformation of melanocytes to
melanoma is primarily driven by oncogenic signaling pathways, trig-
gered by a combination of environmental and genetic factors. Environ-
mental risk factors include UV light exposure, the presence of atypical
nevi, and a family history of melanoma. In clinical practice, melanoma
is classified based on the evolution and progression of the lesion into 4
stages: stage 0 - a pre-invasive lesion confined in the epidermis, stages
I and II - a series of initial phases of local invasion, stage IlI- invasion of
the regional lymph nodes and stage IV - presence of metastases in distal
sites.

Studies on the efficacy of immune checkpoint inhibition (ICI) against
cancer led to the Nobel Prize in 2018 for James Allison and Tasuku
Honjo. ICI stands out as one of the most active and promising ap-
proaches in the treatment of advanced melanoma, contributing to an in-
crease in patient survival (Esfahani et al., 2020; Toor, Sasidharan Nair,
Decock, & Elkord, 2019).

Based on these and many other studies, the Food and Drugs Admin-
istration (FDA) approved in 2011 the first immunotherapy agent,
ipilimumab, for advanced melanoma treatment. In 2014 two other ICls
were approved, namely pembrolizumab and nivolumab, both PD-1 in-
hibitors. In 2016, atezolizumab, a PD-L1 inhibitor, received approval
for the treatment of advanced cancer. More recently in 2022, Opdualag
was approved by the FDA for metastatic melanoma treatment; this is a
combination of nivolumab and relatlimab-rmbw, which is a LAG-3 in-
hibitor (FDA Approves Opdualag for Unresectable or Metastatic
Melanoma, 2022).

Despite recent progress in treatments, advanced melanoma is still
characterized by high mortality. Consequently, there is an urgent need
to identify non-invasive and robust biomarkers useful for distinguishing
patients who will benefit from adjuvant therapy from those who will
not (Balch et al.,, 2009; Gershenwald & Scolyer, 2018).

In this context, blood-based liquid biopsy has garnered increasing
interest due to its non-invasive nature and reliable performance
(Heitzer, Haque, Roberts, & Speicher, 2019). The abundance of detect-
able and quantifiable molecules (DNA, RNA, and proteins) and immune
cells released into the blood circulation, represents a valuable source of
potential biomarkers. These biomarkers hold significant promise for the
prognosis, diagnosis, and prediction of treatment response (Lim, Lee,
Diefenbach, Kefford, & Rizos, 2018). Circulating biomarkers have been
identified in both preclinical and clinical settings, but only a small num-
ber have received FDA approval for use in clinical applications, primarily
to assist in cancer detection. Consequently, the investigation of
blood-based biomarkers could have profound implications for mela-
noma patients undergoing ICIs therapy, with the potential to transform
personalized medicine.

This review offers a systematic overview of blood-based biomarkers
associated with melanoma patients' clinical outcomes when treated
with immune checkpoint inhibitors (ICIs), either alone or in combina-
tion with other therapies, described in the last five years.

2. Study design (Prisma model)

A systematic literature research was conducted on Scopus and Web
Of Science (WOS) database using the following keywords:

“Melanoma AND biomarkers AND immunotherapy AND circulating
AND response”,

“Melanoma AND biomarkers AND immunotherapy AND blood AND
response”.

The last search was performed on 9 September 2023 and the identi-
fied records were 647.

Study selection was performed following the PRISMA workflow,
summarized in Fig. 1 (Page et al., 2021). Duplicate articles were
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removed through the Mendeley software and the timeframe taken
into consideration included manuscripts published from 2019 to 2023.
In the screening phase, book, review, comment, communication,
meta-analysis, non-English manuscripts or not congruent with the
scope of this review were excluded by title or abstract.
Full-text articles, which have been assessed for eligibility, were ex-
cluded following the listed criteria:

- Not congruent: no blood biomarkers, immunotherapy response or
melanoma patients enrolled;

Only in vivo / in vitro studies: no human blood biomarker collection;
Reduced number of subjects: <4 patients;

- Non-ICIs therapy or combined ICIs-immunotherapy.

In accordance with the inclusion criteria, described above, the biblio-
graphic research in screening phase was evaluated by two researchers
independently.

3. ICIs biomarkers of response

Immune checkpoints are key molecules involved in cell regulation of
immune response and could be used by tumor cells to hijack immune
surveillance (Fig. 2).

The response rate observed in advanced melanoma patients treated
with anti-CTLA-4 (ipilimumab) or anti-PD-1 (nivolumab or pembroli-
zumab) monotherapy ranges between 20% and 40% but can reach up
to 60% with combination therapy of anti-CTLA-4 plus anti-PD-1
(Esfahani et al., 2020; Toor et al., 2019).

Unfortunately, not every stage Il and IV melanoma patient that re-
ceives ICIs treatment benefits and clinical response is often associated
with immune-related adverse events (irAEs) (Larkin et al., 2015). In
this context, the possibility of identifying the patients that will benefit
the most with low invasive biomarkers able to guide the therapeutical
choice and monitor the response to treatment is of utmost importance,
and it could lie in blood-based liquid biopsy.

3.1. Routine blood parameters and white blood cell count

Routine blood parameters, such as lactate dehydrogenase (LDH),
white cell blood count, hemoglobin, or cholesterol, could be useful bio-
markers to indicate ICIs therapy response or patient survival improve-
ment (Table 1).

Serum LDH levels are used in clinical practice as they can offer im-
portant insights into the prognosis of the disease. Monitoring serum
LDH levels could help guide treatment decisions and assess intervention
effectiveness due to their association with disease progression. Several
studies have explored the link between LDH levels and response to
ICIs therapy.

Overall, findings indicate that patients with high LDH levels before
and during treatment are less likely to respond favorably to monother-
apy or combined ICIs therapies, leading to a shorter survival rate
(Ascierto et al., 2019; Bai et al., 2021; Burgermeister et al., 2022; Ma,
Shang, Shanshan, Wang, & Cao, 2022; Pickering et al., 2023; Rogala
etal., 2022).

Studies also investigated LDHB, an LDH isoform that was found to be
elevated during treatment. LDHB was associated with disease progres-
sion and negatively correlated with progression-free survival (PFS)
(Babacic, Lehtio, De Coafia, Pernemalm, & Eriksson, 2020; Karlsson
etal, 2021).

White cell blood count (WBC) and WBC ratios are important predic-
tive factors of ICIs response and survival regardless of ICIs treatment.
They were reported to be useful to individuate an infection status, in-
flammation, or autoimmune immunity response.

High baseline platelets-to-lymphocytes ratio (PLR), neutrophils-to-
lymphocytes ratio (NLR or derivate NLR), monocyte-to-lymphocytes
ratio (MLR), and neutrophil-to-eosinophil ratio (NER) were associated
with poor prognosis and survival in patients treated with anti-PD-1,
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Fig. 1. Study selection process using PRISMA flow diagram. From the initially identified studies (n = 647) the duplicates were removed and then records were screened by title, abstract

and full text leading to inclusion of 104 studies (Page et al., 2021).

anti-PD-L1 therapy and/or anti-CTLA-4 (Afzal, Sarwar, & Shirai, 2019;
Bai et al.,, 2021; Bilen et al., 2019; Criscitiello et al., 2020; Guida et al.,
2022; Ma et al., 2022; Varayathu et al., 2020).

Similarly, low levels of erythrocytes and lymphocytes were associ-
ated with shorter survival and disease progression (Indini et al., 2019;
Kudura, Nussbaumer, Foerster, & Basler, 2022).

These parameters (LHD, NLR, PLR, or eosinophil counts) were also
reported as prognostic biomarkers in more heterogeneous cohorts
that included other advanced cancers as well as uveal melanoma pa-
tients.

These findings suggest a possibility of a common relapse mechanism
underlying ICIs therapy (Criscitiello et al., 2020; Kartolo et al., 2020;
Krishnan, Tomita, & Roberts-Thomson, 2020; Valero et al, 2021;
Waninger et al., 2022).

Markers of cell activity detected in blood samples can also be infor-
mative for patient response to therapy. Baseline serum levels of eosino-
phil activity marker, eosinophil peroxidase (EPX), and high level of
eosinophil cationic protein (ECP) were associated respectively with lon-
ger PFS and response to ICIs therapy (Ammann et al,, 2022; Wendlinger
etal., 2022).

Among routine blood parameters, hypercholesterolemia, a condition
characterized by chronic inflammation, was associated with better out-
comes in ICIs-treated cancer patients (Perrone et al., 2020).

These routinely tested laboratory markers could be used to build to-
gether with other variables (i.e. tumor mutational burden (TMB), num-
ber of metastases, and thyroid function) a significant predictive model
for ICIs therapy response (Silva et al,, 2022; Bai et al., 2021; Zhao et al,,
2022).

A recent study used a machine learning model to predict ICIs
response in a large cohort of advanced cancer patients, including
melanoma.

Among the features that contributed most to the model, the follow-
ing were reported: TMB, NLR, age, hemoglobin, platelets, and fraction of
copy number alteration (Chowell et al., 2022).

3.2. Peripheral blood mononuclear cells (PBMC)

Emerging evidence suggests that blood cell composition can be
evocative of a responsive environment and thus crucial for the identifi-
cation of therapy response possibilities. Some cell subsets have been
studied deeply for this purpose, such as T cells, B cells, myeloid-
derived suppressive cells (MDSCs), and Natural Killer (NK) (Table 2).

3.2.1.CD8™ Tcells

CD8™ T cells, cytotoxic T cells, are a type of white blood cells with an
effector role in eliminating malignant but also damaged or infected cells.
These cells activated by antigens, express on their surface a specific
T-cell receptor (TCR) that is involved in antigen identification.

It has been shown that patients who benefit from anti-PD1 therapy
are characterized by an increased CD8" T cell density and a higher
TCR diversity (Andrews et al., 2021). CD8™" T cell proliferation and in-
crease of CD8™ effector memory (CD8CD45RA~CD45ROTCCR7 ™) in
ICIs responders can be found before but also after treatment, while
CD287" CD8™ T cells increase only after treatment. In contrast, non-
responder patients at the baseline are characterized by a decrease of
CD28, an increase of inhibitory receptor-expressing cells (2B4 and
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Fig. 2. Overview of the ICls therapy mechanism. Reprinted from “Blockade of CTLA-4 or PD-1 Signaling in Tumor Immunotherapy”, by BioRender.com (2023). Created with BioRender.com.
Retrieved from https://app.biorender.com/biorender-templates

Table 1
List of routine blood parameters and WBC biomarkers of response to therapy.

Circulating  Source Treatment Method Expression Prognosis Cohort References

biomarker Level

LDH Plasma/Serum ICIs Blood High Poor Melanoma (Bai et al., 2021), (Rogala et al., 2022), (Ma et al., 2022), (Burgermeister et al.,
(mono / test and other 2022), (Pickering et al., 2023), (Ascierto et al., 2019)
combi) cancers

LDHB Plasma ICIs Blood High Poor Advanced (Babacic et al., 2020), (Karlsson et al., 2021)

(mono / test melanoma
combi)

NLR/dNRL Plasma/Serum ICIs Blood High Poor Melanoma (Babacic et al., 2020), (Ma et al., 2022), (Bai et al., 2021), (Varayathu et al., 2021),
(mono / test and other (Kudura et al., 2022), (Silva et al., 2022), (Kartolo et al., 2020), (Criscitiello et al.,
combi) cancers 2020), (Waninger et al., 2022), (Bilen et al., 2019), (Guida et al., 2022), (Valero

etal,, 2021)

PLR Serum ICIs Blood High Poor Melanoma (Ma et al., 2022), (Varayathu et al., 2021), (Kartolo et al., 2020), (Guida et al.,
(mono/  test and other 2022), (Bilen et al., 2019)
combi) cancers

MLR Blood ICIs Blood High Poor Melanoma (Bilen et al., 2019)

(mono/  test and other
combi) cancers
NER Serum Anti-PD-1 Blood  High Poor Melanoma (Varayathu et al., 2021)
test and other
cancers
Erythrocyte PB ICIs Blood  Low Poor Advanced (Kudura et al., 2022)
(mono / test melanoma
combi)

Lymphocyte PB ICIs Blood  High/Low Good/ Advanced (Indini et al., 2019), (Kudura et al., 2022)

count (mono / test Poor melanoma
combi)

EPX, ECP Serum ICIs Elisa High Good Advanced (Ammann et al., 2022), (Wendlinger et al., 2022)
(mono / melanoma
combi)

Cholesterol ~ Plasma ICls Blood  High Good Melanoma (Perrone et al., 2020)

(mono / test and other
combi) cancers

Lactate Dehydrogenase (LDH), Neutrophils-to-Lymphocytes Ratio (NLR), derivate NLR (dNLR), Platelets-to-Lymphocytes Ratio (PLR), Monocyte-to-Lymphocytes Ratio (MLR), Neutrophil-
to-Eosinophil Ratio (NER), Eosinophil Peroxidase (EPX), Eosinophil Cationic Protein (ECP), Peripheral Blood (PB), Immuno-Checkpoint Inhibitors (ICIs), Monotherapy (Mono), Combined
therapy (Combi).
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Table 2
List of PBMC biomarkers of response to therapy.
Circulating biomarker Source Treatment  Method Expression Prognosis Cohort References
level
CD8™ T cells (CD28™, effector B ICIs (mono / FC High Good Advanced (Andrews et al., 2021), (Edner et al., 2023), (Reschke
memory) combi) g Melanoma etal, 2021), (Salih et al., 2022)
CD8™" T cells (CD28 -, 2B4™, PB ICIs (mono / FC and scRNA Hich Poor Advanced (Andrews et al., 2021), (Edner et al., 2023), (Li et al.,
KLRG1*, OXPHOS,) combi) seq g Melanoma  2021)
Melanoma
CD8* naive T cells PB Icls (mono / FCand scRNA Low Good and other (Kasanen et al., 2020), (Khojandi et al., 2023),
combi) seq
cancers
TCR seq and Melanoma L .
TCR diversity PB Anti-PD-1 multiplex PCR High Good and other gl(()t]]gj)andl etal, 2023), (Salih et al,, 2022), (Hogan et l.
assay cancers
Melanoma
TCR convergence PB ICls (m"“o / TCR seq and High Good and other (Pan & Li, 2022)
combi) SCRNA seq
cancers
Anti-PD-1 FC, Mass Melanoma (Clouthier et al., 2019), (Friedman et al., 2022), (Pirozyan
+ + DR+
CDC‘]lngh?g;S (CD397, HLA-DR™, PB and Cytometry High Good and other et al,, 2020), (Strippoli et al., 2021), (Galati et al., 2023),
Anti-CTLA-4 (CyTOF) cancers (Edner et al., 2023)
CD4 * T Treg (CTLA4™, ICOS™ ICls (mono / . Advanced
CXCR3™) PB combi) FC High Poor Melanoma (Edner et al., 2023), (Krebs et al., 2021)
FC, scRNA seq, . .
CD14* monocyte (S100A9 +)  PB Anti-PD-1 Mass Cytometry  High Poor Advanced (Pour et al., 2021), (Valpione et al., 2022), (Pirozyan et al.,
Melanoma 2020)
(CyTOF)
FC. Mass Melanoma
CXCR3™ T cells PB Anti-PD-1 ’ High Poor and HNSCC ~ (Han et al., 2019)
Spectrometry
tumors
FC, Mass
NKT cells PB ICls (mono / Cytometry High Good Advanced (Strippoli et al., 2021), (Kasanen et al., 2020)
combi) Melanoma
(CyTOF)
NK cells (CD45RO™, CD25°, PB ICls (mono / Ecvtclen::: High /Low G004/ ~ Advanced (Pirozyan et al., 2020), (Kasanen et al., 2020)
CD56%™ CD16"DNAM-1+) combi) (gyTOF) v g Poor Melanoma ¥ N ’ N
_ _ ICIs (mono / Advanced . .
CD47/CD8~ (DNT) T cells PB combi) FC Low Good Melanoma (Strippoli et al., 2021)
TNFa and IL-6 producing PB ICIs (mono / FC High Good Advanced (Jonge et al., 2021)
peripheral B cells combi) Melanoma
ICIs (mono / . Advanced .
IgG Serum combi) FC High Good Melanoma (Diem et al., 2019)
MDSCs cells PB ICIs (mono / FC High /Low Poor / Advanced (Petrova et al., 2023), (Gondois-rey et al., 2021), (Krebs
(polymorphonuclear (PMN), combi) Good Melanoma etal, 2021), (GaiRler et al., 2023)

arg 17 PMN and monocytic

(M))

T-cell receptor (TCR), Natural killer (NK) cells, Double Negative T cells (DNT), Myeloid-derived suppressive cells (MDSCs), Peripheral Blood (PB), Immuno-Checkpoint Inhibitors (ICIs),
Monotherapy (Mono), Combined therapy (Combi), Single Cell RNA Sequencing (scRNA seq), Flow Cytometry (FC), Ultracentrifugation (UltraC).

