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1. Introduction

1.1.Melanoma background

MM is a malignant tumor that arises from cells that produce melanin, called

melanocytes (Snyman et al. 2024).

From an embryological perspective, melanocytes originate from the neural crest during
development (Dupin and Le Douarin 2003). Melanoblasts differentiate and colonize
various sites, including the epidermis, hair follicles (bulb), uveal tract, leptomeninges,
ears, and certain mucosal surfaces (Dupin and Le Douarin 2003; Mort, Jackson, and
Patton 2015). This developmental pathway explains the fact that MM arises not only in
sun-exposed skin from the epidermis but also in the eye, mucosal surfaces, and within

the nervous system (Brombin and Patton 2024).

CM represents only a small percentage of cutaneous cancers, which mainly are basal
and squamous cell carcinomas. Despite the lower incidence of CM than other
cutaneous cancers, it is the main cause of death from cutaneous malignancies due to
its aggressiveness and significant metastatic potential as compared to basal cell and
squamous cell carcinoma. Non-acral CM has the most favorable prognosis, while
acral, mucosal, and uveal melanomas carry a more dismal prognosis (Arnold et al.
2022; Sadeq et al. 2023).

A persistent upward trend in melanoma incidence has been observed in the past
decades, especially in the younger population (Bosetti et al. 2004). Australia, New
Zealand, the United States, and parts of Europe have the highest incidence rates,
representing a significant healthcare burden (L. Zhou et al. 2025; Garbe et al. 2024;
Conforti and Zalaudek 2021; Sneyd and Cox 2013). The main risk factor of non-acral
CM is UV radiation, while genetic predisposition, sunburns, phototype, number of nevi,

color of hair, and eyes can have an additive and modifying effect.

There are several histological variants of CM, each exhibiting unique morphological
features, preferred anatomical localizations, epidemiological associations, and clinical

characteristics. Identification of these subtypes is important, as they exhibit distinct



behavior that can influence prognosis and therapeutic planning (Whiteman, Pavan,
and Bastian 2011; Druskovich et al. 2025).

SSM is the most common histological subtype and represents approximately 60-70%
of CM cases. SSM is commonly found on intermittently sun-exposed sites, for
example, due to sunburns, such as the trunk in male and the lower extremities in
female population. Microscopically, it demonstrates a radial growth pattern, along with
the spread of atypical melanocytes within the epidermis. This histological subtype is
associated with BRAF mutations (R. A. Scolyer, Long, and Thompson 2011; Trindade,
de Freitas, and Bittencourt 2021; Singh, Kim, and Schwartz 2016; Whiteman, Pavan,
and Bastian 2011).

NM comprises about 15-20% of cases and is characterised by its aggressive vertical
growth pattern, resulting in rapid tumor growth. Clinically, NM appears as a pigmented,
dome-shaped nodule, often ulcerated. Due to its minimal radial component, NM often
is thicker and therefore has a worse prognosis (Garcia-Lozano et al. 2020; Myers and
Hyde 2021; Susok et al. 2021).

LMM represents approximately 5-10% of CM and typically develops on chronically sun-
damaged skin. Therefore, it is most commonly found in older individuals, who also
have solar elastosis and other non-melanoma skin cancers. It evolves from lentigo
maligna, an in-situ precursor that may persist for years in a purely radial phase before
becoming invasive. LMM is found on the face, scalp, and neck and has atypical
melanocytes that extend in a lentiginous pattern along an atrophic epidermis (Tsatsou
et al. 2012; Kasprzak and Xu 2015).

ALM is rare in Caucasians and whites and is much more common in patients with dark
skin. ALM arises on palms, soles, or subungual regions as an irregular pigmented
patch or as longitudinal melanonychia. ALM represents a diagnostic challenge, is often
diagnosed late and at a more advanced stage (Holman et al. 2023; Bradford et al.
2009; Boriani et al. 2014; Nakamura and Fujisawa 2018).



Mucosal melanoma is rare and represents 1-2% of all melanoma cases and arises in
the mucous membranes of the respiratory (nasal, paranasal cavities), gastrointestinal
(from oral, oropharynx, larynx, stomach, esophagus, small intestine to anorectal), and
genitourinary (vulva, vagina, cervix) tract, with the head and neck being the most
frequent one. This subtype has not been linked to UV radiation, and its pathogenesis
remains unknown. It manifests with vague or site-specific symptoms and, due to its
difficult localisation, is diagnosed at an advanced stage. These tumors typically are
aggressive with higher recurrence rates and worse OS outcomes than CM,
necessitating specialized surgical and systemic management (Hahn et al. 2019;
Lazarev et al. 2014; Sergi et al. 2023). Also, it is unresponsive to ICI, while its genomic

landscape is distinct.

Desmoplastic melanoma is 1-4% of melanomas and mainly affects older adults with
chronically sun-damaged skin. It is characterized by spindle cells within a dense
stroma, often displaying a scar-like appearance. This subtype is frequently amelanotic,
and therefore also difficult to diagnose. Histology can also be a challenge, and special
stains are usually needed, like immunohistochemical confirmation with SOX10. It often
shows neurotropism and is associated with a high risk of local relapse, though regional
nodal or distant spreading are relatively uncommon compared to other subtypes.
Moreover, it carries NF1 mutations, high TMB, and increased T cell infiltration and
appears to respond better to ICI than other subtypes (Bailey, Thompson, and Scolyer
2020; Shannon, Zager, and Perez 2024; J.Y. Chen et al. 2008; L.L. Chen et al. 2013;
Kendra et al. 2023).

Nevoid Melanoma is a rare variant that histologically resembles benign melanocytic
nevi and is also a significant diagnostic challenge. Despite its benign appearance, it
demonstrates histologically atypia (Valentini, Quinn, and Murphy 2025; Zembowicz et
al. 2001; Idriss et al. 2015).

Spitzoid and Spitz melanoma mimics benign Spitz nevi but exhibits cytological atypia

and asymmetry. Distinguishing spitzoid melanoma from atypical Spitz tumors and



benign Spitz nevi is challenging and often requires additional molecular diagnostic
tools. Loss of p16 has been used (Zedek and McCalmont 2011; Cheng, Ahern, and
Giubellino 2022; Harms et al. 2016).

Animal-Type, or pigment-synthesizing melanoma, is a very rare melanoma type and is
characterized by increased melanin production, which gives it its characteristic
appearance, making it resemble melanomas found in certain animals. It can appear
like blue nevi and affects younger individuals. Although it has a more indolent course
than other types, local aggressiveness and recurrence are a risk (Vyas et al. 2015;
Antony et al. 2006; Crowson, Magro, and Mihm 1999).

Primary Central Nervous System Melanoma is also very rare and originates from
leptomeningeal melanocytes, and it should be distinguished from secondary
metastatic spread. This more commonly affects children and young patients with
neurocutaneous melanosis or congenital nevi. Intracranial localisation is often
associated with a worse prognosis than spinal, and NRAS mutations are common. Its
diagnosis requires differentiation from other melanotic lesions and metastatic
melanoma, which is more common in the CNS (Man and Wang 2019; P. Guo et al.
2024; Pellerino et al. 2024; Wadasadawala et al. 2010; Liubinas, Maartens, and
Drummond 2010).

As previously discussed, UV radiation is the main risk factor for melanoma, but its
impact depends on the pattern and duration of exposure. CM like SSM are strongly
linked to intermittent, high-dose UV exposure, typically after severe sunburns. These
lesions commonly arise on intermittently exposed areas like the trunk and limbs
(Raimondi, Suppa, and Gandini 2020; Gandini et al. 2005; Elwood et al. 1985; Chang
et al. 2022). In contrast, LMM is associated with prolonged, cumulative chronic UV
exposure over a lifetime. It usually affects sun-damaged sites like the face, ears, and
scalp, showing histological signs of chronic sun exposure like solar elastosis (Linos et
al. 2017; Tsatsou et al. 2012; DeWane et al. 2019). Meanwhile, subtypes such as ALM
and mucosal melanoma develop independently of UV radiation. Their occurrence
highlights alternative pathogenetic factors, including genetic predisposition, somatic



mutations unrelated to UV-induced DNA damage, and chronic irritation or inflammation
in mucosal sites. Acral and mucosal melanomas have a distinct genomic profile
characterised by a lack of BRAF and NRAS mutations, while higher frequency of KIT
mutations and CDK4 amplifications, has lower TMB and no UV signature (Fortuna and
Amaral 2024; Indini et al. 2022; M. Wang et al. 2022; Mao et al. 2021).

Other factors that contribute to increased melanoma risk include genetic susceptibility.
Around 10% of CM have a familial background. Germline mutations in cell cycle genes
like CDKN2A, CDK4, in telomere-related genes like TERT, POT1, ACD, TERF2IP, and
in other genes like BAP1 have been implicated in germline susceptibility (Aoude et al.
2014; Baptista Freitas et al. 2024; Potrony et al. 2015).

Other risk factors include use of tanning beds, phototype with Fitzpatrick | and Il being
most at risk, light eye and hair color, presence of nevi (common, congenital, atypical),
and immunosuppression. The mean age at diagnosis is 65 years (Conforti and
Zalaudek 2021).

From a molecular standpoint, a hallmark of melanoma biology is the heterogeneity of
its molecular alterations. Mutations in the MAPK pathway are very common, and BRAF
mutations are the most common ones in melanoma. The BRAF V600E mutation is the
most prevalent driver, occurring in approximately 40-50% of CMs, predominantly on
intermittently sun-exposed skin. This mutation activates the MAPK pathway, which is
considered the first step of nevogenesis and oncogene-driven senescence (l. Vanni,
Tanda, Spagnolo, et al. 2020; Greaves et al. 2013; Rubi6o-Casadevall et al. 2021;
Spathis et al. 2019). This mutation is most common in non chronically sun damaged
skin, especially in SSM, and is more commonly found on the trunk and in younger
patients. At codon V600, other mutations are also found, although rarer (Vredeveld et
al. 2012).

NRAS mutations are in about 15-30% of CM and similarly activate the MAPK pathway
as well as the PI3K-AKT pathways. The most common mutated codon is Q61, whereas
also at 12 and 13 positions, rarer mutations are found. The Q61 mutations are mutually

exclusive with BRAF mutations and are often associated with aggressive behavior and



resistance to TT. MEK inhibitors, although inhibiting the pathway downstream, have
not exhibited promising results. They are most commonly found in thicker tumors, NM,
in extremities, and more commonly found in congenital nevi, leptomeningeal

melanosis, and primary CNS melanoma (Awada and Neyns 2022; Burd et al. 2014).

HRAS mutations and amplifications have been found in Spitz nevi, and KRAS
amplifications have been associated with worse prognosis (Irene Vanni, Tanda,
Dalmasso, et al. 2020; Zhao et al. 2021; Heppt et al. 2017; Jenkins and Sullivan 2016;
Rabbie et al. 2021).

Melanomas on chronically sun-damaged skin, like LMM, as well as other types not
associated with UV, including acral and mucosal melanomas, have a distinct molecular

and genomic landscape.

KIT mutations are more common in these subtypes, around 10-15%, than in other
subtypes and involve gain-of-function alterations that activate receptor tyrosine kinase,
promoting melanocyte proliferation and survival. Mutations in exons 11,13, and 17 of
KIT are most commonly found, as well as amplification of KIT (Nassar and Tan 2020;
Beadling et al. 2008; Yun et al. 2011; M. Wang et al. 2022; F. Newell, Johansson, et al.
2022; Felicity Newell et al. 2020). For these mutations, inhibitors also exist (Akbani et
al. 2015; Awada and Neyns 2022; Beadling et al. 2008; Y.-j. Cai et al. 2021).

NF1 loss of function is also a driver in melanoma, primarily in tumors lacking BRAF or
NRAS mutations. These mutations are more commonly observed in older patients with
chronic UV exposure and activate the MAPK pathway. They are found in tumors with
high TMB and are found in a higher percentage of desmoplastic melanoma (lrene
Vanni, Tanda, Dalmasso, et al. 2020; Krauthammer et al. 2015; Nissan et al. 2014,
Cancer Genome Atlas 2015; Wiesner et al. 2015). These mutations have been
associated with a favorable response to ICI. Traditionally, CM is classified as BRAF,
NRAS, NF1 mutated versus triple WT (Cancer Genome Atlas 2015).

TERT promoter mutations, mainly C228T and C250T at -124 and -146 hotspots, occur

mainly in melanomas, especially in SSM and NM. These mutations are associated with



UV signature and lead to increased telomerase activity (Y. Guo, Chen, et al. 2022; F.W.
Huang et al. 2013; Cancer Genome Atlas 2015; Griewank et al. 2014; Broseghini et al.
2025).

In addition to common drivers, melanoma harbors a range of rarer somatic genomic
alterations contributing to its heterogeneity, metastatic potential, and therapeutic

resistance.

Mutations in MAP2K1, KRAS, RAC1, and SPRED1 can also activate the MAPK or
other related pathways, while alterations in PIK3CA, AKT1, TSC1/TSC2, and PTEN
activate the PIBK-AKT-mTOR axis. Mutations in CTNNB1 or APC disrupt the B-catenin
pathway and promote metastasis and immune evasion (J. J. Luke et al. 2019). Cell
cycle deregulation arises from mutations or genomic copy number alterations in cell
cycle genes, including CDKN2A, CDK4, CCND1, RB1, and MDM2. Epigenetic
modifiers like ARID1A, DNMT1, ARID2, EZH2, KMT2C, and KMT2D affect chromatin
structure, remodeling and gene expression, while rare alterations in IDH1/2, FBXW?7,
and MET pathways influence metabolism and metastatic behavior (Ye et al. 2022;
Dreier and de la Serna 2022; Ramani, Morani, and Zhang 2022; Redmer et al. 2024).

1.2. Staging Melanoma
The AJCC 8th is the mainstay for CM classification, integrating the TNM to stratify

patients according to the risk of melanoma progression to guide prognosis and
therapeutic management. This edition refined definitions in 2017 to better reflect
survival outcomes derived from large international datasets, also after the introduction
of anti-PD-1-based IT. It has better prognostic accuracy than AJCC-7 (2010) and better
stratifies high-risk patients. Stages I-ll are localized disease, stratified into risk groups
using the primary tumor thickness and presence or absence of ulceration. Stage Il
encompasses regional spread to sentinel lymph nodes or clinically or radiologically
affected lymph nodes, and in-transit,  satellite, or  microsatellite
cutaneous/subcutaneous metastases. Stage IV includes metastatic melanomas to
distant organs (Keung and Gershenwald 2018; Hynes et al. 2022; Tjokrowidjaja,
Browne, and Soudy 2022; Barreiro-Capurro et al. 2021; Gershenwald and Scolyer
2018).



Tumor (T) classification is primarily determined by Breslow tumor thickness and
ulceration of the primary tumor. Tumor thickness is grouped into four categories, those
below or equal to 1 mm, those between 1.01 and 2 mm, those between 2.01 and 4
mm, and those above >4 mm, with each T group subdivided using the presence or
absence of ulceration. T1 distinguishes lesions <0.8 mm without ulceration T1a, from
those <0.8 mm with ulceration or with a thickness between 0.8 and 1 mm, T1b,
reflecting evidence that these T1b tumors carry higher metastatic risk (Gershenwald
and Scolyer 2018; Ferguson, Gershenwald, and Scolyer 2018; Richard A. Scolyer et

al. 2020). This was a new incorporation in AJCC edition 8.

Nodal (N) staging considers the number of affected lymph nodes. Nodal metastases
are considered either the microscopic ones, termed micrometastases, identified by
SLNB, or macroscopic, clinically or radiologically evident, termed macrometastases.
The N category also stratifies according to the presence of in-transit, satellite, or
microsatellite metastases. These locoregional cutaneous or lymphonodal metastases
significantly affect the prognosis, and incorporating their presence enhances the
accuracy of the classification of AJCC edition 8 (Keung and Gershenwald 2018; Bartlett
et al. 2014; Shaikh et al. 2005).

Distant metastasis (M) is categorized by site of distant metastasis and by serum LDH
status. The inclusion of CNS metastasis as a distinct category (M1d) with the worst
prognosis reflects its unique clinical behavior and poorer outcomes (Gershenwald and
Scolyer 2018; Diem et al. 2016; Janka et al. 2021).

1.3. Therapy of melanoma

The treatment of CM is determined by disease stage and relies on a multidisciplinary
strategy that integrates surgical excision, nodal staging, systemic therapy, and, when
indicated, regional or radiotherapeutic approaches. The principal aim is complete local
control of the primary tumor, assessment of regional metastasis, and optimal

management of high-risk or advanced disease to prolong survival and reduce



recurrence risk. In this context, the use of biomarkers to predict and monitor disease
is of high importance (Gamboa et al. 2020; Eljilany, Castellano, and Tarhini 2023; Seth
et al. 2023; McKean and Amaria 2018; A. M. M. Eggermont et al. 2022).

1.3.1. Excision

Surgical excision remains the front-line therapeutic option for localized primary
melanoma, and the primary tumor is resected with surgical margins. The surgical
margins are determined according to the Breslow tumor thickness of primary tumor,
with international consensus recommending margins ranging from 0.5 to 1 cm for
melanoma in situ, 1 cm for tumors up to 1 mm thick, 1 to 2 cm for 1 to 2 mm thick, and
2 cm for thicker lesions exceeding 2 mm, as 4cm margins did not show a benefit in
prognosis. For lentigo maligna, a precursor of LMM, Mohs can be considered as an
alternative, and for melanomas in specific localizations, Mohs is also under research.
For UM, the current therapeutic strategy for the primary tumor is proton beam, while
past methods, including brachytherapy and enucleation, have been abandoned (Utjés
et al. 2019; Thomas et al. 2004; Nacchiero et al. 2024; Khayat et al. 2003; R.N.
Hussain, Chiu, et al. 2023; Sharma et al. 2021).

1.3.2. Sentinel lymph node biopsy

Regional nodal staging is essential for prognostication and thus therapeutic decisions,
mainly in the era of neoadjuvant and adjuvant therapy. SLNB is recommended for
melanoma patients at initial diagnosis when no macroscopic metastasis is clinically or
radiologically found. Eligible patients are those with melanomas that are thicker than
0.8 mm or exhibiting ulceration, as well as some younger patients in daily clinical
practice. SLNB identifies the first lymph nodes to which the tumor drains, and detects
microscopic nodal metastasis that cannot be clinically or radiologically found (Morton
et al. 2006; Y. Hu et al. 2020; Holmberg et al. 2023; Venna et al. 2013). The presence
of micrometastases identified in the sentinel node with SLNB automatically upgrades
the staging to stage Ill and predicts a worse melanoma-specific survival as compared

to those without localized disease.

However, the exact stratification and prognosis are more complex. SLNB not only
detects micrometastases but also offers valuable additional prognostic information
based on the extent and distribution of tumor cells within the node, parameters that

influence prognosis. Research indicates that factors such as the size of metastatic as
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tumor burden, their anatomical location within the node, and the density of
disseminated cancer cells per million nodal cells, provide a more accurate prediction
of patient outcomes than nodal positivity alone (van Akkooi et al. 2008; Z. Hussain,
Heaton, et al. 2023; Rhodin et al. 2022; Ulmer et al. 2018; van der Ploeg et al. 2011;

Teresa Amaral, Nanz, et al. 2024).

Traditionally, a positive SLNB was subsequently followed by CLND; however, trials
demonstrated that immediate CLND does not prolong OS compared to nodal
surveillance, like with ultrasonography, while also increasing the risk of complications
like lymphedema and seroma. As a result, now with the use of adjuvant therapies,
immediate CLND has been largely abandoned in favor of observation and surveillance.
This is true for all micrometastases where adjuvant therapy can be given, reserving
further surgical intervention for clinically evident nodal progression. Especially for
patients with micrometastases below 0.1 mm and subscapular localisation, the CLND
has been abandoned, although the benefit that adjuvant therapy can give is yet unclear
(Faries et al. 2017; Leiter et al. 2019; Jiminez et al. 2025; Kretschmer et al. 2021;
Farrow et al. 2020).

Emerging technologies, including RNA-based molecular assays, have demonstrated
potential for noninvasive prediction of nodal metastasis risk, which may potentially
reduce the need for surgical SLNB. Such molecular assays hold promise for better
patient selection (Yousaf et al. 2021; Kriza et al. 2024; Teresa Amaral et al. 2025; T.
Amaral, Chatziioannou, et al. 2024; J. Sun, Karasaki, and Farma 2024; Whitman et al.
2021; Garg et al. 2021).

1.4. Systemic Therapy
Before the emergence of MAPK inhibition with BRAF/MEK inhibition and ICI,

chemotherapy was the principal systemic option for advanced melanoma. DTIC was
the standard of care, and as an alkylating agent, it induced DNA damage to promote
tumor cell apoptosis. Despite its use, DTIC monotherapy achieved ORR of only 10-
20%, with CR being rare. Median PFS generally did not exceed 2-3 months, and OS
benefit was minimal, therefore, DTIC is now largely considered ineffective (Velho 2012;
Rydén et al. 2024; Ascierto et al. 2019).
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Other cytotoxic agents, including temozolomide, platinum compounds (cisplatin,
carboplatin), taxanes (paclitaxel, nab-paclitaxel, docetaxel), have demonstrated only
slight improvements in ORR and survival. Combinatorial chemotherapeutic regimens,
like CVD yielded slightly higher ORRs but have not demonstrated prolongation of OS
and are associated with increased toxicity (Bhatia, Tykodi, and Thompson 2009; Atkins
et al. 2008; Chapman et al. 1999; T. Hu et al. 2021).

Today, conventional chemotherapy has only a minor role, typically as palliative therapy,
reserved for patients who progress after IT and TT. However, studies also show that in
this context, no significant survival benefit can be seen. Therefore, it is given only as a
last line palliative portion, reserved for control of the symptoms after TT, ICI, and trial
enrollment. Only some trials are investigating whether the addition of some
chemotherapeutic agents, like temozolomide, can provide benefit when combined with
anti-PD-1-based IT (Goldinger et al. 2022; Gaughan and Horton 2022; Pham et al.
2023; T. Hu et al. 2021).

In light of this, the use of ICI has revolutionized the therapeutic management of
melanoma, particularly in cases of advanced disease and high-risk resected tumors
(stage 1IB to IV), which before use of ICI they carried a dismal prognosis with OS of
20%-30% at 24 months for patients with macroscopic metastases (Cascinelli et al.
1998). CM is considered a highly immunogenic tumor, which makes it eligible for ICI.
This intrinsic immunogenicity of melanoma is due to the high TMB induced by UV,
which in turn increases the neoantigen presentation, making tumor cells more visible
to the immune system (Conway et al. 2018; Kim et al. 2019; A.M. Goodman et al.
2017). On the other hand, subtypes that are not associated with UV, like mucosal,
uveal and acral melanoma, do not respond to ICl as they have lower TMB (Andrews
et al. 2024; A.M. Goodman et al. 2017).

Immune checkpoints include a variety of molecules, like CTLA-4, PD-1, TIM-3, TIGIT,
VISTA, and CD276, which are molecules found on many cells that regulate the immune
system, and some of them maintain immune tolerance, suppress the T cells, and
therefore prevent autoimmunity. CTLA-4, found on T cells, binds and inhibits or

prevents the activation of B7 ligands, which are CD80/CD86 on antigen-presenting
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cells, especially in lymphoid tissues. PD-1 within peripheral tissues and the tumor
microenvironment on T cells binds to PD-L1, which can be found on tumor cells, and
this axis leads to suppression of the T cells. Melanoma and other tumor cells frequently
upregulate PD-L1 as an immune resistance mechanism, suppressing T-cell and
evading immune surveillance. The primary immune checkpoints targeted in melanoma
IT include CTLA-4 and PD-1 along with its PD-L1, while recently, anti-LAG3 has been
approved (Seidel, Otsuka, and Kabashima 2018; A.C. Huang and Zappasodi 2022;
Mandala, Merelli, and Massi 2016; Ellebaek et al. 2024). The use of PDL1 expression
on tumor cells has been used in various tumors as a biomarker to predict response
towards anti-PD-1-based IT, although it is not included in the AJCC classification of
melanoma (Alves Costa Silva et al. 2020; L. Cai et al. 2023; G. Chen et al. 2024;
Ellebaek et al. 2024; Khunger et al. 2017).

The first type of immune inhibitor approved for melanoma was ipilimumab, an anti-
CTLA-4 antibody, in 2011. Subsequent studies, however, showed the survival benefit
and lower toxicities with the use of anti-PD1 antibodies. Therefore, clinical practice has
changed toward the preferential use of PD-1 inhibitors, mainly nivolumab and
pembrolizumab, or anti-PD-1-based combination IT with ipilimumab and nivolumab.
Combination ICI has better ORR and survival outcomes; however, it also demonstrates
more irAEs, necessitating careful patient selection and optimal IT duration, especially
for those who will receive monotherapy and those who will receive combination IT
(James Larkin et al. 2019; Postow et al. 2015; Wolchok et al. 2017; Robert et al. 2019;
Robert et al. 2015). In daily clinical practice, stage IV patients, especially with

unfavorable melanoma subtypes, start with combination ICI.