KLRG1), and after therapy by an increase of CTLA-4™ Treg (Edner et al.,
2023; Reschke et al., 2021).

A specific population of CD8™ T cells with high levels of oxidative
phosphorylation (OXPHOS), CD38/CD39 ectonucleotidases, cytotoxic
and exhaustion markers correlated with ICIs resistance and along with
the transcriptomic information could predict therapy response (Li
etal, 2021).

A deep analysis of CD8™ T cells transcriptome and TCR revealed a
loss of transcripts associated with a naive phenotype in treatment re-
sponders and patients with better PFS, and the expansion of most rare
and diverse cytotoxic CD8™ T cell clones (Khojandi et al., 2023).

Immune activation induced by ICIs could be affected by age and this
can have an impact on the response to treatment. It was suggested that
older age may contribute to the presence of a clinical benefit. In elderly
melanoma patients, before anti-PD-1 treatment, low levels of naive
CD8™ T cells, an immune aging hallmark, and elevated serum levels of
MCP-4 and OPG were associated with prolonged PFS (Kasanen et al.,
2020). Additionally, old age responder patients were characterized by
an increase in TCR clonality rearrangement, while younger responders
(< 70 years) by an increase in TCR diversity (Salih et al., 2022). How-
ever, a previous work described differences in TCR repertoire related
to different ICIs therapeutical approaches. Low clonality and high TCR
diversity at the baseline have been reported to be associated with a fa-
vorable response and extended progression-free survival in anti-PD-1
therapy. Conversely, in the context of anti-CTLA-4 treatment, low

clonality, and high TCR diversity have been linked to an unfavorable
prognosis (Hogan et al., 2019). ICIs responders presented a higher
level of TCR convergence with identical amino acids but different DNA
sequences and this condition was significantly associated with OS and
PFS. Convergent TCRs were more prevalent in CD8™ T cells and enriched
with antigen-experienced receptors, suggesting that convergence could
be a mechanism to ensure the expansion of the antigen-specific T cells
(Pan & Li, 2022).

3.22.CD4™" Tcell

Among the key players that finely regulate immune processes and
thus could be involved in therapy response, CD4™" T cells are well
known for their ability to help B cells and CD8™ T cells. An increase of
CD4* T cells and CD39" CD4™ T cells were associated with clinical ben-
efit for patients treated with anti-CTLA-4 and anti-PD-1 monotherapy
(Clouthier et al., 2019; Edner et al., 2023; Friedman et al., 2022;
Pirozyan et al., 2020). A high percentage at the baseline of CD4"CD26-
high T cells were associated with anti-PD1 clinical benefit (Galati et al.,
2023). In another study, CD4™ T helper response to anti-TERT was
most frequently detected before therapy in responders and was linked
to improved PFS (Nardin et al., 2022). Anti-PD-1 treated melanoma pa-
tients with a high frequency of monocytes, in particular the
S100A9 + subset, and low CD4™ T cell/monocyte ratios were linked
with poor response to therapy. Before treatment, a CD14* monocyte
subpopulation expressing more HLA-I and HLA-II antigens, genes
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involved in the adaptative immune response, inflammatory cytokine
production, chemotaxis, and NF-kB regulation could be predictive of re-
sponse (Pirozyan et al., 2020; Pour et al., 2021; Valpione et al., 2022).
Following combined ICIs or anti-PD-1 therapy patients with poor re-
sponse were characterized by an increase in proliferating CD4 * T
Treg cells (CD257CD127 Foxp3*tCTLA-41). Moreover, an increased
CXCR3 ™, inducible T cell co-stimulator (ICOS), and CTLA-4 levels on
Treg correlated with short OS (Carbone et al., 2022; Edner et al., 2023;
Krebs et al., 2021). CXCR3™ T cells (CD4" and CD8 * T cell) were
found to be high in a percentage of patients with disease progression
after anti-PD-1 treatment. Blockage of CXCR3 on mice in vivo experi-
ments could facilitate tumor growth. It was proposed that CXCR3 ™
cells can migrate into the tumor to activate IFN-y signaling, which in
turn increases CXCL9 and CXCL10 expressions, recruiting T cells into
the tumor and inhibiting tumor growth (Han et al., 2019).

3.2.3. Natural killer cells

Natural killer (NK) cells are innate lymphoid cells involved in im-
mune surveillance with a cytotoxic effect, characterized by the expres-
sion of CD56 and the lack of CD3 protein on their surface. Higher
(bright) and lower CD56 (dim) density expression is associated with
distinct immunoregulatory roles. In general, an increase of CD3*~
CD56NK T cells (NKT), CD56" NK, and CD4 " T along with a decrease
in CD4™~/CD8™ double-negative T cells (DNTs) were observed in ICls re-
sponder patients (Pirozyan et al., 2020; Strippoli et al., 2021). During
anti-PD-1 treatment, a significant increase of CD3"#"CD56" NKT cells
together with increased expression of CD45R0 and CD25 on CD56%™
NK cells was observed only in responder patients (Kasanen et al.,
2020). In addition, the presence of CD564™CD16~ DNAM-1~ NK cells
was associated with disease progression, while CD56%™CD16*DNAM-
17 cells were associated with stable disease (Rethacker et al., 2021).

An ongoing clinical research study, involving approximately 200
participants, is investigating circulating lymphoid cells, particularly NK
cells, before and during immunotherapy. The aim is to identify early
and late indicators of both favorable response and resistance.

Given its substantial number of participants, the research has the po-
tential to shed light on the role of lymphoid cells as biomarkers for
responding to ICIs therapy (ClinicalTrials.gov ID NCT05062096).

3.2.4. B cells

The abundance of B cell clonotype as well as immunoglobulin ex-
pression could help identify responses to ICls and B cells could contrib-
ute to anti-tumor immunity interacting with APC through MHC
molecules. Jonge, K. De et al. investigated the role of B cells in promoting
an inflammatory microenvironment in melanoma patients treated with
ipilimumab and found a negative correlation between TNFa and IL-6-
producing peripheral B cells with ICIs response (Jonge et al., 2021).
High levels of serum immunoglobulin IgG (total and subclass) were as-
sociated with prolonged PFS (Diem et al., 2019).

3.2.5. Myeloid cells

Myeloid-derived suppressive cells (MDSCs) are also involved in ICIs
therapy response and increased frequencies before and after therapy
were associated with non-responder melanoma patients. Moreover,
an absence of MDSCs was observed in melanoma patients without visi-
ble metastasis. In melanoma patients who did not benefit from therapy,
there was a tendency at the baseline toward the accumulation of poly-
morphonuclear (PMN)- MDSCs, and monocytic (M)- MDSCs, both
exerting a strong inhibition in T cell proliferation. Moreover, a correla-
tion between increasing levels of IL-6, IL-8, TNFa, and PMN-MDSCs accu-
mulation was found in metastatic patients (Petrova et al., 2023).
Differences in the maturation status of PMN-MDSCs were also reported
to be predictive of response to ICIs therapy. Patients who did not benefit
from ICIs therapy presented at baseline higher frequencies of the ma-
ture subset PMN-MDCs while responders were characterized by imma-
ture PBMC-MDCs subset. Moreover, high PMN-MDC levels (arginase
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1%) and M-MDSCs were found to be associated with poor OS and PFS.
Patient stratification based on M-MDSCs (high and low) levels revealed
differences in all immune cell populations and importantly high M-
MDSCs frequencies and LDH levels were independent prognostic bio-
markers (Gailer et al., 2023; Gondois-rey et al., 2021; Krebs et al.,
2021).

3.3. ICl-expressing cells and circulating tumor cells

Recent studies have reported changes in the composition of inhibi-
tory receptor-expressing cells during ICIs treatment, linked to response
to treatment. However, the role of PD-1 on T cell surface as a predictive
biomarker for ICIs therapy remains unclear due to conflicting results
(Table 3).

Low baseline percentage of PD-11 CD73% CD8™ T cells and low
PD-1" CD3 * DNT cells were observed respectively in melanoma and
heterogeneous cancer cohort that benefit from anti-PD-1 therapy
(Bornschlegl et al,, 2021; Capone et al., 2020).

Other researchers have reported a rise in PD-1 expression on CD8+
T cells among patients who responded to combined or ICIs monother-
apy at the start of treatment, but not during. Additionally, these patients
displayed heightened cell reactivity following ex vivo stimulation of the
T cell receptor (Reschke et al., 2021). Moreover, a high score of “PD-1%
CDS8™ T cells x HLA-DRTCD4™" T cells x Treg” was shown to significantly
correlate with ICIs response and long PFS in a cohort of different tumors,
including melanoma patients (Mispelbaum, Hattenhauer, Held,
Brossart, & Heine, 2022).

With decreased PD-1" CD3" CD8™" T cells in anti-PD-1 treated pa-
tients, high levels of LAG-3" on CD8* or CD4™ T cells were associated
with poor PFS in both anti-PD-1 mono or combined therapy
(Machiraju et al., 2021; Shen et al., 2021). In a large cohort of cancer pa-
tients treated with anti-PD-1, CD8* T cells, especially K67'°" cells, ex-
pressing intracellular but not surface LAG-3 were associated with poor
prognosis and decreased cell function. Non-responder patients
displayed activation of IL-6, STAT3, intracellular LAG-3 pathway, and T
cell dysfunctions (Somasundaram et al., 2022). The expression of PD-
1/PDL-1 was also detected in blood extracellular vesicles as an indicator
of ICIs response. PDL-1" Extracellular vesicles (EVs) from melanoma
cells and CD8™ T cells were lower in responder to combined ICls therapy
patients and described to present immunosuppressive properties. Fur-
thermore, PD-1" EVs were more abundant in non-responder patients
and associated with poor prognosis (Cordonnier et al., 2020; Serrati
etal., 2022). An ongoing clinical trial will investigate whether exosomal
mRNA expression of PD-L1 and IFN-y can predict the response to treat-
ment with PD-1 and CTLA-4 inhibitors in a large cohort of approxi-
mately 150 patients (ClinicalTrials.gov ID NCT05878977). The total
number of circulating tumor cells (CTCs) did not differ between re-
sponder and non-responder patients treated with ICIs, but it was re-
ported that PDL-1" CTCs were higher in responders at the baseline
and decreased after treatment. Moreover, PDL-1" CTCs were also asso-
ciated with better PFS (Khattak et al., 2020). Immunotherapy-resistant
melanoma patients expressed high levels of nuclear lysine-specific
demethylase 1 phosphorylated at serine 111 (nLSD1p) in mesenchymal
CTCs and in PD-1" CD8™ T cells. The role of LSD1 as an epigenetic en-
zyme can be crucial for CTCs dissemination and T cell dysfunctions. In-
deed, LSD1 phosphorylation is associated with the co-expression of
stem-like mesenchymal genes and regulates exhaustion transcription
factor EOMES with a demethylation/acetylation switch (Tu et al., 2020).

3.4. Circulating molecules

3.4.1. Circulating free nucleic acids

A recent study introduced a novel Multicancer Early Detection
(MCED) blood test, approved by the FDA in September 2023, that can
detect various types of cancer at an early stage. By examining circulating
tumor DNA (ctDNA) methylation patterns, this test can identify up to 50
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Table 3
List of ICIs-expressing cells biomarkers of response to therapy.
Circulating biomarker  Source Treatment Method Expression Level Prognosis Cohort References
PD-1" CD73" CDS* T PB Anti-PD-1 FC Low Good Advanced (Capone et al., 2020)
cells Melanoma
PD-1" CD3" DNT cell  PB Anti-PD-1 FC Low Good Melanoma and (Bornschlegl et al., 2021)
other cancers
PD-1" (CD3") CD8* T PB ICIs (mono/ FC High / Low Good / Melanoma and (Reschke et al., 2021), (Machiraju et al., 2021),
cells combi) Poor other cancers (Mispelbaum et al., 2022)
LAG3" CD8*/CD4* T PB ICIs (mono /  FC High Poor Advanced (Shen et al., 2021), (Machiraju et al., 2021)
cells combi) Melanoma
CDS™ T cells PB Anti-PD-1 FC, scRNA  High Poor Melanoma and (Somasundaram et al., 2022)
expressing IC-LAG-3 seq other cancers
PDL-1 © EV PBMC, ICIs (mono /  UltraC, FC, Low /High Good / Advanced (Serrati et al., 2022), (Cordonnier et al., 2020)
Plasma combi) ELISA Poor Melanoma
PD-1 EV PBMC ICIs (mono / UltraC, FC  High Poor Advanced (Serrati et al., 2022)
combi) Melanoma
PDL-1" CTCs PB Anti-PD-1 FC High at baseline and Good Advanced (Khattak, Reid, et al., 2020)
decrease at follow-up Melanoma
nLSD1p in CTCs and PB ICIs (mono/ CD45 High Poor Advanced (Tu etal.,, 2020)
PD-1" CD8* T combi) depletion Melanoma

Double Negative T cells (DNT), Peripheral Blood Mononuclear Cells (PBMC), Peripheral Blood (PB), circulating tumor cells (CTCs), Immuno-Checkpoint Inhibitors (ICIs), Monotherapy

(Mono), Combined therapy (Combi), Flow Cytometry (FC), Ultracentrifugation (UltraC).

types of cancer, including skin melanoma. Furthermore, it may facilitate
the identification of the source of cancer and enhance both early detec-
tion and patient outcomes. Such methods detecting circulating nucleic
acids show high potential in directing treatment and tracking disease
advancement in individuals with cancer (Schrag et al., 2023). Recently
a predictive model for PDL-1 inhibitor therapy was proposed based on
the differences that occur in 3D genome architecture in T cell-related
loci and their relationship to clinical response. The research group de-
scribed 8 blood-based biomarkers using a 3D genomic approach to
identify cancer patients, including melanoma, that are likely to benefit
from anti-PDL-1 monotherapy (Hunter et al., 2023). Droplet digital
PCR (ddPCR) is a useful technology that allows molecule quantification,
including residual mutated BRAF and NRAS after ICIs treated patients.
With this technology increased circulating tumor DNA (ctDNA) was ob-
served in melanoma patients who presented disease progression
(Keller et al., 2019).

Detectable ctDNA levels in patients who stopped anti-PD-1 therapy
were reported to be highly predictive of recurrence risk, while unde-
tectable ctDNA levels were associated with a low risk of relapse and re-
sponse. The tumor mutational burden detected by liquid biopsy in
patients treated with ICls therapy was significantly decreased or unde-
tectable in responder compared to non-responder patients and was
also associated with longer PFS (Forschner et al.,, 2019; Warburton
et al., 2020). Low copy number mutations were reported in the plasma
of responder patients treated with anti-PD-1 and in particular BRAF
V600 E/K and NRAS Q61/G12/G13.

The majority of patients with complete or partial response present
undetectable ctDNA levels. Undetectable ctDNA or early decline of
ctDNA levels were also associated with long PFS and OS in melanoma
patients (Awada et al,, 2021; Seremet et al., 2019).

Germline variants (single nucleotide polymorphisms - SNPs) have
also been investigated for their usefulness as biomarkers. Variants in
ILITRL1 could have an impact on ICIs therapy response, the rs4988956
variant was found to be enriched in responder patients with specific ge-
notype A/A and A/R compared to R/R (Montaudié et al., 2021).

SNPs in the PD-1 gene were related to response in melanoma pa-
tients treated with PD-1 inhibitors. Patients with the PD1.3 variant
and the G/G genotype were more responsive than patients with the
A/G genotype and the G/G genotype was associated with longer PFS
compared to the AG allele (Parakh et al., 2021). In melanoma patients
receiving either a combination of ICIs or monotherapy cell-free mRNA
was evaluated for its prognostic value.

Several mRNAs related to immune activation were identified to be
highly expressed in responders: BCL2L1, CXCL9, IDO1, IL13, MIF, CCL4,

CCL5, CCR2, MYDS88, TLR4, MYC, TGFB1, HLA—B, HLA—C, IRF1 com-
pared to non-responders. Moreover increased BCL2L1, CCL4, CCL5,
CXCL9, GZMB, and TNFSF10 gene levels at follow-up compared to base-
line were reported (Ita et al., 2021).

Circulating non-coding RNAs, such as microRNAs are ideal candi-
date biomarkers due to their sensitivity and specificity. Recently,
microRNAs were evaluated in a cohort of melanoma stage III-IV un-
dergoing ICIs therapy and it was reported that their expression
changed significantly during therapy and was related to response
to treatment.

MiR-4649-3p, miR-1234-3p, and miR-615-3p expression levels
significantly decreased after treatment in stage IV patients with
complete response. Evaluating microRNA expression levels from
stage Il and stage IV melanoma patients, miR-1273e, miR-584-5p,
and miR-1290 were increased in non-responders (Bustos et al.,
2020). In a different study stable disease and responders treated
with anti-PD-1 presented an increase in miR-16, miR-19b, and
miR-25 expression levels after one month of treatment (Carbone
etal., 2022). Findings on these circulating free nucleic acids reported
in this paragraph are listed in Table 4.

3.4.2. Circulating proteins

Proteomic analysis revealed differences between responder and
non-responder melanoma patients to ICls therapy (Table 5). In particu-
lar, regarding metabolic proteins responders were characterized by a
higher respiratory capacity reserve and an elevated basal glycolytic ac-
tivity. Moreover, in responders was found the LDHC upregulation and
the glucose transporter (Glut-14) was reported as the most significant
upregulated gene on the T cell surface (Triozzi et al., 2022). Liquid
Chromatography-Mass Spectrometry (LC-MS) combined with artificial
intelligence delineated a glycoproteomic signature able to stratify ICls
treated patients about to the likelihood of benefit and fucosylation
was a critical parameter (Pickering et al., 2023). Serum VEGF levels
were significantly higher in non-responder patients before treatment
with anti-CTLA-4 but they were not predictive of response in anti-PD-
1 therapy or ICIs therapy combination (Khattak et al., 2020). In a larger
cohort including non-small-cell lung cancers (NSCLC) high kinase activ-
ity of VEGF, STAT3, ERBB, and EGF signaling pathways were associated
with response to anti-PD-1 therapy while PTEN activation was associ-
ated with resistance (Hurkmans et al., 2020). Low levels of hepatocyte
growth factor (HGF) were associated with response, while high levels
of leukemia inhibitory factor (LIF) with poor outcomes in anti-PD-1/
PDL-1 treated patients and correlated negatively with the presence of
tertiary lymphoid structures (Kubo et al., 2019; Loriot et al., 2021).
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Table 4
List of circulating nucleic acid biomarkers of response to therapy.
Circulating biomarker Source Treatment Method Expression Prognosis Cohort References
level
. Melanoma
Eight 3D genomic biomarkers Whole Anti-PDL-1 EpiSwitch® Detected Good and other (Hunter et al., 2023)
Blood protocols
cancers
(Keller et al., 2019), (Warburton et al., 2020),
ctDNA Plasma ICls (mp no  ddPCR, NGs, High / Low Poor / Advanced (Forschner et al., 2019), (Awada et al., 2021),
/ combi) Idylla Good Melanoma
(Seremet et al., 2019)
Whole ICIs (mono WES, Advanced
SNPs IL1RL1 (rs4988956) . Sanger seq, Detected Good (Montaudié et al., 2021)
Blood /combi) Melanoma
qPCR
Anti-PD-1 Advanced
SNPs PD1.3 (rs11568821, G > A) Plasma and PCR Detected Good (Parakh et al., 2021)
. Melanoma
Anti-PDL-1
BCL2L1, CXCL9, IDO1, IL13, MIF, CCL4, CCL5, ICIs (mono Advanced
CCR2, MYD88, TLR4, MYC, TGFB1, HLA-B,  Plasma / combi) qPCR High Good Melanoma (Itaetal., 2021)
HLA—C, IRF1 (Stage IV)
. . Advanced
MiR-4649-3p, MiR-1234-3p, and Plasma \C1S (Moo - Low Good Melanoma (Bustos et al., 2020)
MiR-615-3p / combi)
(Stage IV)
Advanced
. . . ICIs (mono .
MiR-1273e, MiR-584-5p, and MiR-1291 Plasma . NGS High Poor Melanoma (Bustos et al., 2020)
/ combi)
(Stage I1I-1V)
MiR-19b, MiR-16 and MiR-25 Plasma Anti-PD-1  qPCR High Good ~ Advanced (Carbone et al., 2022)
Melanoma

Circulating tumor DNA (ctDNA), Single nucleotide polymorphism (SNPs), Immuno-Checkpoint Inhibitors (ICIs), Monotherapy (Mono), Combined therapy (Combi), Polymerase chain re-
action (PCR), Droplet digital PCR (ddPCR), Quantitative PCR (qPCR), Whole exome sequencing (WES), Next generation sequencing (NGS).

Collagen-rich peritumoral stroma characterizes immune excluded tu-
mors and could interfere with CD8+ T cell activity. Stroma components
and extracellular matrix (collagen III and vimentin turnover) were
proposed as blood-based biomarkers for ICIs therapy response. High
baseline levels of collagen III pro-peptide (PRO—C3) and crosslinked
pro-peptide (PC3X) were associated with worse PFS while an increase
of MMP- degraded type Il (C3M), citrullinated, MMP- degraded
vimentin (VICM) and decrease of PRO-C3 were related to better OS
(Hurkmans et al., 2020). High baseline levels of granzyme B-mediated
degradation of type IV collagen (C4G) and low PRO-C3 characterized
patients responding to anti-CTLA-4 therapy (Jensen et al,, 2020). High-
resolution isoelectric focusing (HiRIEF) LC-MS/MS was used to evaluate
plasma proteins in patients treated with anti-PD-1 and 31 plasma pro-
teins were reported as differentially expressed between responder
and non-responder patients. SPDL-1, sPD-1, IL-6, IL-10, acute phase in-
flammation, cell adhesion protein, neutrophil degranulation, and T cell
response proteins were among the plasma proteins associated with re-
sponse to therapy (Babacic et al., 2020). Low apolipoproteins and high
inflammation markers (including LDHB) were related to ICIs therapy re-
sistance and poor PFS (Karlsson et al., 2021). A proteomic test, BDX008,
combining acute phase response, wound healing, and complement acti-
vation has been reported to stratify metastatic melanoma patients that
will benefit from anti-PD-1 therapy. BDX008 " patients were reported
to present better OS and a positive trend for PFS compared to
BDX008™. The efficacy of this biomarker was observed especially in
BRAF wild type and low NLR subgroup (Ascierto et al., 2019). Coagula-
tion parameters such as von Willebrand factor (vVWF), D-dimers, and
ADAMTS13 activity have been associated with clinical response to im-
munotherapy in melanoma-treated patients. Low baseline levels of
VWEF antigen were higher in responder patients and correlated with
good OS, while vVWF antigen increased levels were observed in patients
with disease progression (Stadler et al., 2023). The early disappearance
of tumor-associated antigen (TAA) reactive T cell either NY-ESO-1 or
Melan-A was associated with better PFS and OS in anti-PD-1 treated pa-
tients (Bochem et al., 2021). Soluble urokinase plasminogen activator
receptor (suPAR), a marker of immune activation, was associated with
good response and better OS when detected before and after therapy
at low levels in serum samples of ICIs treated patients (Loosen et al.,
2021).

3.4.3. Cytokines and chemokines

Effector molecules may also provide insight into the mechanisms
underlying resistance to immune checkpoint inhibitors, which are
often associated with the development of immune-related adverse
events (irAEs). Elevated levels of CXCL9, CXCL10, and CXCL11 along
with high baseline expression levels of CXCL5 and CD25 were found in
responder patients to anti-PD-1 treatment (Carbone et al., 2022;
Fujimura et al., 2019; Kasanen et al., 2020). CXCL9/CXCL10/CXCL11
and interferon-g (IFN-y) elevated levels after therapy were identified
as markers of higher irAEs risk. A partial overlap was observed between
response to therapy and irAE markers after ICIs therapy. Patients who
were more likely to respond to therapy presented increasing levels of
IL-17A, IFN-vy, and IFN-vy related proteins and a high frequency of prolif-
erating T cells (Gérard et al., 2021; Nufiez et al., 2023). Increased INF-y
levels after treatment were also found in patients who benefit from
anti-CTLA-4 monotherapy and combined with anti-PD-1, while non-
responder patients had higher baseline levels of IL-10 (Friedman et al.,
2022). Different treatment strategies result in distinct sets of cytokines
and chemokines associated with patients’ outcomes. Indeed, therapy re-
sponse and better OS /PFS were associated with high levels of IFN-vy,
TNFq, IL8, IP-10, CXCL10, IL-10 in combined ICIs therapy, while high
TRAIL, MCP-1, IL-2, IP-10, MCP-4, TARC, ENA78, CXCL5 and low levels
of [FN-y and IL-6 in anti-PD-1 monotherapy (Su Y Lim et al., 2019;
Pedersen et al., 2022). A group of cytokines (IFN-v, INF-c,, TNFa,
STIM-3, IL-1b, IL-1a, IL-12p70, MIP-1b, IL-13, sCD28, sGITR, sPDL-1 and
IL-10) expressed in levels below the median were associated with lon-
ger OS in cancers including uveal melanomas treated with anti-PD-1
monotherapy (Botticelli et al., 2022).