Further progress in melanoma IT has been made by the approval of relatlimab, an
inhibitor targeting LAG-3. Relatlimab, administered together with nivolumab, has
demonstrated better survival outcomes than nivolumab alone in advanced stage |l
and IV melanoma patients. The advantage of this combination IT is that it has been
observed in clinical practice to have better tolerability and fewer immune adverse
events than the ipilimumab and nivolumab regimen (Tawbi et al. 2022; Tawbi et al.
2025; J. Su et al. 2023; Lipson et al. 2025; Rutkowski and Jagodzinska-Mucha 2023).
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As far as adjuvant therapy is concerned, patients with RO-resected stage Ill disease
benefit significantly from ICI or, in BRAF-mutant cases, from combined BRAF/MEK
inhibition that targets the activated MAPK pathway (dabrafenib plus trametinib,
vemurafenib plus cobimetinib). Recent guidelines now extend the indication for
adjuvant ICI to patients with SLNB-negative resected stage 11B and IIC melanomas,
reflecting the substantial risk of recurrence in these stages that is similar to some
substages lll. Stage 1IB and IIC have worse survival outcomes than stage IllIA (James
Larkin et al. 2019; Jason J. Luke et al. 2024; Kirkwood et al. 2023; Schadendorf et al.
2024; Long et al. 2024; Weber et al. 2023). In stage I, a new study showed that front-
line ICl is better than BRAF/MEK inhibition for the adjuvant setting, as front-line MAPK
inhibition could lead to genomic and phenotypic alterations within the tumor and tumor
environment, rendering it resistant to subsequent ICIl. In BRAF-mutant melanoma,
starting with ICI and then switching to MAPK inhibition gives the possibility to exploit
that dependence of melanoma growth on melanoma after potential ICl resistance
(Schumann et al. 2025).

For unresectable metastatic stage Ill and IV disease, systemic treatment aims to
achieve durable DC. ICI, as monotherapy or in combination (nivolumab plus
ipilimumab or relatlimab), is the mainstay of therapy. In BRAF V600 mutant tumors, TT
with BRAF/MEK inhibition remains an important option, producing high response rates
despite eventual resistance in many cases, which, as discussed above, can also cause
cross-resistance to ICI (S. Liu et al. 2023). Recent evidence suggests that optimal first-
line is ICI over TT also in BRAF-mutated non-adjuvant unresectable patients. Even
though promising data were seen for triple combination with IClI and TT on mice, in
clinical trials, this endpoint was not met (James Larkin et al. 2019; Long et al. 2017;
Switzer et al. 2022; van Breeschoten et al. 2021; C. Sun et al. 2024; Biermann et al.
2022; Atkins et al. 2019; Trojaniello et al. 2023).

The neoadjuvant and perioperative use of ICI represents an emerging therapeutic
option for managing resectable macroscopic stage Ill melanoma. ICI is delivered
before surgery rather than after, allowing the immune system to produce an antitumor
response targeted specifically against the tumor antigens and neoantigens while the
tumor remains present, making it a more personalized strategy. This approach can

increase systemic immunity, target microscopic disease early, and enable assessment
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of treatment effectiveness through pathological analysis of the surgical specimen.
Achieving a pathological CR has been linked to better long-term outcomes while
making the surgery redundant (Blank et al. 2024; Sussman and Ott 2024; Versluis et
al. 2023; Bushara et al. 2023; Hieken et al. 2023; Song et al. 2020).

Current research is focused on addressing primary and acquired secondary resistance
to ICI, which is a challenge affecting a substantial proportion of patients. Research is
investigating targeting alternative checkpoint molecules such as TIGIT, TIM-3, and
CD276 to further potentiate antitumor immune response. Clinical trials are evaluating
combination strategies that combine ICIs with TT, cancer vaccines, oncolytic viruses
like talimogene laherparepvec, and radiation therapy, with the aim to increase
therapeutic efficacy through multimodal immune activation (L. Cai et al. 2023; Nandini,
Catherine, and Ana Carrizosa 2020; Khan, Arooj, and Wang 2020; Tang et al. 2023;
Kreidieh and Tawbi 2023; Ledderose, Ledderose, and Ledderose 2024; Sachin et al.
2023).

The duration of ICI therapy in tumors and especially in melanoma is determined by
factors including disease stage, therapeutic response, and clinical evidence. In the
adjuvant setting for high-risk stage Il (IIB and IIC) or Ill RO-resected melanomas,
treatment is commonly administered for up to one year, then followed up and monitored
to document a potential relapse. For patients with advanced or metastatic unresectable
disease, therapy typically continues until disease progression, high-grade toxicity, or
individual decision to discontinue. A subset of patients demonstrates durable clinical
remission, allowing cessation of treatment after approximately two years, particularly
those achieving complete remission, who can discontinue treatment after 2 years, with
real-world data showing sustained remissions. This length of ICI duration was due to
the design of clinical trials; however, it has not been investigated. Current research
aims to define optimal treatment duration that maximizes efficacy while minimizing
toxicity, including investigations into biomarker-guided strategies to personalize
therapy duration (J. Larkin et al. 2023; Alexander M.M. Eggermont et al. 2018; A. M.
M. Eggermont et al. 2020; Czarnecka et al. 2025; L. Warburton et al. 2020).
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From a financial perspective, the cost associated with ICI therapy represents a
significant burden on healthcare systems globally, which is associated with the cost of
the therapy as well as the cost of management of toxicities. Individuals with prolonged
therapy duration exhibit psychological distress and lose many working hours. This
burden underscores the necessity for precision medicine approaches that incorporate
predictive biomarkers and treatment algorithms to optimize patient selection and
therapy duration, ultimately improving the cost-effectiveness of ICI but in parallel
retaining clinical benefit (Verma et al. 2018; Bregman et al. 2020; Oh et al. 2017; Quon
et al. 2019).

For selected patients, especially those with injectable cutaneous or nodal metastases,
intralesional therapies such as oncolytic viral therapy, including T-VEC and other
HSV1-related vaccines (RP1) and IL2 injections, can induce local and systemic
immune responses that can complement systemic IT. These demonstrate local
responses and local control of the cutaneous metastases, while also promoting
systemic immune effects and regression of other untreated metastases, a
phenomenon known as the abscopal effect. Therefore, these can be used to
complement systemic IT and improve outcomes (Danielli et al. 2015; Ray et al. 2016;
Radny et al. 2003; Khoury et al. 2021; Agarwala 2015; D.Y. Wang and Johnson 2016).

Many different vaccines, including dendritic, protein, and RNA-based, are also under

investigation (Bhatia, Tykodi, and Thompson 2009; Forchhammer et al. 2024).

TIL therapy, is a personalized type of IT using adoptive cell transfer of a patient’s tumor-
reactive T cells obtained from the tumor (and therefore infiltrate the tumor) to induce
tumor arrest. This approach involves the acquisition and isolation of T cells that
infiltrate the resected melanoma tissue, their ex vivo expansion, and reinfusion to the
patient following a lymphodepletion (Rohaan et al. 2022; Besser et al. 2013). As it is
based on the use of the TILs of the patients, these are directed against the tumor

antigens that the patient has, making them more effective.

Melanoma is among the first solid cancers to demonstrate the efficacy of TIL therapy,
with early-phase clinical trials reporting ORRs of 35-50% in advanced, refractory
melanoma patients that exhibited progression following ICI or TT. Responses can be

durable, as in other types of IT, where an immune equilibrium can be achieved,
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including complete remission in a subset of patients that relapsed and thereby are
resistant to previous immune checkpoint and MAPK inhibitors, a phenomenon that can
be due to the targeting of cancer antigen, rendering it a personalized therapy (Besser
et al. 2013; Rohaan et al. 2022; Chesney et al. 2022; Allison Betof Warner, Corrie, and
Hamid 2023; Pillai et al. 2022).

Tebentafusp is a first-in-class immunotherapeutic agent specifically approved for
HLA-A02:01-positive metastatic UM. It has been recently approved in UM as first-line
therapy, as in this type of melanoma, ICI only showed minimal benefit, and due to its
distinct genomic background, it is intrinsically resistant to anti-PD-1 IT. Tebentafusp is
a bispecific fusion protein of a soluble T-cell receptor that has one arm targeting the
gp100 peptide presented by HLA-A02:01 on the cell membrane and the second arm
being an anti-CD3 fragment, which binds CD3 on T cells. GP100 is a melanocyte-
specific protein involved in melanin synthesis; therefore, it is found on melanocytes.
This redirects and activates patient T cells to selectively target and eliminate melanoma
cells expressing gp100 and presented on HLA-A02:01. The disadvantage of this type
of therapy is that the activation of T cells can cause cytokine storm. Clinical trials and
other cohort studies have demonstrated that tebentafusp significantly improves
survival outcomes when compared to ICl in HLA-A02:01-positive metastatic UM.
Clinical trials also exist for HLA-A02:01-positive CM patients who have progressed on
ICland TT (Hassel et al. 2023; Sacco et al. 2024; Piulats et al. 2024; Dian et al. 2024).

1.4.1. Response RECIST criteria

In clinical research and practice, response to ICl in melanoma is most commonly
evaluated using the RECIST, version 1.1.

According to RECIST 1.1, measurable target lesions are selected and their longest
diameters recorded at baseline with imaging techniques including computed
tomography, magnetic resonance, or PET. Follow-up imaging is performed to compare
tumor measurements with baseline dimensions, allowing responses to be classified
into four categories (Kataoka and Hirano 2018), CR, PR, PD, and SD. The ORR is
calculated as the ratio of those patients who have either a CR or PR by RECIST 1.1,
while DC is defined as those who achieve CR, PR, or SD. BOR is the best response
documented during follow-up imaging. In advanced melanoma, treatment with ICls,

particularly anti-PD-1 monotherapy or combination CTLA-4 and PD-1 inhibition, has
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demonstrated ORR ranging from approximately 30% to over 50% (Eisenhauer et al.
2009).

IT can induce atypical response patterns that were uncommon in chemotherapy and
TT. Specifically, pseudoprogression is a phenomenon where initial increases in lesion
size are documented as progression, although later response is seen. This is because
IT, by activating the immune system, increases the T cell infiltration in the metastases
rather than true tumor growth. To address this, immune-adapted criteria such as
iIRECIST have been proposed to refine response assessment for IT trials, as well as
imaging techniques to quantify the T cells. Despite this, RECIST 1.1 remains the main
criteria used in studies evaluating ICls in melanoma (Khoja et al. 2016; Amrane et al.
2019; Park et al. 2021; Yirgin et al. 2021).

1.4.2. Adverse effects

The use of ICI has significantly prolonged survival outcomes for melanoma patients;
however, this therapeutic strategy is inherently associated with the emergence of irAEs
as it inhibits the immune breaks that are responsible for tolerance and autoimmunity
control. The toxicity profile of ICls reflects an activation of immune responses against
healthy host tissues (Fahey, Gracie, and Johnson 2023; C. Xu et al. 2018; Puzanov et
al. 2017).

IrAEs result from the loss of peripheral tolerance due to blockade of inhibitory pathways
such as CTLA-4 and PD-1, which normally restrain and suppress autoreactive T cells.
The activation of the immune system can provoke a range of inflammatory processes
across multiple organ systems, like the skin, lungs, colon, and hypophysis. Proposed
mechanisms include the expansion of self-reactive T-cell clones, cross-reactivity with
shared antigens between healthy tissue and cancer tissue, increased cytokine
production, B cell activation, and the induction of autoantibodies (S.J. Wang, Dougan,
and Dougan 2023; Casagrande et al. 2024; Mor and Strazza 2022; Buchbinder and
Desai 2016; Taylor et al. 2023).

The clinical spectrum of irAEs is broad, with dermatologic manifestations, including
rash, pruritus, and vitiligo, being the most frequent and typically mild.

Endocrinopathies, including thyroid dysfunction, hypophysitis, and adrenal
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insufficiency, are also common and may be irreversible, requiring lifelong hormone
replacement. Hypophysitis can also be fatal if not diagnosed early. Gastrointestinal
toxicity, particularly colitis and hepatitis, and less frequent but serious toxicities such
as pneumonitis, myocarditis, or neurologic syndromes, can be life-threatening if not
recognized and managed early. The incidence and severity of irAEs vary between
agents, CTLA-4 inhibitors exhibit a higher frequency of severe irAEs compared to PD-
1 inhibitors, while combination regimens further elevate this risk profile (Martins et al.
2019; Shivaiji et al. 2019; Ball et al. 2019; Johnson et al. 2016; Bastacky et al. 2021).

IrAEs are a well-recognized effect of ICl and often arise when the immune system
mistakenly targets healthy tissues that share antigens with the tumor. In melanoma,
skin-related toxicities such as rash, itching, vitiligo, and bullous pemphigoid or other
immune blistering diseases are among the most frequent irAEs. This is believed to
result from immune responses against melanocyte antigens, like gp100, MART-1, and
tyrosinase, which are found in both melanoma cells and normal pigment-producing
skin cells. A similar pattern is seen in other cancers, for example, lung cancer patients
treated with ICls more commonly experience pneumonitis, possibly due to immune
targeting of lung-specific antigens or underlying inflammation in damaged lung tissue.
These organ-specific toxicities suggest that irAEs may be influenced by the tumor’s
tissue of origin and the presence of shared antigens between cancer cells and normal
tissues, emphasizing the importance of tailoring irAE monitoring to each cancer type
(Teng and Yu 2023; Hassel 2022; F. Berner and Flatz 2023).