3.4.4. Soluble ICIs

Soluble immune checkpoint molecules detection in blood samples,
such as sPD-1, sPDL-1, sCTLA-4, sLAG-3, and sTIM, could be informative
of response to ICls therapy. Resistance to anti-PD-1 was associated with
a high baseline level of SLAG-3 while resistance to combined therapy
was associated with high sPD-1 detected in serum samples (Machiraju
etal., 2021). Low plasma levels of sPD-1 and high levels of butyrophilins
(BNT2A-1) were observed at the baseline of responders to anti-PD-1. In
the same study, better OS was associated with low sPD-1 and high BMI
(BMI > 25) (Incorvaia et al,, 2023). In contrast, Pederson et al. found that
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Table 5
List of proteins biomarkers of response to therapy.
Circulating biomarker Source Treatment Method Expression Prognosis Cohort References
level
LDHC and Glut-14 on T cell Plasma Anti-PD-1  UPLC/MS-MS High Good ~ Advanced o ipoietal, 2022)
Melanoma
Glycoprotein fucosylation Plasma ICls (rpono / LC-MS Detection  Poor Advanced (Pickering et al., 2023)
combi) Melanoma
VEGF Serum  Anti-CTLA-4 Milliplex panel High Poor Advanced (Khattak, Abed, et al., 2020)
Melanoma
. Anti-PD-1 Melanoma i
Vli(ifi,vSiTATB. ERBB and EGF Kinase PBMC and PTK- PamChip-96 microarrays High Good and other ;lg;gl;mans, Verdegaal, etal,
& Anti-CTLA-4 cancers
Anti-PD-1 Melanoma (Hurkmans, Verdegaal, et al
PTEN Kinase activity PBMC and PTK- PamChip-96 microarrays High Poor and other ! gaal v
. 2020)
Anti-CTLA-4 cancers
HGF Serum  Anti-PD-1  ELISA Low Good ~ Advanced g eral, 2019)
Melanoma
Anti-PDL-1 . . Melanoma
LIF Plasma (mono / P;?]teelc))mlcs (Olink® Explore 1536 High Poor and other (Loriot et al., 2021)
combi) P cancers
Anti- PD-1
PRO-C3, PC3X Serum  and ELISA, MS High / Low goord/ ;\Ad‘;agcfr‘lj gg;‘g;“ga“: J';“Ste“l' e; S;b)
Anti-CTLA-4 00 elanoma , (Jensen et al.,
€46 Serum  Anti-CTLA-4 MS, CAG ECLIA assay High Good ~ Advanced e eral, 2020)
Melanoma
MMP-C3M, MMP-VICM, citrullinated ~ Serum  Anti-PD-1  ELISA High Good ~ Advanced - (Hurkmans, Jensen, etal.
Melanoma 2020)
31 proteins, including sPD-1, SPDLTIL-6. pyagyy - Anti- PD-1 HIRIEF-LC-MS/MS High Good ~ Advanced o p, ke et al, 2020)
IL-10 Melanoma
. . ICIs (mono / Advanced
Apolipoproteins Plasma combi) LC-MS/MS Low Poor Melanoma (Karlsson et al., 2021)
Inflammation markers Plasma ICls (mono / LC-MS/MS High Poor Advanced (Karlsson et al., 2021)
combi) Melanoma
BDX008 Serum anti-PD-1  BDXO08 test Positive  Good  AVANCEd 4 erig et al, 2019)
Melanoma
VWF Plasma anti-PD-1  ELISA Low /High G004/ Advanced (g ot etal, 2023)
Poor Melanoma
NY-ESO-1, Melan-A PB anti-PD-1  FC Low Good ~ Advanced o pypemetal, 2021)
Melanoma
ICIs (mono / Melanoma
SuPAR Serum combi) ELISA Low Good and other (Loosen et al., 2021)
cancers
CXCL9, CXCL10, CXCL1T, CD25, MCP-4, Serum  Anti-PD-1 Proximity extension assay, High Good Advanced (Kasanen et al., 2020)
OPG Melanoma
CXCL5 Serum  Anti-PD-1  ELISA High Good ~ Advanced i ina etal, 2019)
Melanoma
CXCLY, CD25 Serum  Anti-PD-1  ELISA High Good  Advanced e one eral, 2022)
Melanoma
Proteomics: (Olink 96 (Nuiiez et al., 2023),
IFN-y, IL-17 A lS;;rum, ICCOII;E)?;OHO / Inflammation panel), Single- cell  High / Low g’ggf / AMde\l]:rrllgf’r(lla (Friedman et al., 2022),
32- plex IsoCode chip (Gérard et al., 2021)
Anti-CTLA-4 Advanced
IL-10 PB (mono / Single- cell 32- plex IsoCode chip  High Poor (Friedman et al., 2022)
. Melanoma
combi)
TNFa, IL-8, IP-10 Plasma ICIs (combi) Multiplex immuno- assay High Good Advanced (Lim et al., 2019)
Melanoma
TRAIL, MCP-1, IL-2, IP-10, MCP-4, TARC, . . . . Advanced .
and ENA7S Plasma Anti-PD-1 Multiplex immuno- assay High Good Melanoma (Lim et al., 2019)
sPD-1, sPD-L1, IFN, IL10, CXCL10, and Plasma ICls (combi) Meso Scale kits High Good Advanced (Pedersen et al., 2022)
TNFa Melanoma
CXCL5 Plasma Anti-PD-1 Meso Scale kits High Good Advanced (Pedersen et al., 2022)
Melanoma
IFNvy and IL-6 Plasma Anti-PD-1 Meso Scale kits High Poor Advanced (Pedersen et al., 2022)
Melanoma
IFN-v, INFa, TNFa, sTIM3, IL-1b, IL-1a, Melanoma
IL-12p70, MIP-1b, IL-13, sCD28, sGITR, ~ Serum  Anti-PD-1 Multiplex immuno- assay Low Good and other (Botticelli et al., 2022).
sPDL-1 and IL-10 cancers
SLAG-3 Serum Anti-PD-1  ELISA High poor  Advanced oy iraju et al, 2021).
Melanoma
Overweight
BNT2A-1 Plasma Anti-PD-1 ELISA High Good melanoma (Incorvaia et al., 2023)
patients
Good / Overweight
sPD-1 Plasma Anti-PD-1 ELISA Low / High Poor melanoma (Incorvaia et al., 2023)
patients
sCTLA-4/ipilimumab Serum  Anti-CTLA-4  ELISA, nSMOL assay High Good Advanced (Koguchi et al., 2021),

(continued on next page)
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Circulating biomarker Source  Treatment Method Expression Prognosis Cohort References
level
Melanoma (Pistillo et al., 2019).
sCD73 Serum Anti-PD-1  ELISA High Poor Advanced (Turiello et al., 2020)
Melanoma
ICIs (mono / Poor / Melanoma
SBTLA Serum combi) Multiplex immuno- assay High / Low Good and other (Gorgulho et al., 2021)

cancers

Peripheral Blood Mononuclear Cells (PBMC), Peripheral Blood (PB), Immuno-Checkpoint Inhibitors (ICls), Monotherapy (Mono), Combined therapy (Combi), Liquid Chromatography-
Mass Spectrometry (LC-MS), Ultra-high performance liquid chromatography (UPLC)-MS/MS, High-resolution isoelectric focusing (HiRIEF) LC-MS/MS, Flow cytometry (FC).

high plasma levels of sPD-1 as well as sPDL-1 were associated with fa-
vorable outcomes (longer PFS) in patients treated with combined ther-
apy (Pedersen et al., 2022). Increasing plasma sPDL-1 and sPD-1 levels
during treatment were associated with response to anti-PD-1 therapy
in melanoma patients (Babacic et al., 2020). Increased serum sPD-1
levels were described in several studies of anti-PD-1 treatment; how-
ever, the results are contradictory. Of note, in some works, no correla-
tion between sPD-1 and response to treatment was reported (Music
et al,, 2019). In melanoma patients treated with ipilimumab monother-
apy, detection of serum sCTLA-4 or trough levels of ipilimumab (post-
treatment) may predict longer or favorable clinical outcomes but are
associated with higher irAEs risk (Koguchi et al., 2021; Pistillo et al.,
2019). High soluble CD73 baseline levels before and during ICls treatment
were associated with a lack of response to treatment, low PFS and OS,
while it was identified as an independent prognostic factor (Turiello
et al.,, 2020). The soluble form of the B and T lymphocyte attenuator
(sBTLA) was described as an independent prognostic factor with a nega-
tive association with OS. sBTLA was also significantly associated with the
frequency of circulating CD3* CD8" BTLA™ T cells, and it was proposed
as a biomarker for poor ICIs therapy response (Gorgulho et al., 2021).

4. Emerging combined strategies and their biomarkers

Despite advancements in combined therapeutic strategies involving
ICIs, a significant number of patients still experience disease progression
or develop resistance to treatment. The potential of combining ICIs with
other therapeutic approaches and immune modulators is currently
under investigation as an encouraging prospect. However, there is a
need for a systematic method to assess the effectiveness of different
combination therapies, and blood-based biomarkers may offer a practi-
cal solution for implementing this approach. Below we report some
blood biomarkers associated with combined therapy strategies.

4.1. Radiotherapy + ICIs

A study investigating in vitro stimulated serum of anti-PD-1 plus
radiotherapy-treated patients reported that specific cytokines (Th1,
Th2, and Th17) correlated with response to treatment and longer PFS.
Moreover, non-responder patients had lower levels of IL-17 A at base-
line and lower INF-y levels during treatment, both correlating with
poor PFS (Gérard et al., 2021).

In patients undergoing combined treatment of anti-PD-1 and radio-
therapy, proliferation (Ki67 ") of PD-1" CD8* T cells and PDL-1* CD8 ™
T cells before treatment characterized responder patients, while
PD-1/PDL-1 expression on non-proliferating Ki67~ CD8™* and CD4*
T cell correlated with worse outcomes (Meireson et al., 2021).

While radiotherapy combined with anti-CTLA-4 showed an increase
in CD4™1 and CD8™ ICOS™ T cells, only the CD8™ increase was associated
with better PFS (Boutros et al., 2020).

Radiotherapy associated with both ICIs agents suggests a general ac-
tivation of T cells and an increase in the expression of ICOS and PD-1 on
CD8™ T cells. Moreover, baseline low levels of CD8* naive T-cells and
higher TIM-3" CD4" T cells could predict response to therapy

10

(Ratnayake et al., 2022). Melanoma patients with brain metastasis
who benefited from a combination of ICIs and radiotherapy showed a
high frequency of activated memory CD8" T cells and ICOS* CD8 T
cells. Additionally, there was a significant increase in tumor-specific an-
tigen reactivity in T cells secreting INF-y. On the other hand, patients
with progressive disease displayed an increase in CD4" T reg (Hassel
etal., 2022). Both NLR and dNLR were significantly lower after the treat-
ment in responders, and an increase in CD8™ T cells before and during
treatment was associated with better PFS (Boutros et al., 2020).

4.2. Immunotherapy combinations

The expected antitumor response from anti-CTLA-4 plus a high dose
of IFN-at could be affected by gender differences. Indeed, it was reported
that female patients were associated with longer PFS and OS and char-
acterized with higher CD3™" T cells, CD3* CD4* T helper cells and a
trend of higher IL-1b levels compared to male patients (Saad et al.,
2022).

Patients treated with the same therapeutic strategy that presented
high levels of Th1 cell and high CD8* T cell were characterized by com-
plete response, while patients presenting higher Th2 cell levels were as-
sociated with progressive disease (Khunger et al., 2021).

A clinical trial, where patients were treated with anti-CTLA4 and
IFN-«, reported that early on treatment a decrease of T cell clonality in
blood was associated with improved OS and PFS (Khunger, Rytlewski,
Fields, Yusko, & Tarhini, 2019). Another study where patients were
treated with a high dose of anti-CTLA4 and IL-2, described granzyme B
and HLA-DM /HLA-DO ratio as suitable blood biomarkers of response
to treatment and their association with tumor burden decrease (Silk
et al,, 2020).

An increase in tumor INF-y signature was also detected in hTERT
vaccination plus anti-CTLA4 treated responder patients. Of note, in
these patients vaccine enriched TCR clones were detectable in blood bi-
opsy (Ellingsen et al., 2022). Similarly, patients receiving anti-PD1 treat-
ment combined with a personalized neoantigen vaccine (NEO-PV-01)
that had increased clonal baseline TCR repertoires and longitudinal sta-
bility were characterized by a longer PFS whilst the frequencies of
antigen-experienced T and B cells correlated with TCR repertoire char-
acteristics (Poran et al., 2020).

In another study that evaluated anti-ICOS alone or in combination
with anti-PD-1, ICOS"&" CD4* T cells characterized patients with
greater clinical benefit (Yap et al., 2022).

Patients with prolonged PFS treated with combined anti-PD-1 ther-
apy and anti-CD155 therapy presented a higher percentage of effector
memory CD8™ T cells and a lower number of CD8* PD-1" and CD4™"
PD-1" cells (Beasley et al., 2022).

5. Conclusions

Blood-based biomarkers have the potential to enhance the effective-
ness of immunotherapy and provide valuable insights into the tumor
microenvironment's responsiveness. This review emphasizes recent re-
search on identifying circulating biomarkers associated with therapy
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resistance or benefit. It also highlights the importance of utilizing these
biomarkers in clinical practice to personalize cancer treatment and op-
timize patient outcomes.

Despite variations in immunotherapy agents and their administra-
tion, common results from the analyzed studies indicate encouraging
possibilities for markers like LDH, whole blood cell counts, and their ra-
tios to predict response to ICls. Furthermore, patients who benefit from
ICIs appear to exhibit an increase in cytotoxic activity within specific
lymphocytes (CD8™" or CD4™), while non-responders show a more im-
mune suppressive profile along with increased ctDNA levels (Fig. 3).

Effector molecules such as sPD-1, sPDL-1, IL-6, IL-10,TNFa,and IFN-y
demonstrate ambiguous roles; however, some evidence suggests pre-
dictive values vary based on whether patients are receiving combined
or monotherapy.

While these findings suggest the possibility of identifying blood-
based biomarkers of therapeutic response, better standardization is
needed due to variability across studies.

Establishing a standard protocol for blood collection, processing, and
the examination of immune cell subpopulations is crucial to minimize
bias. Especially those caused by differences in flow cytometry protocols
or single-cell analysis (Badala, Nouri-mahdavi, & Raoof, 2008; Heumos
et al,, 2023; Kalina, 2020).

The analysis of CTCs, circulating RNA, and EVs may not be accurate or
reproducible due to material scarcity or differences in isolation proto-
cols from blood samples (Mondelo-Macia, Rodriguez-Ces, Suarez-
Cunqueiro, & Romay, 2022; Xu et al., 2018).

Immuno check point
circulating biomarkers

Responder
. °EXECP MCP-1/4 , BNT2A1
cog+ B LSsT TRAIL NPy s2. 2049
(€D28+-effector) 4+ Eosinophil IP-102 4. * L "MMP-VICM
Teell o CXCL5/9/10/11 " * "+ * MMP-C3M

: LDHC TNFa Cltrulllnate
@

PD-1+ CD3+

W IL-2/6/8/10/17A
GLut-14  cp8+ cell IGg%y ‘0/
Natural T cell SPDL(;:lI—LASAPID:I MR i
Killer Sl \1/;||3L11 ;'—1 o MIR-25
e Eritrocyte Natural killer = miR-19b miR-16
b+ cTe Tcell s mRNAs (BCL2, CXCL9, CCL4/5,TLR4,
- . MYC,TGFB1, MIF, HLA-B/C..)
sPD 1 y (@
fx( ® ® by
ST,ngf sCD73 PD-1+CD3+ PD-14/CD73+  M-MDSC
Platelet DNT cell ) CD8+Tcell PMN-MDSC
) (=
INF-y TNFa HGF | 6/10 C‘y ‘ /.\
SUPAR o™ \y.esp-1  Neutrophil  Monocyte DNT cell
INFa VWF °%80, J
PrRO-C3" ® ® MelamA weip 4649-3p 9 R )
SBTLA T miR-1234- 3p  ctDNA

miR-615-3p pD-1+ EV PDL-1+EV

Pharmacology & Therapeutics 256 (2024) 108613

Moreover, despite the high sensitivity and specificity of microRNAs
as molecular biomarkers there are still gaps in understanding their in-
volvement in antitumor immunity and cancer immune evasion mecha-
nisms, rendering challenging their translation to a clinical test
(Pogribny, 2018).

Indeed, molecular regulatory networks conferring resistance to im-
munotherapy in melanoma patients are currently under investigation
and one such network was recently identified using single-cell spatial
multi-omics (Pozniak et al., 2024).

However, in the rapidly advancing field of cancer research, accurate
detection of biomarkers to develop personalized medicine regimens
and guide the selection of appropriate therapies is becoming feasible
goal with the development of new kits and biosensors able to detect
molecules minimizing user-introduced bias from blood, plasma, or cell
suspensions (Arifuzzman et al., 2023; Calvo-Lozano et al., 2022).

FDA-approved tests have been developed using circulating cells and
tumor DNA as indicative markers of therapeutic response. These tests
support the diagnostic process but are not diagnostic themselves.
CELLSEARCH Circulating Tumor Cells kit is the only FDA-approved solu-
tion capable of detecting circulating tumor cells in prostate, breast, and
colorectal cancer (Riethdorf et al., 2007).