An interesting aspect of irAEs is their correlation with therapeutic efficacy. Multiple
retrospective studies have reported that patients developing irAEs may achieve higher
ORRs and prolonged survival, suggesting that increased systemic immune activation
parallels a more effective antitumor response, especially when toxicity is developed
against tissue with more shared antigens, like skin and melanoma. Retrospective
studies show that patients who develop irAEs, particularly mild-to-moderate
dermatologic or endocrine toxicities, often have better outcomes. This association is
more complex and likely depends on the nature and severity of the irAE. Severe
toxicities often necessitate immunosuppressive interventions, including systemic
corticosteroids and, in steroid-refractory cases, other options such as TNF inhibitors,

methotrexate, mycophenolate mofetil, some of which can be linked to poorer survival
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(Wu et al. 2020; Das and Johnson 2019; Fujisawa et al. 2018; Kuzmanovszki et al.
2022; Jurlander et al. 2024; Fukushima, Kobayashi, and Ueno 2024; Zhu et al. 2020;
Mohn et al. 2019; Barroso-Sousa et al. 2018).

The relationship between irAEs and the duration of ICI is an area of active
investigation. Durable remissions have been observed in some patients even after
early discontinuation due to severe toxicity, indicating that sustained benefit may be
possible once an adequate antitumor immune response has been triggered (Swami et
al. 2019; Mayer et al. 2025; Perez, Samlowski, and Lopez-Flores 2022; Warner et al.
2020; Lydia Warburton et al. 2023; Asher et al. 2021). Some irAEs can be developed
after prolonged ICI or even after discontinuation, although the majority appear early in

therapy.

1.4.3. Biomarkers

Biomarker identification for ICl in melanoma, which is the current first-line therapy for
the cutaneous subtypes, encompasses a broad array of molecular, circulating, and
clinical parameters that collectively inform prognosis, predict therapeutic response,
and guide personalized treatment strategies. These biomarkers are under
investigation, although not routinely used in clinical practice, with the exception of LDH,

which has been incorporated in the AJCC classification.

Among molecular biomarkers, TMB and neoantigen load have emerged as critical
determinants of immunogenicity; higher TMB correlates with increased neoantigen
presentation, enhancing tumor recognition by cytotoxic T cells and improving
responsiveness to ICls. Higher numbers of presented neoantigens are associated with
better outcomes (Andrews et al. 2024; A.M. Goodman et al. 2017).

PD-L1 expression, which is the immune checkpoint, on tumor cells and infiltrating
immune cells, assessed by immunohistochemistry, is used as a predictive marker,
although its heterogeneous expression and variable predictive value limit its utility, and
it is not used in routine practice for melanoma from all centers (Ellebaek et al. 2024).

Specific gene expression profiles associated with an inflamed tumor
microenvironment, such as upregulation of interferon-y signaling pathways, are
associated with favorable responses (M. Lee, Samstein, et al. 2020; Andrews et al.
2024; Morrison et al. 2018; Khunger et al. 2017; Teixido et al. 2015; Espinosa et al.
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2017). IFN-y is a cytokine from immune cells that has diverse antitumor effects. By
activating the JAK/STAT signalling pathway, it promotes tumor cell cycle arrest,
senescence, increased antigen presentation, and apoptosis (H. Braumdiller et al.
2013a; Brenner et al. 2020).

Alterations in genes involved in antigen presentation, including (2-microglobulin,
TAP1/2, or in pathways regulating immune evasion, like JAK1/2, STAT1/2, IFNGR1,
leading to interferon resistance, which are involved in the IFN-y signalling or cell cycle
and apoptosis, have been implicated in primary or acquired resistance to ICI. Molecular
profiling may thus identify tumors with immune escape mechanisms (Sade-Feldman
et al. 2017; Shin et al. 2017; Zaretsky et al. 2016; Kalbasi et al. 2020). Primary
resistance refers to the fact that tumors are inherently resistant to ICI and no response
can be achieved, while acquired resistance is an adaptive process where genomic and
phenotypic switch leads to resistance following previous therapy with ICl or TT (S. Liu
et al. 2023).

Serum biomarkers, including LDH and S100B protein, remain important prognostic
tools. Elevated LDH reflects high tumor burden and aggressive disease, correlating
with poorer ICl outcomes, while higher S100B levels are associated with unfavorable
outcomes. LDH is incorporated for stage IV classification in AJCC edition 8. Systemic
inflammatory markers such as increased NLR and CRP have been linked to poorer
survival outcomes, suggesting that these can indicate a baseline immunosuppressive
environment that may diminish therapeutic efficacy (Knispel et al. 2021; Soumoy et al.
2024; Janka et al. 2021; Jialin Su et al. 2025; Y. Guo, Xiang, et al. 2022; Y. Xu et al.
2023).

Clinical parameters, including ECOG and presence of brain metastases, contribute to
patient stratification and prognosis. Patients with comorbidities have a worse

prognosis.

IrAEs occurring during IT often indicate robust systemic immune activation and have
been correlated with improved tumor control and survival; however, their management

necessitates careful immunosuppression to balance efficacy and toxicity (van Not et
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al. 2022; Placke et al. 2025; Sperduto, Salama, and Anders 2023; Pedersen et al.
2025; Fager et al. 2025; Watson et al. 2022). Skin toxicities have been associated with

better responses.

CtDNA offers a minimally invasive biomarker for dynamic and longitudinal monitoring,
meaning follow-up of tumor burden and early response assessment. As a predictive
biomarker, decreasing ctDNA levels following ICI initiation predict favorable clinical
outcomes, whereas persistent or rising levels may show therapeutic resistance or
progression (L. Liu et al. 2024; Burkey et al. 2025; Schroeder et al. 2024; Costantini et
al. 2025).
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1.5. Aims and objectives

This thesis aims to contribute to the personalization of ICI in unresectable stage Ill/IV
melanoma by addressing two key aspects: the clinical outcomes (survival and
response) and management of those patients achieving a CR following an anti-PD-1-
based IT, and the development of a baseline model to predict PFS prior to treatment
initiation. This is important for the duration of ICI, closer FUP and monitoring, as well
as switching to other therapies like MAKP inhibition or prioritization of other regimens,
combinatorial strategies, and enrollment in clinical trials. By retrospective analysis, the
work investigates the characteristics associated with CR, the long-term outcomes after
therapy discontinuation, and the optimal duration of treatment in this subgroup or
whether there is an association with the length of therapy. It also explores the role of
longitudinal monitoring of blood and therefore easily accessible biomarkers such as
LDH, S100, and NLR in monitoring disease status and relapse by comparing them at
baseline and at the time of best overall response. We aim to examine the incidence
and clinical relevance of irAEs, particularly regarding the durability of response and
late toxicity. Another objective of our work was to develop a predictive homogram,
using commonly available baseline clinical and laboratory parameters, to estimate
individual PFS probabilities. This tool will enable patient stratification into distinct risk
groups, which will help provide more informed decisions regarding therapy, follow-up
schedules, and early referral to clinical trials. Finally, the ultimate goal is to improve

outcomes for patients while reducing overtreatment and minimizing toxicity.
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Abstract

Background Immune checkpoint inhibition (ICI) has changed the melanoma treatment spectrum. Few studies have examined
the characteristics and long-term outcomes of patients achieving complete response (CR) under ICI.

Materials and methods We evaluated patients with unresectable stage IV melanoma treated with first-line ICI. The char-
acteristics of those achieving CR were compared with those not achieving CR. Progression-free survival (PFS) and overall
survival (OS) were assessed. Late-onset toxicities, response to second-line treatment, the prognostic value of clinicopatho-
logic features, and blood markers were examined.

Results A total of 265 patients were included; 41 (15.5%) achieved CR, while 224 (84.5%) had progressive disease, sta-
ble disease, or partial response. At the therapy start, those who had CR were more likely to be older than 65 years of age
(p = 0.013), have a platelet-to-lymphocyte ratio below 213 (p = 0.036), and have lower lactate dehydrogenase levels
(p = 0.008) than those not achieving a CR. For those who discontinued therapy after CR, the median follow-up time after
CR was 56 months (interquartile range [IQR] 52-58) and the median time from CR to therapy end was 10 months (IQR
1-17). Five-year PFS after CR was 79% and 5-year OS was 83%. Most complete responders had a normalization of S100
at the time of CR (p < 0.001). In simple Cox regression analysis, age below 77 years at CR (p = 0.04) was associated with
better prognosis after CR. Eight patients received second-line ICI; disease control was seen in 63%. Late immune-related
toxicities occurred in 25% of patients, most being cutaneous immune-related toxicities.

Conclusions Response, according to the Response Evaluation Criteria in Solid Tumors (RECIST) criteria, is, until now, the
most important prognostic factor, and CR is a valid surrogate marker for long-term survival in patients treated with ICI. Our
results highlight the importance of investigating the optimal therapy duration in complete responders.
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Complete Response Under Immune Checkpoint Inhibition
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Response, according to the Response Evaluation Cri-
teria in Solid Tumors (RECIST) v1.1, is prognostic for
long-term survival, and complete response (CR) is a
valid surrogate marker in patients treated with immune
checkpoint inhibition.

Higher CR rates were seen in patients older than 65
years and in those with lower baseline LDH and platelet/
lymphocyte ratio.

Among complete responders, 5-year progression-free
survival and overall survival after CR were 79% and
83%, respectively.

Currently, the optimal duration of anti-PD-1-based ther-
apy in patients achieving complete response is unknown.

Better tools are needed to identify patients at higher risk
of progression, despite achieving a complete response

1 Introduction

Anti-PD-1-based immunotherapy has improved survival in
advanced melanoma patients. Therapeutic options in this
setting include immune checkpoint inhibitors (ICI) and
targeted therapy (TT) with BRAF and MEK inhibitors.
One advantage of immunotherapy compared with TT is
the sustained response off-treatment [1-4].

Prolonged treatment for up to 24 months affects the
quality of life due to potential immune-related adverse
events (irAEs) and psychological burden [5]. Longer
therapy duration directly impacts the healthcare system
through the direct therapy costs, the costs associated with
managing irAEs, and the loss of working hours from the
patients’ side. Therefore, there is a great need to determine
the optimal duration of anti-PD-1-based therapy; however,
there is currently no consensus on this matter.

Outside clinical trials, the standard total duration of ICI
in advanced unresectable melanoma is 2 years if no pro-
gression or severe toxicities are documented. The standard
therapy duration is based on the previous clinical trials
for melanoma, where immunotherapy was given continu-
ously for up to 2 years. Shorter therapy courses have been
associated with less response durability [6]. Other studies
showed that the type of response is the most important
prognostic factor for survival and that patients without CR
should be treated longer [7—10]. This implies that the ideal
therapy duration should depend on the type of response

and that patients with complete response (CR), partial
response (PR), or stable disease (SD) might need differ-
ent therapy durations. Moreover, this raises the question of
whether additional markers, besides the type of response,
could more accurately predict progression.

Around 15-25% of patients receiving ICI achieve a CR.
A pooled analysis of data from stage III and IV melanoma
patients treated with first-line nivolumab or nivolumab
plus ipilimumab in the CheckMate 066, CheckMate 067,
and CheckMate 069 studies showed that 19% of patients
achieved CR under nivolumab and 23% under combined
immunotherapy [11]. Another publication showed that
16% of patients with advanced melanoma treated with
pembrolizumab achieved a CR and 87.6% exhibited ongo-
ing responses 30 months after achieving CR [12].

The long-term outcomes of patients with CR treated
outside clinical trials have not been systematically evalu-
ated, although some publications have addressed this topic
[8, 13—15]. Predictors of progression in complete respond-
ers have not been broadly examined. Likewise, biomark-
ers to identify drug-related toxicities associated with pro-
longed treatment in these patients are missing. Indeed,
shorter therapy duration that induces the same type of
response could potentially minimize these toxicities [16].

In this study, we assess the characteristics and long-term
survival outcomes of a real-world cohort of patients who
achieved CR under ICI. We also analyzed potential prognos-
tic biomarkers and immune-related toxicities.

2 Methods
2.1 Study Design and Population

This retrospective, monocentric study includes unresectable
stage IV melanoma patients who received ICI (anti-PD1
monotherapy or combination therapy with anti-PD-1 and
anti-CTLA-4) as first-line systemic therapy. Patients were
treated at the Dermato-Oncology Center of the University
of Tuebingen between 2014 and 2018. Additional eligibility
criteria were (1) patients who provided informed consent to
be enrolled in the Central Malignant Melanoma Registry
(CMMR); (2) age above 18 years; (3) patients achieving
CR, PR, SD, or progressive disease (PD) under ICI as the
best overall response (BOR); and (4) minimum follow-up
(FUP) of 2 months after BOR. The exclusion criteria were
(1) patients treated in an adjuvant setting; (2) patients treated
with anti-CTLA-4 monotherapy as first-line therapy; (3)
participation in a clinical trial; (4) patients receiving fewer
than two cycles of therapy and not achieving CR or PR; and
(5) diagnosis of uveal melanoma (electronic supplementary
material [ESM] Fig. 1). Staging was based on the 8th edition
of the American Joint Committee on Cancer (AJCC) staging
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system [17]. The response was assessed using the Response
Evaluation Criteria in Solid Tumours (RECIST) version 1.1
[18] approximately 3 months after starting therapy and every
3 months thereafter. The severity of irAEs was documented
using the National Cancer Institute’s Common Terminology
Criteria for Adverse Events (CTCAE) version 4.03.

2.2 Statistical Analysis

Descriptive statistics were reported with median and
interquartile range (IQR) for continuous variables, and
counts (n) and percentages (%) for categorical variables.
Patient characteristics of those who achieved CR were
documented at the time of treatment start and compared
with those who had PD, SD, or PR. The difference in CR
rates between the groups was evaluated using the Chi-
square test. The Mann—Whitney U test was used to com-
pare differences in the continuous variables between the
two groups.

Age, sex, body mass index (BMI), BRAF variants,
histologic subtype, presence of brain or liver metasta-
ses, type of ICI received, reason for treatment discon-
tinuation, diagnosis of irAEs, and blood markers were
documented and evaluated for their prognostic value.
Blood markers included lactate dehydrogenase (LDH),
serum protein S100, serum neutrophil-to-lymphocyte
ratio (NLR), and serum platelet-to-lymphocyte ratio
(PLR). Blood biomarkers were documented at therapy
start (TO), at CR (T1), and at the time of progress when
applicable (T2). Their relative change was calculated to
assess their prognostic significance and investigate their
variation over time. Using the median, upper, and lower
quartiles or the reference value of our center, we evalu-
ated continuous variables as continuous and categorical.
For PLR, the optimal cut-off was determined using the
Youden index.

Late-onset irAEs were defined as irAEs occurring
6 months after treatment started. Response to second-line
treatment was also documented.

Survival analysis was performed using endpoints of PD
for PFS and death for OS, and patients were censored at
the last FUP date. The median survival and 5-year survival
rates were calculated using the Kaplan—Meier estimator, and
hazard ratios (HRs) were estimated using the simple Cox
proportional hazards model.

All statistical analyses and data visualization were per-
formed using R (survival, survminer, and swimplot) version
4.1. Reported p values were two-sided and a p value < 0.05
was considered statistically significant.
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3 Results
3.1 Patient and Disease Characteristics

Our study included 265 patients; 41 (15.5%) achieved a CR,
while 224 (84.5%) had PD, SD or PR. The entire cohort had
a median age of 67 years (IQR 56-77) at the therapy start,
and 62% were male; 60% received anti-PD-1 monotherapy,
while 40% received combination immunotherapy as first-line
systemic therapy. At the therapy start, the median LDH was
217 U/L (IQR 185-275) and the median S100 was 0.1 pg/L
(IQR 0.06-0.22) [ESM Table 1].

Among those achieving CR and discontinuing therapy
thereafter (n = 40), most (70%) were men and the median
age at CR was 74 (IQR 66-77). Of these patients, 31 (77.5%)
had cutaneous melanoma, 8 (20%) had occult melanoma,
and 1 (2.5%) had mucosal melanoma. Twenty-six (65%)
patients received anti-PD-1 monotherapy (15% nivolumab,
50% pembrolizumab), while 14 (35%) patients received ipili-
mumab plus nivolumab.

The median treatment duration was 22 months (IQR
17-24), the median time from therapy start to CR was
6 months (95% confidence interval [CI] 4-8), and the
median time from CR to therapy stop was 10 months (IQR
1-17). Five (12%) patients were treated for <6 months,
2 (5%) between 6 and 12 months, 5 (12%) between 12
and 18 months, 20 (50%) between 18 and 24 months,
and 8 (20%) for more than 24 months. The reasons for
therapy discontinuation were PD (n = 1, 2.5%), severe
irAEs (n = 8, 20%), patient/physician decision (n = 17,
42.5%), and therapy discontinuation 2 years after therapy
start without evidence of PD (n = 14, 35%). Of these 14
patients, 8 received therapy for more than 2 years and 6
received therapy for 2 years (ESM Table 2). In one patient,
therapy is ongoing without evidence of PD.

After achieving CR, PD occurred in 8 (20%) patients
within 5 years after CR. Only one patient had disease pro-
gression after CR while still receiving therapy, whereas
the other seven had disease progression after therapy ces-
sation. One more patient (patient 31) had PD 5 years after
achieving CR. Three patients died during the FUP period
after PD.

3.2 Survival Analysis of Complete Responders

In patients achieving CR and discontinuing therapy there-
after (n = 40), the median FUP (mFUP) time after CR
was 56 months (95% CI 52-58), and 47 months (95% CI
38-51) after treatment discontinuation (Fig. 1a, b). Median
progression-free survival (mPFS) and median overall sur-
vival (mOS) after CR were not reached (NR) [95% CI
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Fig.1 a Patient FUP using the reverse Kaplan—-Meier method of
those who achieved a CR under ICI. Time is calculated since CR.
The mFUP time after CR was 56 months (95% CI 52-58). b Patient
FUP using the reverse Kaplan—-Meier method after treatment discon-
tinuation. mFUP time after treatment discontinuation was 47 months
(95% CI 38-51). ¢ Five-year PFS analysis of patients (n = 40) who
achieved a CR under ICI and subsequently discontinued therapy. The
Kaplan—Meier curve is displayed, and time is calculated since achiev-

NR-NR]. The median time to PD after CR was 17 months
(95% CI 10-24). After CR, the 5-year PFS rate was 79%
(95% CI 62-89%) and the 5-year OS rate was 83% (95%
CI 60-93%) (Fig. 1c, d).

Among those achieving a CR, we saw that patients with
CR within 3 months of therapy start did not develop PD,
suggesting that a shorter time to CR since therapy start
could potentially be associated with a more favorable
prognosis (ESM Fig. 1a). However, these differences were
not statistically significant, and the number of patients was
small to draw any definitive conclusions.

0 12 24 36 48 60
Time since treatment discontinuation (months)

ing CR. The 5-year PFS was 79% (95% CI 62-89%). d Five-year PFS
analysis of patients (n = 40) who achieved a CR under ICI and subse-
quently discontinued therapy. The Kaplan—-Meier curve is displayed,
and time is calculated since treatment discontinuation. /CI immune
checkpoint inhibition, CR complete response, FUP follow-up, mFUP
median follow-up, CI confidence interval, PFS progression-free sur-
vival

No relation was found between total treatment duration
(p = 0.754) or treatment duration after CR (p = 0.398)
and survival. Furthermore, the type of immunotherapy,
i.e. monotherapy versus combination therapy, was not
significantly associated with response durability after
CR (p = 0.551) and after therapy cessation (p = 0.663)
[ESM Fig. 1b, c]. In the simple Cox regression analysis
performed for the different clinicopathologic variables
evaluated at the time of CR, age below 77 years (the upper
quartile of the cohort) at CR was associated with a better
PFS after CR (HR 0.24, 95% CI 0.06-0.95; p = 0.043)
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Table 1 Patients and disease characteristics of patients with stage IV melanoma who achieved a complete response compared with those with
progressive disease, stable disease or partial response

Complete responders [n = 41]* Non-complete responders [n = 224]*  CR rate (%) p value®
Age, years
Median (IQR) 73 (65-77) 66 (55-77) 0.13
Age at therapy start, years
<65 1127) 107 (48) 9.3 0.013
> 65 30(73) 117 (52) 20.4
Sex
Female 12 (29) 88 (39) 12 0.224
Male 29 (71) 136 (61) 17.6
First-line systemic therapy
Anti-PD-1 monotherapy 27 (66) 132 (59) 17 0.405
Combination immunotherapy 14 (34) 92 (41) 13.2
Brain metastases at therapy start
Metastases 6 (15) 57 (25) 9.5 0.135
No metastases 35 (85) 167 (75) 17.3
Liver metastases at therapy start
Metastases 7(17) 76 (34) 8.4 0.032
No metastases 34 (83) 148 (66) 18.7
BRAF mutation
BRAF mut 12 (31) 58 (30) 17.1 0.898
BRAF wt 27 (69) 137 (70) 16.4
Missing (n) 2 29
LDH at therapy start (U/L)
Median (IQR) 197 (172-226) 221 (189-279) 0.008
Missing (n) 1 20
LDH at therapy start (U/L)
<250 32 (80) 134 (66) 19.3 0.076
> 250 8(20) 70 (34) 103
Missing (n) 1 20
S100 at therapy start (pg/L)
Median (IQR) 0.1 (0.06-0.16) 0.1 (0.06-0.24) 0.6
Missing (n) 3 21
S100 at therapy start (pg/L)
<0.1 18 (47) 102 (50) 15 0.745
> 0.1 20 (53) 101 (50) 16.5
Missing (n) 3 21
BMI, kg/m?
Median (IQR) 25.7 (22.6-28.5) 26.3 (23.5-29.7) 04
Missing (n) 2 47
PLR at therapy start
Median (IQR) 165 (132-211) 195 (145-251) 0.095
Missing (n) 9 53
PLR at therapy start
<213 25 (78) 100 (58) 20 0.036
> 213 7(22) 71 (42) 8.9
Missing (n) 9 53
NLR at therapy start
Median (IQR) 322242 3.6 (2.5-5.3) 0.2
Missing (n) 9 53

BMI body mass index, CR complete response, /QR interquartile range, LDH lactate dehydrogenase, mut mutant, NLR neutrophil-to-lymphocyte
ratio, PD-1 programmed death-1, PLR platelet-to-lymphocyte ratio, wt wild-type

#Values are reported as counts (n) and percentages (%) for discrete values, and as median and IQR for continuous values. For comparisons
between categorical variables, Pearson’s Chi-square test was used, and for comparisons between continuous and categorical values, the Mann—

Whitney U test was used

®The Chi-square test was used and tested only for patients with information about this certain characteristic; the percentages do not include the
patients for whom information was not available. Significant values are reported in bold
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Fig.2 a The 5-year OS analysis of patients according to the response.
The Kaplan—Meier curve is displayed, and time is calculated since
therapy initiation. b The 5-year PFS analysis of patients according to
the response. The Kaplan—Meier curve is displayed, and time is cal-

and after treatment discontinuation (HR 0.17, 95% CI
0.04-0.73; p = 0.022).

Of the 40 patients who discontinued therapy after CR,
11 had a fluorodeoxyglucose-positron emission tomogra-
phy/computed tomography (FDG-PET/CT) scan to vali-
date CR, among whom 2 (18%) had PD during FUP.

3.3 Comparison between Complete Responders
and Non-Complete Responders

Patients who achieved a CR had a median age of 73 years
(IQR 65-77), while those who did not achieve CR had a
median age of 66 years (IQR 55-77). Complete responders
were more likely to be over 65 years of age (Chi-square
test, p = 0.013) and less likely to have liver metastasis
(Chi-square test, p = 0.032). At treatment start, the median
LDH in complete responders was lower than in non-com-
plete responders (Mann—Whitney U test, p = 0.008), and
the baseline PLR was more likely to be below 213 (Chi-
square test, p = 0.036). The presence of brain metastases
was not significantly different between those who had CR
and those who did not (p = 0.135) (Table 1).

When comparing the OS of patients with CR and
patients with PR, SD and PD, a statistically significant
difference was observed between all subgroups (Fig. 2a).
Of note, PFS and OS in patients with PR and CR differed
significantly. Patients with PR had a 5-year PFS and OS
since therapy initiation of 27% (95% CI 18-38%) and 50%
(95% CI 38-61%), respectively, while those achieving CR

b 5-year PFS according to response (RECIST v1.1)
== CR =f= PR == SD =f= PD

100%

75%

p<0.0001
50% 1

PFS (%)

25%1

‘
‘ ‘
1~ p<0.0001

0%

0 12 24 36 48 60
Time since therapy initiation (months)

Number at risk

= | 41 40 37 32 26 15
- 87 54 38 28 16 9
- 44 6 4 3 1 0
- 92 0 0 0 0

0 12 24 36 48 60

Time since therapy initiation (months)

culated since treatment initiation. OS overall survival, PFS progres-
sion-free survival, RECIST Response Evaluation Criteria in Solid
Tumors, CR complete response, PR partial response, SD stable dis-
ease, PD progressive disease

had a 5-year PFS and 5-year OS of 78% (95% CI 61-88%)
and 92% (95% C1 77-97%), respectively (Fig. 2a, b). The
mPFS and mOS in patients with PR were 21 months (IQR
16-31) and 55 months (IQR 35-NR), respectively, while
both were NR in those having CR.