Detecting circulating tumor cells can be challenging due to their low
levels in certain types of tumors including melanoma. However, ad-
vancements have been made including tools development such as size
filtration and fluorescent in-situ hybridization that suggest a possibility
of overcoming these limitations (Yanagita, Luke, Hodi, Jinne, &
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Fig. 3. Overview of the blood-based biomarkers identified in this review that could discriminate patients that benefit from immune checkpoint inhibitor (ICI) therapy. In orange the

molecules with differences between mono or combined therapy. Created with BioRender.com.
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Paweletz, 2018). Multicancer early detection (MCED) blood tests are the
most promising blood-based biomarker tests to become the first that
could be used in clinical practice. MCED leverages circulating DNA
methylation patterns or SNPs to detect cancer or therapy response, in-
cluding immunotherapy (Brunsgaard et al., 2023; Eroglu et al., 2023;
Khaddour et al., 2022; Schrag et al., 2023). Current tools show great
promise for future use in therapy follow-up, particularly with immuno-
therapy. However, this will require extensive research to incorporate it
into clinical practice for therapy patient stratification. It is also essential
to keep exploring new combination therapies and conducting trials
while utilizing, when possible, kits or biosensors to draw more robust
conclusions and accelerate their application. Furthermore, efforts must
be made to collect and standardize data through platforms and consor-
tia. That will ultimately allow researchers to reach a turning point by in-
tegrating predictive models and artificial intelligence to identify
signatures of impactful biomarkers and guide treatment choices.

CRediT authorship contribution statement

Elena Splendiani: Conceptualization, Data curation, Investigation,
Writing - original draft, Writing - review & editing, Formal analysis,
Methodology, Visualization. Zein Mersini Besharat: Conceptualization,
Formal analysis, Investigation, Methodology, Writing - original draft,
Writing — review & editing. Alessia Covre: Data curation, Investigation,
Validation, Writing - review & editing. Michele Maio: Funding acquisi-
tion, Investigation, Supervision, Validation, Writing - review & editing.
Anna Maria Di Giacomo: Formal analysis, Investigation, Validation,
Writing - review & editing. Elisabetta Ferretti: Conceptualization,
Funding acquisition, Supervision, Validation, Writing - review & editing,
Writing - original draft.

Declaration of competing interest
The authors declare that there are no conflicts of interest.
Acknowledgments

This research was supported by co-funding of the European Union -
The National Recovery Plan, Mission 4 Component 2 Investment 1.4 -
Next Generation EU project CN3 - Spoke 2 Cancer - code
CN_00000041 (CUP: B83C22002870006) and Associazione Italiana per
la Ricerca sul Cancro (AIRC) Project “5 per Mille” EPICA [Grant Number
21073].

References

Afzal, M. Z., Sarwar, T., & Shirai, K. (2019). Prognostic significance of hematological indices
in malignant melanoma treated with immune checkpoint inhibitors. Journal of
Immunotherapy 42(7), 251-264. https://doi.org/10.1097/CJ1.0000000000000272.

Ammann, N. L,, Schwietzer, Y. F,, Mess, C,, Stadler, J. -C,, Geidel, G., Koett, ., Pantel, K., et al.
(2022). Activated eosinophils predict longer progression-free survival under immune
checkpoint inhibition in melanoma. Cancers 14(22). https://doi.org/10.3390/
cancers14225676.

Andrews, M. C,, Duong, C. P. M., Gopalakrishnan, V., lebba, V., Chen, W. S, Lisa Derosa, M.,
Khan, A. W,, et al. (2021). Gut microbiota signatures are associated with toxicity to
combined CTLA-4 and PD-1 blockade. Nature Medicine 27(8), 1432-1441. https://
doi.org/10.1038/s41591-021-01406-6.

Arifuzzman, A. K. M., Asmare, N., Ozkaya-Ahmadov, T., Civelekogly, O., Wang, N., & Fatih
Sarioglu, A. (2023). An autonomous microchip for real-time, label-free immune cell
analysis. Biosensors and Bioelectronics 222(November 2022), 114916. https://doi.
org/10.1016/j.bios.2022.114916.

Ascierto, P. A., Capone, M., Grimaldi, A. M., Mallardo, D., Simeone, E., Madonna, G., Roder,
H, et al. (2019). Proteomic test for anti-PD-1 checkpoint blockade treatment of me-
tastatic melanoma with and without BRAF mutations. Journal for Imnmunotherapy of
Cancer 7(1). https://doi.org/10.1186/s40425-019-0569-1.

Awada, G., Jansen, Y., Schwarze, ]. K, Tijtgat, ]., Hellinckx, L., Gondry, O., Vermeulen, S.,
et al. (2021). A comprehensive analysis of baseline clinical characteristics and bio-
markers associated with outcome in advanced melanoma patients treated with pem-
brolizumab. Cancers 13(2), 1-18. https://doi.org/10.3390/cancers13020168.

Babacic, H., Lehtig, J., De Coafia, Y. P., Pernemalm, M., & Eriksson, H. (2020). In-depth
plasma proteomics reveals increase in circulating PD-1 during anti-PD-1

12

Pharmacology & Therapeutics 256 (2024) 108613

immunotherapy in patients with metastatic cutaneous melanoma. Journal for
Immunotherapy of Cancer 8(1). https://doi.org/10.1136/jitc-2019-000204.

Badala, F.,, Nouri-mahdavi, K., & Raoof, D. A. (2008). Standardizing Immunophenotyping
for the human immunology nat rev immunol. Computer 144(5), 724-732. https://
doi.org/10.1038/nri3158.Standardizing.

Bai, X., Dai, ., Li, C., Cui, C,, Mao, L., Wei, X, Sheng, X, et al. (2021). Risk models for ad-
vanced melanoma patients under anti-PD-1 monotherapy-ad hoc analyses of pooled
data from two clinical trials. Frontiers in Oncology 11. https://doi.org/10.3389/fonc.
2021.639085.

Balch, C. M., Gershenwald, J. E., Soong, S. J., Thompson, ]J. F., Atkins, M. B., Byrd, D. R.,
Buzaid, A. C,, et al. (2009). Final version of 2009 AJCC melanoma staging and classifi-
cation. Journal of Clinical Oncology 27(36), 6199-6206. https://doi.org/10.1200/JCO.
2009.23.4799.

Beasley, G. M., Brown, M. C,, Farrow, N. E., Landa, K., Al-Rohil, R. N,, Selim, M. A,, Therien, A.
D., et al. (2022). Multimodality analysis confers a prognostic benefit of a T-cell infil-
trated tumor microenvironment and peripheral immune status in patients with mel-
anoma. Journal for Immunotherapy of Cancer 10(9), 1-13. https://doi.org/10.1136/jitc-
2022-005052.

Bilen, M. A., Martini, D. ], Liu, Y., Lewis, C., Collins, H. H., Shabto, ]. M., Akce, M., et al.
(2019). The prognostic and predictive impact of inflammatory biomarkers in patients
who have advanced-stage cancer treated with immunotherapy. Cancer 125(1),
127-134. https://doi.org/10.1002/cncr.31778.

Bochem, J.,, Zelba, H., Spreuer, ]., Amaral, T., Gaissler, A., Pop, O. T., Thiel, K., et al. (2021).
Early disappearance of tumor antigen-reactive T cells from peripheral blood corre-
lates with superior clinical outcomes in melanoma under anti-PD-1 therapy. Journal
for Immunotherapy of Cancer 9(12). https://doi.org/10.1136/jitc-2021-003439.

Bornschlegl, S., Gustafson, M. P., Delivanis, D. A., Ryder, M., Liu, M. C., Vasmatzis, G.,
Hallemeier, C. L., et al. (2021). Categorisation of patients based on immune profiles:
A new approach to identifying candidates for response to checkpoint inhibitors.
Clinical & Translational Immunology 10(4). https://doi.org/10.1002/cti2.1267.

Botticelli, A., Pomati, G., Cirillo, A., Scagnoli, S., Pisegna, S., Chiavassa, A., Rossi, E., et al.
(2022). The role of immune profile in predicting outcomes in Cancer patients treated
with immunotherapy. Frontiers in Immunology 13. https://doi.org/10.3389/fimmu.
2022.974087.

Boutros, C., Chaput-Gras, N., Lanoy, E., Larive, A., Mateus, C., Routier, E., Sun, R, et al.
(2020). Dose escalation phase 1 study of radiotherapy in combination with anti-
cytotoxic-T-lymphocyte-associated antigen 4 monoclonal antibody ipilimumab in
patients with metastatic melanoma. Journal for Immunotherapy of Cancer 8(2).
https://doi.org/10.1136/jitc-2020-000627.

Brunsgaard, E. K., Bowles, T. L., Asare, E. A,, Grossmann, K., Boucher, K. M., Grossmann, A.,
Jackson, J. A, et al. (2023). Feasibility of personalized circulating tumor DNA detection
in stage I and Il melanoma. Melanoma Research 33(3), 184-191. https://doi.org/10.
1097/CMR.0000000000000892.

Burgermeister, S., Gabrys, H. S., Basler, L., Hogan, S. A., Pavic, M., Bogowicz, M., Martinez
Gomez, J. M, et al. (2022). Improved survival prediction by combining radiological
imaging and S-100B levels into a multivariate model in metastatic melanoma pa-
tients treated with immune checkpoint inhibition. Frontiers in Oncology 12(April).
https://doi.org/10.3389/fonc.2022.830627.

Bustos, M. A, Gross, R., Rahimzadeh, N., Cole, H., Tran, L. T., Tran, K. D., ... Hoon, D. S. B.
(2020). A pilot study comparing the efficacy of lactate dehydrogenase levels versus
circulating cell-free Micrornas in monitoring responses to checkpoint inhibitor im-
munotherapy in metastatic melanoma patients. Cancers 12(11), 1-18. https://doi.
org/10.3390/cancers12113361.

Calvo-Lozano, O., Garcia-Aparicio, P., Raduly, L. Z., Estévez, M. C., Berindan-Neagoe, I,
Ferracin, M., & Lechuga, L. M. (2022). One-step and real-time detection of
MicroRNA-21 in human samples for lung cancer biosensing diagnosis. Analytical
Chemistry 94(42), 14659-14665. https://doi.org/10.1021/acs.analchem.2c02895.

Capone, M., Fratangelo, F., Giannarelli, D., Sorrentino, C., Turiello, R., Zanotta, S., Galati, D.,
et al. (2020). Frequency of circulating CD8+4-CD73+-T cells is associated with survival
in Nivolumab-treated melanoma patients. Journal of Translational Medicine 18(1).
https://doi.org/10.1186/5s12967-020-02285-0.

Carbone, M. L., Madonna, G., Capone, A., Bove, M., Mastroeni, S., Levati, L., Capone, M., et al.
(2022). Vitiligo-specific soluble biomarkers as early indicators of response to immune
checkpoint inhibitors in metastatic melanoma patients. Scientific Reports 12(1).
https://doi.org/10.1038/s41598-022-09373-9.

Chowell, D., Yoo, S. -K,, Valero, C., Pastore, A., Krishna, C., Lee, M., Hoen, D, et al. (2022).
Improved prediction of immune checkpoint blockade efficacy across multiple cancer
types. Nature Biotechnology 40(4), 499-506. https://doi.org/10.1038/s41587-021-
01070-8.

Clouthier, D. L, Lien, S. C,, Yang, S. Y. C, Nguyen, L. T, Manem, V. S. K,, Gray, D., Ryczko, M.,
et al. (2019). An interim report on the investigator-initiated phase 2 study of Pem-
brolizumab immunological response evaluation (INSPIRE). Journal for
Immunotherapy of Cancer 7(1). https://doi.org/10.1186/s40425-019-0541-0.

Cordonnier, M., Nardin, C., Chanteloup, G., Derangere, V., Algros, M. -P., Arnould, L., ...
Gobbo, J. (2020). Tracking the evolution of circulating exosomal-PD-L1 to monitor
melanoma patients. Journal of Extracellular Vesicles 9(1). https://doi.org/10.1080/
20013078.2019.1710899.

Criscitiello, C., Marra, A., Morganti, S., Zagami, P., Viale, G., Esposito, A., & Curigliano, G.
(2020). Pretreatment blood parameters predict efficacy from immunotherapy agents
in early phase clinical trials. The Oncologist 25(11), e1732-e1742. https://doi.org/10.
1634/theoncologist.2020-0518.

Diem, S., Faessler, M., Bomze, D., Ali, O. H., Berner, F., Niederer, R., Hillmann, D., et al.
(2019). Immunoglobulin G and subclasses as potential biomarkers in metastatic mel-
anoma patients starting checkpoint inhibitor treatment. Journal of Inmunotherapy 42
(3), 89-93. https://doi.org/10.1097/CJ1.0000000000000255.


https://doi.org/10.1097/CJI.0000000000000272
https://doi.org/10.3390/cancers14225676
https://doi.org/10.3390/cancers14225676
https://doi.org/10.1038/s41591-021-01406-6
https://doi.org/10.1038/s41591-021-01406-6
https://doi.org/10.1016/j.bios.2022.114916
https://doi.org/10.1016/j.bios.2022.114916
https://doi.org/10.1186/s40425-019-0569-1
https://doi.org/10.3390/cancers13020168
https://doi.org/10.1136/jitc-2019-000204
https://doi.org/10.1038/nri3158.Standardizing
https://doi.org/10.1038/nri3158.Standardizing
https://doi.org/10.3389/fonc.2021.639085
https://doi.org/10.3389/fonc.2021.639085
https://doi.org/10.1200/JCO.2009.23.4799
https://doi.org/10.1200/JCO.2009.23.4799
https://doi.org/10.1136/jitc-2022-005052
https://doi.org/10.1136/jitc-2022-005052
https://doi.org/10.1002/cncr.31778
https://doi.org/10.1136/jitc-2021-003439
https://doi.org/10.1002/cti2.1267
https://doi.org/10.3389/fimmu.2022.974087
https://doi.org/10.3389/fimmu.2022.974087
https://doi.org/10.1136/jitc-2020-000627
https://doi.org/10.1097/CMR.0000000000000892
https://doi.org/10.1097/CMR.0000000000000892
https://doi.org/10.3389/fonc.2022.830627
https://doi.org/10.3390/cancers12113361
https://doi.org/10.3390/cancers12113361
https://doi.org/10.1021/acs.analchem.2c02895
https://doi.org/10.1186/s12967-020-02285-0
https://doi.org/10.1038/s41598-022-09373-9
https://doi.org/10.1038/s41587-021-01070-8
https://doi.org/10.1038/s41587-021-01070-8
https://doi.org/10.1186/s40425-019-0541-0
https://doi.org/10.1080/20013078.2019.1710899
https://doi.org/10.1080/20013078.2019.1710899
https://doi.org/10.1634/theoncologist.2020-0518
https://doi.org/10.1634/theoncologist.2020-0518
https://doi.org/10.1097/CJI.0000000000000255

E. Splendiani, ZM. Besharat, A. Covre et al.

Edner, N. M., Ntavli, E., Petersone, L., Wang, C. ]., Fabri, A, Kogimtzis, A., Ovcinnikovs, V.,
et al. (2023). Stratification of PD-1 blockade response in melanoma using pre- and
post-treatment immunophenotyping of peripheral blood. Immunotherapy Advances
3(1). https://doi.org/10.1093 /immadv/Itad001.