3.4 Blood Biomarkers

Using the Wilcoxon signed-rank test for matched pairs, we
saw a statistically significant decrease in serum S100 (Wil-
coxon matched-pairs signed rank test, p = 0.043) from TO
(therapy start) to T1 (time of CR) (Fig. 3a). At the time
of CR, there was serum S100 normalization (Fisher test,
p < 0.001). Moreover, although not statistically significant,
a decrease in serum LDH (median difference = —3, mean
difference T1-TO = —44), PLR and NLR, and an increase
in relative lymphocyte count from TO (therapy start) to T1
(time of CR) was seen (Fig. 3a—g). We subsequently com-
pared the S100 and LDH values at the time of CR (T1) and
at the time of progression (T2) when these were available
at both time points (n = 7). We saw a significant increase in
S100 (p = 0.015) (Fig. 3c), and, although not significant, an
increase in LDH was also seen (Fig. 3d).

Besides this, we saw that among patients with CR who
later had PD, there were patients (n = 3) who had high base-
line NLR (above 7), PLR (above 340), and a low baseline
relative lymphocyte count. The other patients who pro-
gressed (n = 4) and did not have a low baseline relative
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Fig.3 a—g Dot plots showing
the variation of blood biomark-
ers (LDH, S100, PLR, NLR,
and relative lymphocyte count)
in patients who achieved a CR
from baseline value at the time
of therapy start (TO) to the time
of complete response (T1) and
time of progression (T2). Each
line represents one patient, and
the plots show only patients
whose values were reported at
both time points. LDH lactate
dehydrogenase, PLR platelet-
to-lymphocyte ratio, NLR
neutrophil-to-lymphocyte ratio,
CR complete response
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lymphocyte count did exhibit a decrease in the relative num-
ber of lymphocytes and an increase in NLR (Fig. 3a—g).

3.5 Rechallenge with Second-Line Immune
Checkpoint Inhibitors

Rechallenge with ICIs was offered to the eight patients
with PD after CR; seven (87.5%) patients received anti-
PD-1-based immunotherapy and one patient received ipili-
mumab. Disease control (CR, PR, or SD) was observed in
five (63%) patients, while three (37%) patients experienced
PD (Fig. 4a).

3.6 Immune-Related Adverse Events

Overall, 28 of 40 (70%) patients had an irAE, 15 (37.5%)
were cutaneous, and 15 (37.5%) were endocrinological; 8
patients had hepatitis, 7 had gastroenterological irAEs, 5
had respiratory irAFEs, and 2 had neurological irAEs. Toxici-
ties that led to therapy discontinuation were as follows: one
patient was diagnosed with neuritis, one with meningitis,
one with pneumonitis, two with colitis, one with hypophysi-
tis, and one patient with pancreatitis.

Late-onset toxicities occurred in 10 (25%) patients. Nine
were diagnosed during treatment, while one developed tox-
icity after the therapy was stopped. Drug-related adverse
events included cutaneous toxicities (n = 7), hepatitis
(n = 1), arthritis (n = 1), neuritis (n = 1), and pancreati-
tis (n = 1). The cutaneous late-onset toxicities identified
were bullous pemphigoid (n = 2), vitiligo (n = 2), Grover’s
disease (n = 1), rhagade formation (n = 1), and mucositis
(n = 1) (Table 2 and Fig. 4b). Four late-onset cutaneous
toxicities were identified at or before the time of CR.

4 Discussion

In our study, with an mFUP of 56 months after CR, patients
with CR, according to RECIST 1.1, displayed a survival
benefit sustained at the landmark analysis of 5 years. There-
fore, we can assume that CR is a surrogate marker for long-
term survival in our cohort. Most patients (80%) experienced
a durable response after treatment cessation, and neither the
overall therapy duration nor the therapy duration after CR
were related to survival. These data suggest that in most
cases, it is reasonable to discontinue treatment after a CR.
In patients who achieved CR, the median time from ther-
apy start to CR was 6 months, which coincides with the
second radiological assessment. Patients with CR within
3 months of therapy initiation (n = 5) did not develop PD,
suggesting that an early CR could be more favorable than
CR achieved later in the course of therapy; however, the

number of patients was low, therefore no definitive conclu-
sions could be drawn.

Robert et al. showed that CR was more common in
patients over 65 years of age, and other studies have demon-
strated that older age might be associated with response [12,
19]. In mouse experiments, young mice had more T regula-
tory cells than older mice injected with the same tumors
[19]. Moreover, older age has been linked to increased tumor
mutation burden and a proinflammatory gut microbiome
[20]. In our study, patients achieving CR were more likely to
be older than 65 years of age, but patients older than 77 years
of age (upper quantile) had a worse survival outcome than
younger patients who also achieved CR. Our findings are in
line with the meta-analysis of Wu et al., which shows that
although people over 65 years of age had a more significant
benefit from immunotherapy, no difference in survival was
seen for those over 75 years of age [21].

Besides age, our data showed that elevated serum LDH,
higher PLR, and liver metastases at the time of treatment
start were associated with lower CR rates. LDH depicts the
tumor burden, is an already known prognostic marker asso-
ciated with worse therapy outcomes, and is incorporated
into the M category of the AJCC classification of melanoma
[22-24]. PLR is a marker of systemic inflammation. NLR,
PLR, and C-reactive protein have been associated with a
worse prognosis in cancer, including melanoma [25-28]. In
our cohort, patients with liver metastases were less likely
to have a CR under ICI, which aligns with other working
groups showing that different metastatic sites impact ther-
apy outcomes differently. Lee et al. reviewed that the liver
microenvironment causes local immunosuppression due to
its different types of antigen-presenting cells leading to an
unconventional T-cell tolerance, showing that the tumor
microenvironment plays a role in melanoma progression [29,
30]. Finally, Pires da Silva et al. showed that liver melanoma
metastases had the lowest response rate, and melanoma
patients having liver metastases had low objective response
rates and worse survival outcomes [31].

In our study, the majority of patients were men, and this
overrepresentation is probably due to a selection bias that
cannot be overcome due to the retrospective nature of this
study.

In our analysis, 20% of patients developed PD—14%
received combination ICI and 6% received monotherapy.
In Checkmate 066, 067, and 069, up to 30% of patients
receiving nivolumab had PD after CR [12]. Therefore, it is
critical to find other tools and biomarkers besides response,
according to RECIST 1.1, to identify those at risk of pro-
gression [32]. It is also important to compare how well the
various imaging systems (RECIST, mRECIST, irRC, and
iRECIST) identify complete responders in melanoma. Com-
bining these with PET/CT (PET Response Criteria in Solid
Tumors [PERCIST] and immunotherapy-modified PERCIST
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[imPERCIST]), which assesses the tumors metabolically, or
performing a pathological assessment of the radiographic
remnants, may increase accuracy in predicting long-term
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survival [33-36]. Dimitriou et al. used PET/CT to evaluate
patients with PR according to RECIST 1.1. In this analy-
sis, the authors showed that patients with PR according to
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«Fig. 4 a Patient swimmer plot showing the time patients achieved a
CR under first-line immunotherapy. The type of ICI, therapy dura-
tion, off-treatment duration, response to rechallenge with second-line
immunotherapy, disease progression, and death as events are also
depicted. Type of treatment includes PD-1 inhibitor monotherapy
(PD-1 inhibitor), CTLA-4 inhibitor monotherapy (CTLA-4 inhibi-
tor), and combined CTLA-4 and PD-1 inhibitor (CombilT). b Patient
swimmer plot showing the late-onset irAEs related to first-line immu-
notherapy. The time of onset and late-occurring immune-related tox-
icities are depicted. Type of treatment includes PD-1 inhibitor mono-
therapy (PD-1 inhibitor), CTLA-4 inhibitor monotherapy (CTLA-4
inhibitor), and combined CTLA-4 and PD-1 inhibitor (CombilT).
CR complete response, PR partial response, SD stable disease, PD
progressive disease, CombilT combination immunotherapy, irAEs
immune-related adverse events, /CI immune checkpoint inhibition,
PD-1 programmed death-1, CTLA-4 cytotoxic T-lymphocyte-associ-
ated protein 4

RECIST 1.1 and complete metabolic response in PET/CT
had a better outcome [34]. Ellebaek et al. also demonstrated
that in patients with CR or PR, according to RECIST 1.1,
the presence of FDG-avid lesions at the time of therapy dis-
continuation was an independent predictor of unfavorable
survival [36].

The PET STOP trial (NCT04462406) is currently evalu-
ating the use of PET/CT and biopsy of the tumor lesions
to decide on the optimal therapy duration. Specifically,
patients in this study with a negative FDG-PET/CT scan or
a negative biopsy from an avid FDG-PET/CT lesion will dis-
continue anti-PD-1 therapy (Table 3). Trials evaluating the
optimal treatment duration, lower doses of ICI, and the ideal
interval between doses in different solid cancers, including
melanoma, are ongoing [37-39]. These are expected to shed
light on the topic (Table 3).

Furthermore, as we see that 20% of the patients with CR
progress after therapy discontinuation, monitoring them to

detect minimal residual disease and progression is essential.
Our study shows that serum S100 varied greatly from baseline
level to time of CR and time of PD, making S100 a good moni-
toring marker for serial FUP after therapy discontinuation. We
showed a significant decrease in S100 at the time of CR and a
significant increase when PD was documented. In the future,
the use of technics such as liquid biopsy for the detection of
circulating tumor DNA (ctDNA), cell-free DNA (cfDNA), cir-
culating tumor cells (CTCs), microRNAs, extracellular vesi-
cles, antibodies against tumor antigens, and tumor-educated
platelets (TEP) could help clinicians when deciding to stop or
start therapy [40—46].

Regarding safety, up to 37.5% of patients with CR presented
cutaneous toxicities. Previous publications have shown that
cutaneous toxicities are associated with improved survival out-
comes [47]. Melanoma-associated vitiligo is associated with
a good prognosis and shows increased melanoma-specific
CD8+ T cells and a high interferon-y signature, while anti-skin
immunoglobulin (Ig) G has been associated with favorable
outcomes [48-51]. Specifically, in a prospective observational
study of patients developing vitiligo under pembrolizumab,
Hua et al. showed that 18% achieved a CR and 53% achieved
a PR [52]. Late-onset toxicity was documented in 25% of
patients; in most, the irAEs were mild, in line with previous
publications [53].

The advantages of our study include its long FUP time of up
to 5 years after CR and the inclusion of patients receiving treat-
ment outside of clinical trials, which have restricted the inclu-
sion and exclusion criteria. We focused on the subgroup of
patients achieving CR to shed light on the long-term outcomes
of this patient subgroup. We included only patients receiving
first-line anti-PD-1 monotherapy or combined immunotherapy,
as prior treatment lines can influence response durability.

Table 2 Late-onset immune-related adverse events appearing after 6 months of therapy initiation

ID Toxicity Type Start after therapy Start after CR Grade
(months) (months)
51 Rhagades Cutaneous 20 -17 1
42 Bullous pemphigoid Cutaneous 11 —4 2
43 Arthritis and mucositis Arthritis and cutaneous 18 0 1
48 Vitiligo Cutaneous 21 1
39 Pancreatitis® Pancreatic 17 5 4
12 Neuritis* Neurological 15 12 4
20 Grover’s disease Cutaneous 15 12 2
26 Hepatitis Hepatobiliary 14 12 2
53 Bullous pemphigoid Cutaneous 25 16 2
23 Vitiligo Cutaneous 24 22 1

CR complete response

*These immune-related adverse events led to therapy discontinuation
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The study’s limitations include its single-center retrospec-
tive design and CR being assessed using only RECIST 1.1
criteria.

5 Conclusions

CR using RECIST 1.1 is a surrogate marker for long-term
survival in patients receiving ICI. CR rates seem to be higher
in patients older than 65 years of age and those with lower
LDH and PLR before therapy started. The optimal therapy
duration after achieving CR is unclear and needs to be inves-
tigated. Among complete responders, tools are still needed
to identify patients at higher risk of PD.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40257-023-00775-7.
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Background: The introduction of anti-programmed cell death protein 1 (PD-1) immunotherapy has revolutionized the
treatment landscape for melanoma, enhancing both response rates and survival outcomes in patients with advanced
stages of the disease. Despite these remarkable advances, a noteworthy subset of patients (40%-60%) does not derive
advantage from this therapeutic approach. This study aims to identify key predictive factors and create a user-friendly
predictive nomogram for stage IV melanoma patients receiving first-line anti-PD-1-based immunotherapy, improving
treatment decisions.

Materials and methods: In this retrospective study, we included patients with unresectable stage IV melanoma who
received first-line treatment with either anti-PD-1 monotherapy or anti-PD-1 plus anti-cytotoxic T-lymphocyte
associated protein 4 between 2014 and 2018. We documented clinicopathological features and blood markers upon
therapy initiation. By employing the random survival forest model and backward variable selection of the Cox
model, we identified variables associated with progression-free survival (PFS) after the first-line anti-PD-1-based
treatment. We developed and validated a predictive nomogram for PFS utilizing the identified variables. We
assessed calibration and discrimination performance metrics as part of the evaluation process.

Results: The study involved 719 patients, divided into a training cohort of 405 (56%) patients and a validation cohort of
314 (44%) patients. We combined findings from the random survival forest and the Cox model to create a nomogram
that incorporates the following factors: lactate dehydrogenase (LDH), S100, melanoma subtype, neutrophil-to-
lymphocyte ratio (NLR), body mass index, type of immune checkpoint inhibitor, and presence of liver or brain
metastasis. The resultant model had a C-index of 0.67 in the training cohort and 0.66 in the validation cohort.
Performance remained in different patient subgroups. Calibration analysis revealed a favorable correlation between
predicted and actual PFS rates.

Conclusions: We developed and validated a predictive nomogram for long-term PFS in patients with unresectable stage
IV melanoma undergoing first-line anti-PD-1-based immunotherapy.

Key words: nomogram, stage IV melanoma, anti-PD-1-based immunotherapy, progression-free survival, biomarkers,
immune checkpoint inhibition
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The established treatment for unresectable melanoma in-
cludes anti-PD-1-based immunotherapy with pembrolizumab
or nivolumab as monotherapy or combined with anti-cytotoxic
T-lymphocyte associated protein 4 (CTLA-4) or anti-lympho-
cyte-activation gene 3.2 For melanomas harboring BRAF
oncogenic variant, BRAF and MEK inhibition may also be
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considered.? Recent clinical trials advocate prioritizing anti-PD-
1-based therapy as the first-line option also in this subgroup.*?
However, a significant proportion of patients, ranging from
40% to 60%, do not benefit from this treatment.®’ Further-
more, immune checkpoint inhibitors (ICls) may induce severe
and irreversible immune-related toxicities.® Hence, predictive
biomarkers upon therapy start hold significant relevance in
daily clinical application and research areas. This is important as
novel therapeutic approaches are emerging, such as tumor-
infiltrating lymphocytes therapy and bispecific drugs.’

The progression-free survival (PFS) and overall survival
probabilities after initiating anti-PD-1 therapy for melanoma
are mostly based on the RECIST criteria.”*>*® Response
evaluation is carried out during therapy, underscoring the
gap for upfront biomarkers potentially guiding treatment
decisions.

Certain biomarkers have been evaluated for their pre-
dictive potential. These include tumor-infiltrating cells, the
programmed death-ligand 1 status, and gene copy number
alterations.”* Nonetheless, literature reports inconsistent
findings, impeding their validation as a reliable biomarker.

The American Joint Committee on Cancer (AJCC) classi-
fication eighth edition lacks substages for stage IV mela-
noma in contrast to the substages for stages |, Il, and I,
which stratify patients into groups with different survival
outcomes. Within stage IV, M category is reported according
to metastatic sites and lactate dehydrogenase (LDH) level.*
Still, there is considerable diversity in survival outcomes
among patients with stage IV melanoma, highlighting the
need for a more detailed stratification system.

We identified key factors associated with progression-
free survival in stage IV melanoma patients upon starting
first-line ICI and integrated into an online nomogram.

MATERIALS AND METHODS

Study population

This international multicenter study included all inoperable
stage IV melanoma patients receiving first-line ICI therapy,
either anti-PD-1 monotherapy or in combination with anti-
CTLA-4, and met the inclusion criteria: age >18 vyears,
informed consent, and response to be assessed based on
RECIST version 1.1.'° Patients undergoing adjuvant therapy
or anti-CTLA-4 monotherapy as first-line treatment were
excluded.

The study period ranged from 2014 to 2018. Patients
were divided into two cohorts: the training cohort, treated
at the skin centers of Tuebingen (Germany), Belgrade
(Serbia), and at the Clinic for Medical Oncology in Nis
(Serbia); and the validation cohort, treated at the skin
centers of Berlin and Dresden (Germany), St Gallen
(Switzerland), Madrid (Spain), and Faro (Portugal)
(Supplementary Figure S1, available at https://doi.org/10.
1016/j.esmoop.2024.103661).

The sample size calculation was based on an exponential
maximum likelihood test of equality of survival curves test."’

This study was approved by the ethics committees of the
institutions involved and was conducted in accordance with
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consensus ethical principles derived from international ethical
guidelines, including the Declaration of Helsinki. This study was
approved by the Ethics Commission of the Eberhard Karls
University Tuebingen with the number 774/2022BO2. This
study followed the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) guidelines.

Statistical analysis

Descriptive statistics included counts (n) and percentages (%)
for categorical variables and mean and standard deviation or
medians and interquartile range (IQR) for continuous vari-
ables. Input variables comprised sex, age, melanoma subtype
(acral cutaneous, non-acral cutaneous, occult, mucosal, uveal),
tumor thickness, ulceration, BRAF and NRAS mutational sta-
tus, LDH level, protein S100 level, neutrophil-to-lymphocyte
ratio (NLR), brain or liver metastasis at therapy initiation,
body mass index (BMI), and ICI therapy type. To mitigate
extreme value influence and ensure interpretability, values
below the fifth percentile were set to the fifth percentile.
LDH and S100 were capped at 1000 and 1, respectively.

Primary endpoint was PFS, defined as the time between
therapy start and disease progression. For patients not
experiencing progressive disease (PD), the last follow-up
date was considered the censoring point.

Kaplan—Meier curves were employed for survival analysis.
Candidate factors were selected by using the random survival
forest (RSF) analysis,"*?° operating as a decision trees
ensemble for right censored survival data. We employed 500
trees and log-rank splitting criteria. The backward approach of
the Cox proportional hazards model with the Breslow method,
select criterion of significant level, and entry significance level
of 0.15 was used to select the final model.”*

The linear relationship between continuous predictors
and the logarithm of hazard was evaluated by plotting
martingale residual plots, while the Schoenfeld test
confirmed the proportionality assumption requisite. The
bootstrapping sampling method (1000 resamples) was used
for internal validation.

A nomogram was developed based on selected features.
Based on the calculated score, the patients were divided into
quartiles and log-rank tests were used for comparisons be-
tween groups. Discrimination was evaluated using Harrell’s
concordance index (C-index) and the area under the receiver
operating characteristic curve (AU-ROC). Calibration was eval-
uated using the Brier score and calibration plots. Decision curve
analysis (DCA) was carried out to evaluate the clinical benefit.
External validation was assessed using a validation cohort.

Missing data were imputed via multiple imputation by
chained equation. All statistical analyses and data visuali-
zation were executed using R. Reported P values were two-
sided, with significance set at P < 0.05.

RESULTS

Patients’ characteristics

We enrolled 719 patients in our study—405 patients (56%)
in the training and 314 patients (44%) in the validation
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cohort. Demographic and clinical characteristics are shown
in Supplementary Table S1, available at https://doi.org/10.
1016/j.esmoop.2024.103661.

In the training cohort, the median age was 68 years (IQR
57-77 years), and most (61%) were male. More than half
(67%) of the patients presented non-acral cutaneous mel-
anoma. Twenty-eight percent exhibited BRAF mutation,
whereas 26% had NRAS mutation. Upon therapy initiation,
21% and 38% had brain and liver metastasis, respectively.
Thirty-six percent of patients received anti-PD-1 and CTLA-4
inhibitors, while 64% received anti-PD-1 monotherapy.

Within the validation cohort comprising 314 patients, the
median age was 69 years (range 57-76 years), 64% of pa-
tients had non-acral cutaneous melanomas and 47%
received combined anti-PD-1 and CTLA-4 inhibitors.

The median follow-up in the training cohort was 54
months (range 47-56 months). The median PFS after ther-
apy initiation was 25 months [95% confidence interval (Cl)
21-36 months] (Supplementary Figure S2, available at
https://doi.org/10.1016/j.esmoop.2024.103661).

The validation cohort had a median follow-up of
50 months (95% CI 45-58 months). The median PFS
following therapy initiation was 5 months (95% Cl 4-8
months) (Supplementary Figure S2, available at https://doi.
org/10.1016/j.esmoop.2024.103661).

Random forest model and Cox model

The RSF analysis showed that the most important factors
influencing PFS after starting ICl were LDH, followed by the
melanoma type and NLR. Factors including S100 level, BMI,
liver metastasis, age at therapy start, ulceration in primary
tumor, brain metastasis, and the specific type of ICI therapy
also played a role with decreasing importance. On the other
hand, BRAF and NRAS mutational status, tumor thickness,
and sex did not improve the model (Figure 1 &
Supplementary Figure S3, available at https://doi.org/10.
1016/j.esmoop.2024.103661).

The 10 variables selected by RSF were included in the Cox
model. Based on backward selection process, a model was
constructed including the following variables: LDH, NLR,
melanoma subtype, S100 levels, BMI < 18.5, presence of
brain metastasis, presence of liver metastasis, and ICI
therapy type (Supplementary Table S2, available at https://
doi.org/10.1016/j.esmoop.2024.103661 and Supplementary
Figure S4, available at https://doi.org/10.1016/j.esmoop.
2024.103661).

Nomogram

We constructed a nomogram based on the eight identified
variables (Figure 2), also found online [Dynamic Nomogram
Predicting Progression-Free Survival in Stage IV Melanoma
Patients after First-Line Anti-PD-1-Based Immunotherapy
(https://sciencel.shinyapps.io/Melanoma/)]. The relation-
ship between the total points of the nomogram (score) of
the patients in the training cohort and the PFS as contin-
uous is depicted in Figure 2. Patients were split into three
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groups based on the quartiles of the score (Figure 3A
and B). The first group had individuals with total points
ranging from 0 to 74.88 (below the lower quartile), the
second group spanned from 74.88 to 153.28 points (inter-
quartile), and the final group exceeded 153.28 points
(above upper quartile). We decided to divide into three
groups as no significant differences were observed between
patients having a score between the lower quartile and
median and median and the upper quartile (Supplementary
Figure S5, available at https://doi.org/10.1016/j.esmoop.
2024.103661).

Among the three groups in the training cohort, differ-
ences in median PFS (mPFS) were observed, and the
Kaplan—Meier curves showed that PFS between the three
groups was statistically significantly different (log-rank test,
P < 0.001) (Figure 3C). Pairwise comparisons, conducted
using the log-rank test and adjusted with Benjamini Hoch-
berg correction, revealed significant differences in survival
outcomes among the three groups. The mPFS was not
reached (95% Cl 58 months-not applicable) for the first
group. In the second group, the mPFS was 27.1 months
(95% ClI 19-36 months), with a hazard ratio (HR) of 2.50 (ref:
first group: 95% Cl 1.7-3.6, P < 0.001). The third group
displayed an mPFS of 9 months (95% Cl 6-14 months) and
HR of 6.19 (ref: first group: 95% Cl 4.1-9.3, P < 0.001)
(Figure 3C).

In the training cohort, the same score stratified patients
based on melanoma-specific survival (MSS) (Figure 3D).

Performance metrics of model

The C-index was 0.674 (se = 0.018) in the training cohort,
indicating moderate discriminative capacity. We generated
calibration plots, revealing good correlations across various
timeframes encompassing 1-, 2-, 3-, and 5-year PFS (Figure 4A).
The Brier score consistently remained below 0.25, thus
showing the higher precision of our nomogram’s predictions
compared to null model (Figure 4B). The DCA yielded an area
under net benefit (AU-NBC) of 0.077 (Figure 4C). The AU-ROC
consistently approximated 0.7 across different time intervals
(Figure 5). Supplementary Table S3, available at https://doi.
org/10.1016/j.esmoop.2024.103661, shows additional perfor-
mance metrics. The C-index for different subgroups were as
follows: 0.68 (se = 0.029) for females, 0.68 (se = 0.023) for
males, 0.70 (se = 0.033) for BRAF mutated melanoma, 0.67
(se = 0.021) for BRAF wild-type, 0.71 (se = 0.026) for NRAS
mutated melanoma, 0.69 (se = 0.022) for NRAS wild-type
melanomas, 0.69 (se = 0.027) for patients <65 years of age,
and 0.68 (se = 0.023) for patients aged >65 years.

Internal validation

The shrinkage coefficient was 1.0003, indicating a 0.03%
lack of fit in the model. The optimism-corrected C-index was
0.68, indicating moderated correlation between the log
hazard and the observed survival time (Supplementary
Table S4, available at https://doi.org/10.1016/j.esmoop.
2024.103661).
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Figure 1. Plot showing the results of the random survival forest. The x-axis shows the variable importance of each variable. The variables with positive variable
importance are depicted in green, while the ones with negative variable importance (vimp) are depicted in burgundy.
BMI, body mass index; ICI, immune checkpoint inhibitors; LDH, lactate dehydrogenase; NLR, neutrophil-to-lymphocyte ratio.

External validation

The performance of nomogram was evaluated using a
cohort of 314 patients. Patients were divided into four
groups according to their risk score based on the quartiles
of the score in the training cohort.