Ellingsen, E. B., Bounova, G., Kerzeli, I., Anzar, 1., Simnica, D., Aamdal, E., Guren, T., et al.
(2022). Characterization of the T cell receptor repertoire and melanoma tumor mi-
croenvironment upon combined treatment with Ipilimumab and HTERT vaccination.
Journal of Translational Medicine 20(1). https://doi.org/10.1186/512967-022-03624-z.

Eroglu, Z., Krinshpun, S., Kalashnikova, E., Sudhaman, S., Topcu, T. O., Nichols, M., Martin,
J., etal. (2023). Circulating tumor DNA-based molecular residual disease detection for
treatment monitoring in advanced melanoma patients. Cancer 129(11), 1723-1734.
https://doi.org/10.1002/cncr.34716.

Esfahani, K., Roudaia, L., Buhlaiga, N., Del Rincon, S. V., Papneja, N., & Miller, W. H. (2020).
A review of cancer immunotherapy: From the past, to the present, to the future.
Current Oncology 27(S2), 87-97. https://doi.org/10.3747/c0.27.5223.

FDA Approves Opdualag for Unresectable or Metastatic Melanoma (2022). https://www.
fda.gov/drugs/resources-information-approved-drugs/fda-approves-opdualag-
unresectable-or-metastatic-melanoma.

Forschner, A., Battke, F., Hadaschik, D., Schulze, M., Weissgraeber, S., Han, C. -T., Kopp, M.,
et al. (2019). Tumor mutation burden and circulating tumor DNA in combined CTLA-
4 and PD-1 antibody therapy in metastatic melanoma - results of a prospective bio-
marker study. Journal for Immunotherapy of Cancer 7. https://doi.org/10.1186/
540425-019-0659-0.

Friedman, C. F., Spencer, C., Cabanski, C. R, Panageas, K. S., Wells, D. K,, Ribas, A., Tawbi, H.,
et al. (2022). Ipilimumab alone or in combination with Nivolumab in patients with
advanced melanoma who have progressed or relapsed on PD-1 blockade: Clinical
outcomes and translational biomarker analyses. Journal for Immunotherapy of
Cancer 10(1). https://doi.org/10.1136/jitc-2021-003853.

Fujimura, T, Sato, Y., Tanita, K., Lyu, C., Kambayashi, Y., Amagai, R., Otsuka, A, et al. (2019).
Association of baseline serum levels of CXCL5 with the efficacy of Nivolumab in ad-
vanced melanoma. Frontiers in Medicine 6(APR). https://doi.org/10.3389/fmed.2019.
00086.

GailSler, A., Bochem, ]., Spreuer, ], Ottmann, S., Martens, A., Amaral, T., Wagner, N. B., et al.
(2023). Early decrease of blood myeloid-derived suppressor cells during checkpoint
inhibition is a favorable biomarker in metastatic melanoma. jJournal for
Immunotherapy of Cancer 11(6). https://doi.org/10.1136/jitc-2023-006802.

Galati, D., Zanotta, S., Capone, M., Madonna, G., Mallardo, D., Romanelli, M., Simeone, E.,
et al. (2023). Potential clinical implications of CD4-+CD26high T cells for Nivolumab
treated melanoma patients. Journal of Translational Medicine 21(1). https://doi.org/10.
1186/s12967-023-04184-6.

Gérard, A., Doyen, ]., Cremoni, M., Bailly, L., Zorzi, K., Ruetsch-Chelli, C., Brglez, V., et al.
(2021). Baseline and early functional immune response is associated with subse-
quent clinical outcomes of PD-1 inhibition therapy in metastatic melanoma patients.
Journal for Immunotherapy of Cancer 9(6). https://doi.org/10.1136/jitc-2021-002512.

Gershenwald, J. E., & Scolyer, R. A. (2018). Correction to: melanoma staging: American
joint committee on Cancer (AJCC) 8th edition and beyond. Annals of Surgical
Oncology 25(S3), 993-994. https://doi.org/10.1245/s10434-018-6689-x.

Gondois-rey, F., Paul, M., Alcaraz, F., Bourass, S., Monnier, J., Malissen, N., Grob, J. -]., et al.
(2021). Identification of an immature subset of Pmn-mdsc correlated to response to
checkpoint inhibitor therapy in patients with metastatic melanoma. Cancers 13(6),
1-18. https://doi.org/10.3390/cancers13061362.

Gorgulho, J., Roderburg, C., Heymann, F., Schulze-Hagen, M., Beier, F., Vucur, M., Kather, J.
N, et al. (2021). Serum levels of soluble B and T lymphocyte attenuator predict over-
all survival in patients undergoing immune checkpoint inhibitor therapy for solid
malignancies. International Journal of Cancer 149(5), 1189-1198. https://doi.org/10.
1002/ijc.33610.

Guida, M., Bartolomeo, N., Quaresmini, D., Quaglino, P., Madonna, G., Pigozzo, ]., Di
Giacomo, A. M., et al. (2022). Basal and one-month differed neutrophil, lymphocyte
and platelet values and their ratios strongly predict the efficacy of checkpoint inhib-
itors immunotherapy in patients with advanced BRAF wild-type melanoma. Journal
of Translational Medicine 20(1). https://doi.org/10.1186/512967-022-03359-x.

Han, X,, Wang, Y., Sun, ], Tan, T., Cai, X,, Lin, P., Tan, Y., et al. (2019). Role of CXCR3 signal-
ing in response to anti-PD-1 therapy. EBioMedicine 48, 169-177. https://doi.org/10.
1016/j.ebiom.2019.08.067.

Hassel, J. C,, Schank, T. E., Smetak, H., Miihlbauer, J., Salzmann, M., Machiraju, D., Menzer,
C, et al. (2022). Evaluation of radio-immunotherapy sequence on immunological re-
sponses and clinical outcomes in patients with melanoma brain metastases
(ELEKTRA). Oncolmmunology 11(1). https://doi.org/10.1080/2162402X.2022.
2066609.

Heitzer, E., Haque, I. S., Roberts, C. E. S., & Speicher, M. R. (2019). Current and future per-
spectives of liquid biopsies in genomics-driven oncology. Nature Reviews Genetics 20
(2), 71-88. https://doi.org/10.1038/s41576-018-0071-5.

Heumos, L., Schaar, A. C,, Lance, C,, Litinetskaya, A., Drost, F., Zappia, L., Liicken, M. D., et al.
(2023). Best practices for single-cell analysis across modalities. Nature Reviews.
Genetics. https://doi.org/10.1038/s41576-023-00586-w.

Hogan, S. A, Courtier, A., Cheng, P. F., Jaberg-Bentele, N. F., Goldinger, S. M., Manuel, M.,
Perez, S., et al. (2019). Peripheral blood TCR repertoire profiling may facilitate patient
stratification for immunotherapy against melanoma. Cancer Immunology Research 7
(1), 77-85. https://doi.org/10.1158/2326-6066.CIR-18-0136.

Hunter, E., Salter, M., Powell, R, Dring, A, Naithani, T., Chatziioannou, M. E., Gebregzabhar,
A., et al. (2023). Development and validation of blood-based predictive biomarkers
for response to PD-1/PD-L1 checkpoint inhibitors: Evidence of a universal systemic
core of 3D immunogenetic profiling across multiple oncological indications.
CANCERS 15(10). https://doi.org/10.3390/cancers15102696.

Hurkmans, D. P., Jensen, C,, Koolen, S. L. W., Aerts, J., Karsdal, M. A,, Mathijssen, R. H. J., &
Willumsen, N. (2020). Blood-based extracellular matrix biomarkers are correlated

13

Pharmacology & Therapeutics 256 (2024) 108613

with clinical outcome after PD-1 inhibition in patients with metastatic melanoma.
Journal for Immunotherapy of Cancer 8(2). https://doi.org/10.1136/jitc-2020-001193.

Hurkmans, D. P., Verdegaal, E. M. E., Hogan, S. A., de Wijn, R., Hovestad, L., van den Heuvel,
D. M. A, Ruijtenbeek, R., et al. (2020). Blood-based kinase activity profiling: A poten-
tial predictor of response to immune checkpoint inhibition in metastatic cancer.
Journal for Inmunotherapy of Cancer 8(2). https://doi.org/10.1136/jitc-2020-001607.

Incorvaia, L., Rinaldi, G., Badalamenti, G., Cucinella, A., Brando, C., Madonia, G., Fiorino, A.,
et al. (2023). Prognostic role of soluble PD-1 and BTN2A1 in overweight melanoma
patients treated with Nivolumab or Pembrolizumab: Finding the missing links in
the symbiotic immune-metabolic interplay. Therapeutic Advances in Medical
Oncology 15. https://doi.org/10.1177/17588359231151845.

Indini, A., Di Guardo, L., Cimminiello, C., Prisciandaro, M., Randon, G., De Braud, F., & Del
Vecchio, M. (2019). Developing a score system to predict therapeutic outcomes to
anti-PD-1 immunotherapy in metastatic melanoma. Tumori 105(6), 465-473.
https://doi.org/10.1177/0300891619868009.

Ita, M. I, Wang, J. H., Fanning, N., Kaar, G., Lim, C., & Redmond, H. P. (2021). Plasma circu-
lating cell free messenger RNA as a potential biomarker of melanoma. Acta Oncologica
60(9), 1201-1209. https://doi.org/10.1080/0284186X.2021.1928749.

Jensen, C., Sinkeviciute, D., Madsen, D. H., Onnerfjord, P., Hansen, M., Schmidt, H., ...
Willumsen, N. (2020). Granzyme B degraded type IV collagen products in serum
identify melanoma patients responding to immune checkpoint blockade. Cancers 12
(10), 1-15. https://doi.org/10.3390/cancers12102786.

Jonge, K., Tillé, L., Lourenco, J., Hajjami, H. M. -e., Nassiri, S., Racle, ]., & Gfeller, D. (2021).
Inflammatory B cells correlate with failure to checkpoint blockade in melanoma pa-
tients. Oncolmmunology 10(1), 1-11. https://doi.org/10.1080/2162402X.2021.
1873585.

Kalina, T. (2020). Reproducibility of flow cytometry through standardization: Opportuni-
ties and challenges. Cytometry, Part A 97(2), 137-147. https://doi.org/10.1002/cyto.a.
23901.

Karlsson, M. ., Svedman, F. C,, Tebani, A., Kotol, D., Hoiom, V., Fagerberg, L., ... Maddalo, G.
(2021). Inflammation and apolipoproteins are potential biomarkers for stratification
of cutaneous melanoma patients for immunotherapy and targeted therapy. Cancer
Research 81(9), 2545-2555. https://doi.org/10.1158/0008-5472.CAN-20-2000.

Kartolo, A., Holstead, R., Khalid, S., Emack, ]., Hopman, W., Robinson, A., & Baetz, T. (2020).
Serum neutrophil-to-lymphocyte ratio and platelet-to-lymphocyte ratio in prognos-
ticating immunotherapy efficacy. Immunotherapy 12(11), 785-798. https://doi.org/
10.2217//imt-2020-0105.

Kasanen, H., Hernberg, M., Mdkeld, S., Briick, O., Juteau, S., Kohtamaki, L., ... Kreutzman, A.
(2020). Age-associated changes in the immune system may influence the response to
anti-PD1 therapy in metastatic melanoma patients. Cancer Immunology,
Immunotherapy. https://doi.org/10.1007/s00262-020-02497-9.

Keller, L., Guibert, N., Casanova, A., Brayer, S., Farella, M., Delaunay, M., Gilhodes, ]., et al.
(2019). Early circulating tumour Dna variations predict tumour response in mela-
noma patients treated with immunotherapy. Acta Dermato-Venereologica 99(2),
206-210. https://doi.org/10.2340/00015555-3080.

Khaddour, K., Zhou, A., Butt, O. H., Budde, G., Malashevich, A. K., & Ansstas, G. (2022). Case
report: Real-world experience using a personalized cancer-specific circulating tumor
DNA assay in different metastatic melanoma scenarios. Frontiers in Oncology 12.
https://doi.org/10.3389/fonc.2022.978996.

Khattak, M. A., Abed, A, Reid, A. L., McEvoy, A. C.,, Millward, M., Ziman, M., & Gray, E. S.
(2020). Role of serum vascular endothelial growth factor (VEGF) as a potential bio-
marker of response to immune checkpoint inhibitor therapy in advanced melanoma:
Results of a pilot study. Frontiers in Oncology 10. https://doi.org/10.3389/fonc.2020.
01041.

Khattak, M. A., Reid, A., Freeman, J., Pereira, M., McEvoy, A., Lo, ]., Frank, M. H,, et al.
(2020). PD-L1 expression on circulating tumor cells may be predictive of response
to Pembrolizumab in advanced melanoma: Results from a pilot study. The
Oncologist 25(3), e520-e527. https://doi.org/10.1634/theoncologist.2019-0557.

Khojandi, N., Connelly, L., Piening, A., Hoft, S. G., Pherson, M., Donlin, M. J,, ... Teague, R. M.
(2023). Single-cell analysis of peripheral CD8+ T cell responses in patients receiving
checkpoint blockade immunotherapy for Cancer. Cancer Immunology, Immunotherapy
72(2), 397-408. https://doi.org/10.1007/s00262-022-03263-9.

Khunger, A., Rytlewski, J. A., Fields, P., Yusko, E. C., & Tarhini, A. A. (2019). The impact of
CTLA-4 blockade and interferon-alpha on Clonality of T-cell repertoire in the tumor
microenvironment and peripheral blood of metastatic melanoma patients.
Oncoimmunology 8(11). https://doi.org/10.1080/2162402X.2019.1652538.

Khunger, A., Sarikonda, G., Tsau, J., Pahuja, A., Alfonso, Z., Gao, J., ... Tarhini, A. A. (2021).
Multimarker scores of Th1 and Th2 immune cellular profiles in peripheral blood pre-
dict response and immune related toxicity with CTLA4 blockade and IFN$a$ in mel-
anoma. Translational Oncology 14(3). https://doi.org/10.1016/j.tranon.2021.101014.

Koguchi, Y., Iwamoto, N., Shimada, T., Chang, S. -C,, Cha, ]., Curti, B. D., .. Redmond, W. L.
(2021). Trough levels of ipilimumab in serum as a potential biomarker of clinical out-
comes for patients with advanced melanoma after treatment with Ipilimumab.
Journal for Immunotherapy of Cancer 9(10). https://doi.org/10.1136/jitc-2021-002663.

Krebs, F. K., Trzeciak, E. R., Zimmer, S., Ozistanbullu, D., Mitzel-Rink, H., Meissner, M., ...
Tuettenberg, A. (2021). Immune signature as predictive marker for response to
checkpoint inhibitor immunotherapy and overall survival in melanoma. Cancer
Medicine 10(5), 1562-1575. https://doi.org/10.1002/cam4.3710.

Krishnan, T., Tomita, Y., & Roberts-Thomson, R. (2020). A retrospective analysis of eosin-
ophilia as a predictive marker of response and toxicity to cancer immunotherapy.
Future Science OA 6(10). https://doi.org/10.2144/fsoa-2020-0070.

Kubo, Y., Fukushima, S., Inamori, Y., Tsuruta, M., Egashira, S., Yamada-Kanazawa, S.,
Nakahara, S., et al. (2019). Serum concentrations of HGF are correlated with re-
sponse to anti-PD-1 antibody therapy in patients with metastatic melanoma.
Journal of Dermatological Science 93(1), 33-40. https://doi.org/10.1016/].
jdermsci.2018.10.001.


https://doi.org/10.1093/immadv/ltad001
https://doi.org/10.1186/s12967-022-03624-z
https://doi.org/10.1002/cncr.34716
https://doi.org/10.3747/co.27.5223
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-opdualag-unresectable-or-metastatic-melanoma
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-opdualag-unresectable-or-metastatic-melanoma
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-opdualag-unresectable-or-metastatic-melanoma
https://doi.org/10.1186/s40425-019-0659-0
https://doi.org/10.1186/s40425-019-0659-0
https://doi.org/10.1136/jitc-2021-003853
https://doi.org/10.3389/fmed.2019.00086
https://doi.org/10.3389/fmed.2019.00086
https://doi.org/10.1136/jitc-2023-006802
https://doi.org/10.1186/s12967-023-04184-6
https://doi.org/10.1186/s12967-023-04184-6
https://doi.org/10.1136/jitc-2021-002512
https://doi.org/10.1245/s10434-018-6689-x
https://doi.org/10.3390/cancers13061362
https://doi.org/10.1002/ijc.33610
https://doi.org/10.1002/ijc.33610
https://doi.org/10.1186/s12967-022-03359-x
https://doi.org/10.1016/j.ebiom.2019.08.067
https://doi.org/10.1016/j.ebiom.2019.08.067
https://doi.org/10.1080/2162402X.2022.2066609
https://doi.org/10.1080/2162402X.2022.2066609
https://doi.org/10.1038/s41576-018-0071-5
https://doi.org/10.1038/s41576-023-00586-w
https://doi.org/10.1158/2326-6066.CIR-18-0136
https://doi.org/10.3390/cancers15102696
https://doi.org/10.1136/jitc-2020-001193
https://doi.org/10.1136/jitc-2020-001607
https://doi.org/10.1177/17588359231151845
https://doi.org/10.1177/0300891619868009
https://doi.org/10.1080/0284186X.2021.1928749
https://doi.org/10.3390/cancers12102786
https://doi.org/10.1080/2162402X.2021.1873585
https://doi.org/10.1080/2162402X.2021.1873585
https://doi.org/10.1002/cyto.a.23901
https://doi.org/10.1002/cyto.a.23901
https://doi.org/10.1158/0008-5472.CAN-20-2000
https://doi.org/10.2217/imt-2020-0105
https://doi.org/10.2217/imt-2020-0105
https://doi.org/10.1007/s00262-020-02497-9
https://doi.org/10.2340/00015555-3080
https://doi.org/10.3389/fonc.2022.978996
https://doi.org/10.3389/fonc.2020.01041
https://doi.org/10.3389/fonc.2020.01041
https://doi.org/10.1634/theoncologist.2019-0557
https://doi.org/10.1007/s00262-022-03263-9
https://doi.org/10.1080/2162402X.2019.1652538
https://doi.org/10.1016/j.tranon.2021.101014
https://doi.org/10.1136/jitc-2021-002663
https://doi.org/10.1002/cam4.3710
https://doi.org/10.2144/fsoa-2020-0070
https://doi.org/10.1016/j.jdermsci.2018.10.001
https://doi.org/10.1016/j.jdermsci.2018.10.001

E. Splendiani, ZM. Besharat, A. Covre et al.

Kudura, K., Nussbaumer, L., Foerster, R., & Basler, L. (2022). Inflammatory blood parame-
ters as biomarkers for response to immune checkpoint inhibition in metastatic mel-
anoma patients. Biomedicines 10(9). https://doi.org/10.3390/biomedicines10092135.

Larkin, J., Chiarion-Sileni, V., Gonzalez, R., Grob, ]. J., Lance Cowey, C., Lao, C. D.,
Schadendorf, D., et al. (2015). Combined Nivolumab and Ipilimumab or monotherapy
in untreated melanoma. New England Journal of Medicine 373(1), 23-34. https://doi.
org/10.1056/nejmoa1504030.

Li, C, Phoon, Y. P., Karlinsey, K., Tian, Y. F., Thapaliya, S., Thongkum, A,, Lili, Q., et al. (2021).
A high OXPHOS CD8 T cell subset is predictive of immunotherapy resistance in mel-
anoma patients. Journal of Experimental Medicine 219(1). https://doi.org/10.1084/jem.
20202084.

Lim, S. Y., Lee, . H, Gide, T. N., Menzies, A. M., Guminski, A, Carlino, M. S., Breen, E. ], et al.
(2019). Circulating cytokines predict immune-related toxicity in melanoma patients
receiving anti-PD-1-based immunotherapy. Clinical Cancer Research 25(5),
1557-1563. https://doi.org/10.1158/1078-0432.CCR-18-2795.

Lim, S. Y., Lee, J. H, Diefenbach, R. ., Kefford, R. F., & Rizos, H. (2018). Liquid biomarkers in
melanoma: Detection and discovery. Molecular Cancer 17(1), 1-14. https://doi.org/
10.1186/s12943-018-0757-5.

Loosen, S. H., Gorgulho, J., Jordens, M. S., Schulze-Hagen, M., Beier, F., Vucur, M., Schneider,
A. T, etal. (2021). Serum levels of soluble urokinase plasminogen activator receptor
predict tumor response and outcome to immune checkpoint inhibitor therapy.
Frontiers in Oncology 11. https://doi.org/10.3389/fonc.2021.646883.

Loriot, Y., Marabelle, A., Guégan, J. P., Danlos, F. X,, Besse, B., Chaput, N., Massard, C,, et al.
(2021). Plasma proteomics identifies leukemia inhibitory factor (LIF) as a novel pre-
dictive biomarker of immune-checkpoint blockade resistance. Annals of Oncology 32
(11), 1381-1390. https://doi.org/10.1016/j.annonc.2021.08.1748.

Ma, Y., Shang, K., Shanshan, W., Wang, ]., & Cao, B. (2022). The prognostic value of
albumin-globulin ratio and eosinophil-neutrophil ratio in patients with advanced tu-
mors undergoing treatment with PD-1/PD-L1 inhibitors. Nutrition and Cancer 74(8),
2815-2828. https://doi.org/10.1080/01635581.2022.2032764.

Machiraju, D., Wiecken, M., Lang, N., Huelsmeyer, I, Roth, J., Schank, T. E,, ... Hassel, J. C.
(2021). Soluble immune checkpoints and T-cell subsets in blood as biomarkers for re-
sistance to immunotherapy in melanoma patients. Oncoimmunology 10(1). https://
doi.org/10.1080/2162402X.2021.1926762.

Meireson, A, Tavernier, S. ], Van Gassen, S., Sundahl, N., Demeyer, A,, Spaas, M., Kruse, V.,
etal. (2021). Immune monitoring in melanoma and urothelial cancer patients treated
with anti-PD-1 immunotherapy and SBRT discloses tumor specific immune signa-
tures. CANCERS 13(11). https://doi.org/10.3390/cancers13112630.

Mispelbaum, R., Hattenhauer, S. T., Held, S. A. E., Brossart, P., & Heine, A. (2022). Baseline
immune signature score of Tregs x HLA-DR+CD4+4- T cells x PD1+CD8+- T cells pre-
dicts outcome to immunotherapy in Cancer patients. Frontiers in Immunology 13.
https://doi.org/10.3389/fimmu.2022.1054161.

Mondelo-Macia, P., Rodriguez-Ces, A. M., Suarez-Cunqueiro, M. M., & Romay, L. M. (2022).
Methods for the detection of circulating biomarkers in cancer patients. Advances in
Experimental Medicine and Biology 1379, 525-552. https://doi.org/10.1007/978-3-
031-04039-9_21.

Montaudié, H., Beranger, G. E., Reinier, F., Nottet, N., Martin, H., Picard-Gauci, A, ...
Passeron, T. (2021). Germline variants in exonic regions have limited impact on im-
mune checkpoint blockade clinical outcomes in advanced melanoma. Pigment Cell
and Melanoma Research 34(5), 978-983. https://doi.org/10.1111/pcmr.12958.

Music, M., lafolla, M. A. ], Ren, A. H., Soosaipillai, A., Prassas, ., & Diamandis, E. P. (2019).
Serum PD-1 is elevated after Pembrolizumab treatment but has no predictive value.
Molecular Cancer Therapeutics 18(10), 1844-1851. https://doi.org/10.1158/1535-
7163.MCT-19-0132.

Nardin, C, Laheurte, C., Puzenat, E., Boullerot, L., Ramseyer, M., Marguier, A, ... Adotevi, O.
(2022). Naturally occurring telomerase-specific CD4 T-cell immunity in melanoma.
Journal of Investigative Dermatology 142(2), 435-444. https://doi.org/10.1016/j.jid.
2021.07.160.

Nuiiez, N. G., Berner, F., Friebel, E., Unger, S., Wyss, N., Gomez, ]. M., Purde, M. T., et al.
(2023). Immune signatures predict development of autoimmune toxicity in patients
with cancer treated with immune checkpoint inhibitors. Med 4(2), 113-129.e7.
https://doi.org/10.1016/j.med;j.2022.12.007.

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C., Mulrow, C. D.,
Shamseer, L., et al. (2021). The PRISMA 2020 statement: An updated guideline for
reporting systematic reviews. The BMJ 372. https://doi.org/10.1136/bmj.n71.

Pan, M., & Li, B. (2022). T cell receptor convergence is an Indicator of antigen-specific T
cell response in cancer immunotherapies. ELife 11(64), 1-19. https://doi.org/10.
7554/eLife.81952.

Parakh, S., Musafer, A, Paessler, S., Witkowski, T., Li, C. S. N., Suen, W,, ... Carlino, M. S, et al.
(2021). PDCD1 polymorphisms may predict response to anti-PD-1 blockade in pa-
tients with metastatic melanoma. Frontiers in Immunology 12. https://doi.org/10.
3389/fimmu.2021.672521.

Pedersen, J. G., Sokac, M., Serensen, B. S., Luczak, A. A., Aggerholm-Pedersen, N., Birkbak,
N.], ... Jakobsen, M. R. (2022). Increased soluble PD-1 predicts response to Nivolumab
plus Ipilimumab in melanoma. Cancers 14(14). https://doi.org/10.3390/
cancers14143342.

Perrone, F., Minari, R., Bersanelli, M., Bordi, P., Tiseo, M., Favari, E., ... Buti, S. (2020). The
prognostic role of high blood cholesterol in advanced cancer patients treated with
immune checkpoint inhibitors. Journal of Immunotherapy 43(6), 196-203. https://
doi.org/10.1097/CJ1.0000000000000321.

Petrova, V., Groth, C,, Bitsch, R., Arkhypov, L, Simon, S. C. S., Hetjens, S., ... Umansky, V.
(2023). Immunosuppressive capacity of circulating MDSC predicts response to im-
mune checkpoint inhibitors in melanoma patients. Frontiers in Immunology 14.
https://doi.org/10.3389/fimmu.2023.1065767.

Pickering, C., Aiyetan, P., Gege, X., Mitchell, A, Rice, R., Najjar, Y. G. G., Markowitz, ., et al.
(2023). Plasma Glycoproteomic biomarkers identify metastatic melanoma patients

14

Pharmacology & Therapeutics 256 (2024) 108613

with reduced clinical benefit from immune checkpoint inhibitor therapy. Frontiers
in Immunology 14. https://doi.org/10.3389/fimmu.2023.1187332.

Pirozyan, M. R.,, McGuire, H. M., Al Emran, A., Tseng, H. -Y., Tiffen, J. C,, Lee, ]. H., Carlino, M.
S., et al. (2020). Pretreatment innate cell populations and CD4 T cells in blood are as-
sociated with response to immune checkpoint blockade in melanoma patients.
Frontiers in Immunology 11. https://doi.org/10.3389/fimmu.2020.00372.

Pistillo, M. P., Fontana, V., Morabito, A., Dozin, B., Laurent, S., Carosio, R., Banelli, B,, et al.
(2019). Soluble CTLA-4 as a favorable predictive biomarker in metastatic melanoma
patients treated with Ipilimumab: An Italian melanoma intergroup study. Cancer
Immunology, Immunotherapy 68(1), 97-107. https://doi.org/10.1007/s00262-018-
2258-1.

Pogribny, 1. P. (2018). MicroRNAs as biomarkers for clinical studies. Experimental Biology
and Medicine 243(3), 283-290. https://doi.org/10.1177/1535370217731291.

Poran, A., Scherer, J., Bushway, M. E., Besada, R., Balogh, K. N., Wanamaker, A., Williams, R.
G., et al. (2020). Combined TCR repertoire profiles and blood cell phenotypes predict
melanoma patient response to personalized Neoantigen therapy plus anti-PD-1. Cell
Reports Medicine 1(8). https://doi.org/10.1016/j.xcrm.2020.100141.

Pour, S. R, Pico, Y., de Coana, X., Demorentin, M., Melief, ., Thimma, M., ... Tegner, ].
(2021). Predicting anti-PD-1 responders in malignant melanoma from the frequency
of ST00A9-+monocytes in the blood. Journal for Immunotherapy of Cancer 9(5).
https://doi.org/10.1136/jitc-2020-002171.

Pozniak, J., Pedri, D., Landeloos, E., Van Herck, Y., Antoranz, A., Rambow, F., ... Marine, J. -C.
(2024). A TCF4-Dependent Gene Regulatory Network Confers Resistance to Inmunother-
apy in Melanoma, 166-183. https://doi.org/10.1016/j.cell.2023.11.037.

Ratnayake, G., Reinwald, S., Edwards, J., Wong, N., Di, Y., Ward, R, Smith, R,, et al. (2022).
Blood T-cell profiling in metastatic melanoma patients as a marker for response to
immune checkpoint inhibitors combined with radiotherapy. Radiotherapy and
Oncology 173, 299-305. https://doi.org/10.1016/j.radonc.2022.06.016.

Reschke, R., Gussek, P., Boldt, A., Sack, U., Koehl, U., Lordick, F., Gora, T., et al. (2021). Dis-
tinct immune signatures indicative of treatment response and immune-related ad-
verse events in melanoma patients under immune checkpoint inhibitor therapy.
International Journal of Molecular Sciences 22(15). https://doi.org/10.3390/
ijms22158017.

Rethacker, L., Roelens, M., Bejar, C., Maubec, E., Moins-Teisserenc, H., & Caignard, A.
(2021). Specific patterns of blood ILCs in metastatic melanoma patients and their
modulations in response to immunotherapy. Cancers 13(6). https://doi.org/10.3390/
cancers13061446.

Riethdorf, S., Fritsche, H., Miiller, V., Rau, T., Schindlbeck, C., Rack, B., Janni, W., et al.
(2007). Detection of circulating tumor cells in peripheral blood of patients with me-
tastatic breast cancer: A validation study of the cell search system. Clinical Cancer
Research 13(3), 920-928. https://doi.org/10.1158/1078-0432.CCR-06-1695.

Rogala, P., Czarnecka, A. M., Cybulska-Stopa, B., Ostaszewski, K., Piejko, K., Zietek, M.,
Dziura, R, et al. (2022). Long term results and prognostic biomarkers for anti-PD1 im-
munotherapy used after BRAFi/MEKi combination in advanced cutaneous melanoma
patients. Cancers 14(9). https://doi.org/10.3390/cancers14092123.

Saad, M., Lee, S.]., Tan, A. C,, El Naga, I. M., Stephen Hodji, F., Butterfield, L. H., LaFramboise,
W. A, et al. (2022). Enhanced immune activation within the tumor microenviron-
ment and circulation of female high-risk melanoma patients and improved survival
with adjuvant CTLA4 blockade compared to males. Journal of Translational Medicine
20(1). https://doi.org/10.1186/s12967-022-03450-3.

Salih, Z., Banyard, A., Tweedy, J., Galvani, E., Middlehurst, P., Mills, S., Weightman, ]., et al.
(2022). T cell immune awakening in response to immunotherapy is age-dependent.
European Journal of Cancer 162, 11-21. https://doi.org/10.1016/j.ejca.2021.11.015.

Schrag, D., Beer, T. M., McDonnell, C. H., Nadauld, L., Dilaveri, C. A, Reid, R, Marinac, C. R,
etal. (2023). Blood-based tests for multicancer early detection (PATHFINDER): A pro-
spective cohort study. The Lancet 402(10409), 1251-1260. https://doi.org/10.1016/
S0140-6736(23)01700-2.

Seremet, T., Jansen, Y., Planken, S., Njimi, H., Delaunoy, M., El Housni, H., Awada, G., et al.
(2019). Undetectable circulating tumor DNA (CtDNA) levels correlate with favorable
outcome in metastatic melanoma patients treated with anti-PD1 therapy. Journal of
Translational Medicine 17(1). https://doi.org/10.1186/s12967-019-2051-8.

Serrati, S., Guida, M., Di Fonte, R., De Summa, S., Strippoli, S., lacobazzi, R. M., Quarta, A.,
et al. (2022). Circulating extracellular vesicles expressing PD1 and PD-L1 predict re-
sponse and mediate resistance to checkpoint inhibitors immunotherapy in metastatic
melanoma. Molecular Cancer 21(1). https://doi.org/10.1186/s12943-021-01490-9.

Shen, R,, Postow, M. A., Adamow, M., Arora, A., Hannum, M., Maher, C., Wong, P., et al.
(2021). LAG-3 expression on peripheral blood cells identifies patients with poorer
outcomes after immune checkpoint blockade. Science Translational Medicine 13
(608). https://doi.org/10.1126/scitranslmed.abf5107.

Silk, A. W., Kaufman, H. L., Curti, B, Mehnert, J. M., Margolin, K., McDermott, D., Clark, J.,
et al. (2020). High-dose Ipilimumab and high-dose Interleukin-2 for patients with
advanced melanoma. Frontiers in Oncology 9. https://doi.org/10.3389/fonc.2019.
01483.

Silva, I. P,, Da, T. A., McQuade, J. L., Nebhan, C. A., Park, ]J. J., Versluis, J. M., Serra-
Bellver, P., et al. (2022). Clinical models to define response and survival with
anti-PD-1 antibodies alone or combined with Ipilimumab in metastatic mela-
noma. Journal of Clinical Oncology 40(10), 1068-1080. https://doi.org/10.1200/
JC0.21.01701.

Somasundaram, A, Cillo, A. R., Lampenfeld, C., Workman, C. J., Kunning, S., Oliveri, L.,
Velez, M, et al. (2022). Systemic immune dysfunction in cancer patients driven by
IL6 induction of LAG3 in peripheral CD8+T cells. Cancer Immunology Research 10
(7), 885-899. https://doi.org/10.1158/2326-6066.CIR-20-0736.

Stadler, J. -C,, Keller, L., Mess, C., Bauer, A. T., Koett, ]., Geidel, G., Heidrich, I, et al. (2023).
Prognostic value of von Willebrand factor levels in patients with metastatic mela-
noma treated by immune checkpoint inhibitors. Journal for Immunotherapy of
Cancer 11(5). https://doi.org/10.1136/jitc-2022-006456.


https://doi.org/10.3390/biomedicines10092135
https://doi.org/10.1056/nejmoa1504030
https://doi.org/10.1056/nejmoa1504030
https://doi.org/10.1084/jem.20202084
https://doi.org/10.1084/jem.20202084
https://doi.org/10.1158/1078-0432.CCR-18-2795
https://doi.org/10.1186/s12943-018-0757-5
https://doi.org/10.1186/s12943-018-0757-5
https://doi.org/10.3389/fonc.2021.646883
https://doi.org/10.1016/j.annonc.2021.08.1748
https://doi.org/10.1080/01635581.2022.2032764
https://doi.org/10.1080/2162402X.2021.1926762
https://doi.org/10.1080/2162402X.2021.1926762
https://doi.org/10.3390/cancers13112630
https://doi.org/10.3389/fimmu.2022.1054161
https://doi.org/10.1007/978-3-031-04039-9_21
https://doi.org/10.1007/978-3-031-04039-9_21
https://doi.org/10.1111/pcmr.12958
https://doi.org/10.1158/1535-7163.MCT-19-0132
https://doi.org/10.1158/1535-7163.MCT-19-0132
https://doi.org/10.1016/j.jid.2021.07.160
https://doi.org/10.1016/j.jid.2021.07.160
https://doi.org/10.1016/j.medj.2022.12.007
https://doi.org/10.1136/bmj.n71
https://doi.org/10.7554/eLife.81952
https://doi.org/10.7554/eLife.81952
https://doi.org/10.3389/fimmu.2021.672521
https://doi.org/10.3389/fimmu.2021.672521
https://doi.org/10.3390/cancers14143342
https://doi.org/10.3390/cancers14143342
https://doi.org/10.1097/CJI.0000000000000321
https://doi.org/10.1097/CJI.0000000000000321
https://doi.org/10.3389/fimmu.2023.1065767
https://doi.org/10.3389/fimmu.2023.1187332
https://doi.org/10.3389/fimmu.2020.00372
https://doi.org/10.1007/s00262-018-2258-1
https://doi.org/10.1007/s00262-018-2258-1
https://doi.org/10.1177/1535370217731291
https://doi.org/10.1016/j.xcrm.2020.100141
https://doi.org/10.1136/jitc-2020-002171
https://doi.org/10.1016/j.cell.2023.11.037
https://doi.org/10.1016/j.radonc.2022.06.016
https://doi.org/10.3390/ijms22158017
https://doi.org/10.3390/ijms22158017
https://doi.org/10.3390/cancers13061446
https://doi.org/10.3390/cancers13061446
https://doi.org/10.1158/1078-0432.CCR-06-1695
https://doi.org/10.3390/cancers14092123
https://doi.org/10.1186/s12967-022-03450-3
https://doi.org/10.1016/j.ejca.2021.11.015
https://doi.org/10.1016/S0140-6736(23)01700-2
https://doi.org/10.1016/S0140-6736(23)01700-2
https://doi.org/10.1186/s12967-019-2051-8
https://doi.org/10.1186/s12943-021-01490-9
https://doi.org/10.1126/scitranslmed.abf5107
https://doi.org/10.3389/fonc.2019.01483
https://doi.org/10.3389/fonc.2019.01483
https://doi.org/10.1200/JCO.21.01701
https://doi.org/10.1200/JCO.21.01701
https://doi.org/10.1158/2326-6066.CIR-20-0736
https://doi.org/10.1136/jitc-2022-006456

E. Splendiani, ZM. Besharat, A. Covre et al.

Strippoli, S., Fanizzi, A., Negri, A., Quaresmini, D., Nardone, A., Armenio, A., Sciacovelli, A.
M., et al. (2021). Examining the relationship between circulating CD4— CD8
double-negative T cells and outcomes of Immuno-checkpoint inhibitor therapy—
Looking for biomarkers and therapeutic targets in metastatic melanoma. Cells 10
(2), 1-14. https://doi.org/10.3390/cells10020406.

Toor, S. M., Sasidharan Nair, V., Decock, J., & Elkord, E. (2019). Immune checkpoints in the
tumor microenvironment. Seminars in Cancer Biology no. June, 1-12. https://doi.org/
10.1016/j.semcancer.2019.06.021.

Triozzi, P. L., Stirling, E. R., Song, Q., Westwood, B., Mitra Kooshki, M., Forbes, E., Holbrook,
B. C, et al. (2022). Circulating immune bioenergetic, metabolic, and genetic signa-
tures predict melanoma patients’ response to anti-PD-1 immune checkpoint block-
ade. Clinical Cancer Research 28(6), 1192-1202. https://doi.org/10.1158/1078-0432.
CCR-21-3114.

Tu, W. J,, McCuaig, R. D,, Tan, A. H. Y., Hardy, K, Seddiki, N., Ali, S., Dahlstrom, J. E., et al.
(2020). Targeting nuclear LSD1 to reprogram cancer cells and reinvigorate exhausted
T cells via a novel LSD1-EOMES switch. Frontiers in Immunology 11. https://doi.org/10.
3389/fimmu.2020.01228.

Turiello, R., Capone, M., Giannarelli, D., Morretta, E., Monti, M. C, Madonna, G., Mallardo,
D., et al. (2020). Serum CD73 is a prognostic factor in patients with metastatic mela-
noma and is associated with response to anti-PD-1 therapy. Journal for
Immunotherapy of Cancer 8(2). https://doi.org/10.1136/jitc-2020-001689.

Valero, C., Lee, M., Hoen, D., Weiss, K., Kelly, D. W., Adusumilli, P. S., Paik, P. K., et al.
(2021). Pretreatment neutrophil-to-lymphocyte ratio and mutational burden as bio-
markers of tumor response to immune checkpoint inhibitors. Nature Communications
12(1). https://doi.org/10.1038/s41467-021-20935-9.

Valpione, S., Campana, L. G., Weightman, J., Salih, Z,, Galvani, E., Mundra, P. A, De Rosa, F.,
et al. (2022). Tumour infiltrating B cells discriminate checkpoint blockade-induced
responses. European Journal of Cancer 177, 164-174. https://doi.org/10.1016/j.ejca.
2022.09.022.

Varayathu, H., Sarathy, V., Thomas, B., Mufti, S., Sangi, L., Thungappa, S., ... Naik, R. (2020).
Translational relevance of baseline peripheral blood biomarkers to assess the efficacy

15

Pharmacology & Therapeutics 256 (2024) 108613

of anti-programmed cell death 1 use in solid malignancies. Journal of Cancer Research
and Therapeutics 14(7), 1525-1534. https://doi.org/10.4103/jcrt.JCRT.

Waninger, J. J. J., Fecher, L. A. A, Lao, C,, Yentz, S., Green, M. D. D., & Demirci, H. (2022).
Prognostic hematologic biomarkers following immune checkpoint inhibition in me-
tastatic uveal melanoma. Cancers 14(23). https://doi.org/10.3390/cancers14235789.

Warburton, L., Calapre, L., Pereira, M. R,, Reid, A., Robinson, C., Amanuel, B., ... Gray, E.
(2020). Circulating tumour DNA in advanced melanoma patients ceasing PD1 inhibi-
tion in the absence of disease progression. CANCERS 12(11). https://doi.org/10.3390/
cancers12113486.

Wendlinger, S., Wohlfarth, ]., Kreft, S., Siedel, C., Kilian, T., Dischinger, U., Heppt, M. V.,
et al. (2022). Blood eosinophils are associated with efficacy of targeted therapy in pa-
tients with advanced melanoma. CANCERS 14(9). https://doi.org/10.3390/
cancers14092294.

Xu, R, Rai, A,, Chen, M., Suwakulsiri, W., Greening, D. W., & Simpson, R. J. (2018). Extra-
cellular vesicles in cancer — Implications for future improvements in cancer care.
Nature Reviews Clinical Oncology 15(10), 617-638. https://doi.org/10.1038/s41571-
018-0036-9.

Yanagita, M., Luke, J. ], Hodi, F. S., Janne, P. A., & Paweletz, C. P. (2018). Isolation and char-
acterization of circulating melanoma cells by size filtration and fluorescent in-situ hy-
bridization. Melanoma Research 28(2), 89-95. https://doi.org/10.1097/CMR.
0000000000000431.

Yap, T. A, Gainor, J. F.,, Callahan, M. K., Falchook, G. S., Pachynski, R. K., LoRusso, P.,
Kummar, S., et al. (2022). First-in-human phase I/II ICONIC trial of the ICOS agonist
Vopratelimab alone and with Nivolumab: ICOS-high CD4 T-cell populations and pre-
dictors of response. Clinical Cancer Research 28(17), 3695-3708. https://doi.org/10.
1158/1078-0432.CCR-21-4256.

Zhao, J., Li, D, Xie, S., Deng, X., Wen, X, Li, ], Zhengrong, W., et al. (2022). Nomogram for
predicting prognosis of patients with metastatic melanoma after immunotherapy: A
chinese population-based analysis. Frontiers in Immunology 13. https://doi.org/10.
3389/fimmu.2022.1083840.


https://doi.org/10.3390/cells10020406
https://doi.org/10.1016/j.semcancer.2019.06.021
https://doi.org/10.1016/j.semcancer.2019.06.021
https://doi.org/10.1158/1078-0432.CCR-21-3114
https://doi.org/10.1158/1078-0432.CCR-21-3114
https://doi.org/10.3389/fimmu.2020.01228
https://doi.org/10.3389/fimmu.2020.01228
https://doi.org/10.1136/jitc-2020-001689
https://doi.org/10.1038/s41467-021-20935-9
https://doi.org/10.1016/j.ejca.2022.09.022
https://doi.org/10.1016/j.ejca.2022.09.022
https://doi.org/10.4103/jcrt.JCRT
https://doi.org/10.3390/cancers14235789
https://doi.org/10.3390/cancers12113486
https://doi.org/10.3390/cancers12113486
https://doi.org/10.3390/cancers14092294
https://doi.org/10.3390/cancers14092294
https://doi.org/10.1038/s41571-018-0036-9
https://doi.org/10.1038/s41571-018-0036-9
https://doi.org/10.1097/CMR.0000000000000431
https://doi.org/10.1097/CMR.0000000000000431
https://doi.org/10.1158/1078-0432.CCR-21-4256
https://doi.org/10.1158/1078-0432.CCR-21-4256
https://doi.org/10.3389/fimmu.2022.1083840
https://doi.org/10.3389/fimmu.2022.1083840

	Immunotherapy in melanoma: Can we predict response to treatment with circulating biomarkers?
	Declaration of competing interest
	Acknowledgments
	References