Kaplan—Meier curves showed that the PFS between the
four groups were statistically significantly different (log-rank
test P < 0.001). In the validation cohort, the first group
showed an mPFS of 35 months (95% Cl 12 months-not
applicable), the second group had an mPFS of 5 months
(95% Cl 4-8 months) and a HR of 2.07 (ref: first group: 95%
Cl 1.4-2.99), and the third had the shortest mPFS of 2
months (95% Cl 1-3 months) and HR of 3.89 (ref: first group:
95% Cl: 2.58-5.86) (Figure 3C).

The same score also stratified patients according to MSS
in the validation cohort (Figure 3D).

The C-index of the validation cohort was 0.664 (se = 0.021)
and the calibration plots showed good correlation
(Figure 4A). The AU-NBC value was 0.079 (Figure 4C) and the
AU-ROC approximated 0.7 across different time intervals
(Figure 5).

DISCUSSION

We developed and validated a novel nomogram designed
for predicting PFS in stage IV melanoma patients after
first-line anti-PD-1-based therapy. This tool can tailor

4 https://doi.org/10.1016/j.esmoop.2024.10366 1

personalized therapeutic decisions and individualized
patient follow-up strategies, and facilitate risk stratifica-
tion.? This model is in the form of a dynamic, web-based
nomogram to ensure accessibility and user-friendliness.
The clinical utility has been assessed using DCA alongside
other established performance metrics.?

Within AJCC v8 stage IV melanoma, no substages have
been identified. The M category is subdivided based on the
localization of metastases and LDH levels. Given the
significant variability in survival outcomes among stage IV
melanoma patients, there is a need to introduce a more
nuanced stratification system.

We initiated our investigation by identifying predictors of
PFS in patients undergoing ICI therapy. The variables finally
included in our nomogram have exhibited predictive abili-
ties in prior studies.”***

Among the variables, LDH, markers of tumor burden,
NLR, and melanoma subtype were significant PFS pre-
dictors. These findings align with earlier research, empha-
sizing the role of pretherapy LDH along with the melanoma
subtype, underlining its distinct genomic profiles.?**>°
Claps et al. reviewed the role of LDH in cancer showing
its role in immunosuppression, metabolism, and glycol-
ysis.>! Despite the counterintuitive role of neutrophils in
tumors, elevated NLR has been correlated with unfavorable
outcomes across various cancers. This may be attributed to
the effect of lowered lymphocyte levels.*>° 5100, although
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Figure 2. The nomogram and score creation. (A) Plot showing the nomogram that was built using the selected eight variables. The nomogram combines these eight
clinicopathologic features to predict the PFS of stage IV melanoma patients after first-line anti-PD-1-based therapy. (B) Plots showing the relationship between the

total points of the nomogram (score) and the PFS probability at 1, 2,

3, and 5 years after therapy initiation in the training cohort.

BMI, body mass index; ICl, immune checkpoint inhibitors; LDH, lactate dehydrogenase; NLR, neutrophil-to-lymphocyte ratio; PD-1, programmed cell death protein 1;

PFS, progression-free survival.
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Figure 3. The score derived from the nomogram and the survival outcomes. (A) Plots that show the distribution of the score in the patients in the two cohorts.
Green represents the patients who did develop progression after anti-PD-1-based therapy and burgundy dots represent patients who did not progress. (B) Plot
showing the distribution, the median, the lower, and the upper quartile of the total points, calculated using the nomogram among patients in the two cohorts. Using
the quartiles of the training cohort, three groups were created. (C) Kaplan—Meier curves showing the PFS of the three groups that were created using the quartiles
of the total points in the training cohort in the training (left) and validation (right) cohorts. (D) Plot showing the MSS of the three groups defined by the total points of
the nomogram in the training cohort for the training (left) and validation (right) cohorts.
MSS. melanoma-specific survival; PD-1, programmed cell death protein 1; PFS, progression-free survival.
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Figure 4. Performance metrics plots regarding progression-free survival and its clinical application. (A) Calibration curves of the model in the training (left) and
validation (right) cohort. (B) Brier score in relation to time in months after therapy start for the training (left) and validation (right) cohort. (C) Decision curve analysis
depicting the net clinical benefit of the model in the training (left) and validation (right) cohort.

PFS, progression-free survival.
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therapy start for the training (left) and validation (right) cohorts. (B) ROC curves. (C) Precision and recall curves.

primarily used as a biomarker in daily clinical practice only
in some countries, has demonstrated promise in risk pre-
diction and should be integrated into nomograms.”*?”*’
Patients with brain metastasis exhibited worse outcomes
compared to those without brain metastases, as reflected

8 https://doi.org/10.1016/j.esmoop.2024.103661

by the AJCC v8 classification, where presence of brain me-
tastases is included in a separated substage M1d. The
presence of hepatic metastases and the influence of hepatic
microenvironment on immunotherapy resistance has also
been demonstrated before.”******° Low BMI was
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associated with worse outcomes, with underweight in-
dividuals showing poorer outcomes compared to those with
normal or elevated BMI, similar to what other groups
published before.*%**

Our work has significant strengths and one of the most
important lies in its simplicity and user-friendly design.*’
The study underwent internal and external validation,
yielding a nomogram tailored to the subgroup of stage IV
patients undergoing first-line ICl. Handling of missing
values through multiple imputations enhances its internal
validity.

Given the ICl approval in 2015, our choice of PFS as the
primary endpoint aligns with the clinical context. Our cohort
of 719 melanoma patients from diverse European centers,
and the long median follow-up of >50 months, contribute
to the study’s robustness. The decision to use upper and
lower cut-offs for continuous variables (LDH, NLR, S100)
aimed to reduce the impact of extreme values and enhance
applicability.

This study does have limitations, including its retrospec-
tive nature. While the nomogram can be used as a predic-
tive tool, it should not be misinterpreted that ICI lacks
efficacy in patients with higher scores. The nomogram re-
flects only the features upon therapy initiation and does not
consider the dynamics of biomarkers.*>**** We included
the LDH, S100, and NLR as continuous variables associated
with survival; however, the exact relationship is more
complex than linear. Higher pathological (above cut-off)
values are correlated with worse outcomes. However, the
absolute values of those with normal values (below cut-off)
seem to be associated with different outcomes. Despite
this, the overall score remains the critical determinant in
prognosis. In the training cohort, the number of patients
with BRAF mutation was lower than expected. Individuals
with BRAF mutation and unfavorable baseline characteris-
tics were most likely directed toward first-line targeted
therapy at this time. Despite this, the nomogram did not
identify a predictive role for BRAF mutation. Moreover, the
training cohort had a significant number of acral melanoma
patients. Partly, this relates to the high number of patients
treated in Tuebingen. Acral melanomas, requiring special-
ized surgical treatment, are typically managed in experi-
enced centers, where patients then remain in follow-up.
Our model, shown from calibration plots in the validation
cohort, predicted more favorable results than observed. The
primary recruitment from reference centers across Europe
may introduce bias.

Conclusions

We identified survival predictors in stage IV melanoma
patients upon first-line anti-PD-1-based immunotherapy
initiation and established a web-based nomogram requiring
the input of eight features upon therapy initiation.
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3. Discussion

The therapeutic landscape of unresectable stage IV melanoma has been
transformed with the use of ICI, particularly those targeting the PD-1/PDL1
pathway. While these therapies have demonstrated durable and deep responses
and significantly prolonged PFS and OS in a subset of patients, approximately 40-
60%, prediction of response remains an unmet need, considering the fact that up
to 50% do not respond to these therapies (Czarnecka et al. 2025; A. M. M.
Eggermont et al. 2020; Hamid et al. 2021; Jason J. Luke et al. 2024; Robert et al.
2019). In these previous two works, therefore, we try to address this need by
focusing on baseline clinical and laboratory parameters to predict survival after
first-line ICl and on the long-term follow-up of complete responders, while also
assessing biomarkers and characteristics related to them (Hamid et al. 2021;
James Larkin et al. 2019).

Both of our studies emphasize the imperative for standardized, personalized,
evidence-based decision algorithms in clinical practice that are not only clinically
relevant but also biologically grounded. While baseline pre-therapy biomarkers
offer the advantage of early prediction, preceding even radiological assessments,
our work also investigates the dynamic longitudinal evolution of these markers
during treatment, capturing shifts that further enhance prognostic assessment and
therapeutic guidance, rendering them useful for monitoring of disease relapse and

minimal residual disease.

Our investigation into PFS using a clinically integrated nomogram highlights the
value of combining routine clinical and laboratory data into personalized prognostic
tools. While the model’s predictive power is moderate, it marks an important step
toward individualized care in advanced melanoma, as the M category of the AJCC
does not accurately predict survival outcomes. Key variables like type of
melanoma, high S100 protein, and a high NLR are not only indicators of tumor
burden, but also reflections of an immune-resistant tumor microenvironment.

These findings reinforce the need for risk stratification models in metastatic
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melanoma to move beyond anatomical staging of AJCC, which includes the distant
organ and the LDH, and incorporate broader systemic immune and metabolic
biomarkers. For example, other molecular signatures like copy number alterations
and IFN signatures should also be incorporated (Gershenwald and Scolyer 2018;
Claps et al. 2022; Dercle et al. 2022; Costantini et al. 2025; Dai et al. 2024; Grasso
et al. 2020).

While nomograms based only on baseline data offer valuable early prognostic
insights, their static nature may limit adaptability as therapeutic options evolve.
With the advent of new immunotherapeutic options, including also the anti-LAG-3
antibodies and evolving localized therapies or combination regimens, it is uncertain
whether the original predictive markers will remain valid. Future prognostic models
using machine learning approaches can model many different parameters (Gide et
al. 2023; Reschke, Enk, and Hassel 2025; Lei et al. 2022).

Analyzing complete responders is important to understand not only the clinical
aspects and their characteristics, but also the biology behind this. The remarkable
durability of CR, even after stopping IT, suggests a stable immunologic equilibrium
rather than simple tumor eradication as compared to previous therapies like
conventional chemotherapy and TT, where resistance appears after CR. Long-term
survival outcomes indicate that many of these patients maintain DC over the years,
and when relapses occur, they tend to be delayed and often respond again to
immune rechallenge. This pattern implies that persistent immune surveillance,
mainly through IFN signalling, continues even in the absence of ongoing therapy,
while defects in these pathways have not been acquired (Davies 2020; A. Betof
Warner et al. 2020; Gauci et al. 2019; Boutros et al. 2023; Robert et al. 2013).
Complete responders can also be associated with the fact that some cells, on the
one hand, can be killed through CD8 cells, but on the other hand, some could
become senescent, where these senescent cells are highly immunogenic and
maintain immune surveillance. However, in some cases, chronic senescence can
promote tumor relapse (Heidi Braumduller et al. 2013b; Brenner et al. 2020;
Milanovic et al. 2018; Eyles et al. 2010; N. Muller-Hermelink et al. 2008a; Patton
et al. 2021; Pollard 2016; Singvogel and Schittek 2024; Sosa, Bragado, and
Aguirre-Ghiso 2014).
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The observation that patients who achieve CR within the first three months of
therapy rarely experience progression suggests that the timing of CR itself may
carry prognostic significance. This is important so that we reconsider treatment
duration, raising the possibility that an early CR could serve as a clinical signal for
discontinuing therapy earlier than previously thought. Currently, clinical trials are
assessing this by selective therapy discontinuation according to depth of response
(Lodde et al. 2024; Ochenduszko et al. 2023). This is especially important for those
developing high-grade toxicity.

Both studies raise an essential question, in patients with durable CR, is continuing
therapy truly beneficial, or might it carry unnecessary risk of irAEs, which have
been shown to be associated with increased psychological burden and healthcare
burden. This optimal duration in patients, therefore, should be based on biomarkers
and depth of response, with those having CR to be the first group to be
investigated. In these individuals, extending IT may confer diminishing therapeutic
benefit, while increasing exposure to late immune-related toxicities, especially
cutaneous and endocrine, although also life-threatening toxicities, prolonged
healthcare use, and psychological stress. Reports of late-onset adverse events,
often occurring many months into treatment, stress the need to re-evaluate therapy
duration in terms of both long-term efficacy and overall patient well-being (R.S.
Goodman et al. 2023; Owen et al. 2021; Asher et al. 2021; Rubatto et al. 2023).

Recent data suggest that the goal in IT should not be prolonged exposure when
no further benefit can be given. This is particularly important in the context of IT,
where we observe the concepts of immune surveillance, equilibrium, and
senescence as the minimal residual disease can remain dormant in a dynamic
nature by the effects of the immune system. In this context, the dormant and
senescent cells also favor antitumor inflammation, and further use of ICl does not
make biological sense. Discontinuing therapy after a sustained CR is increasingly
seen as a strategic, biomarker-guided decision, rather than one driven by toxicity.
Trials such as DANTE and Safe Stop are now testing response-based
discontinuation strategies using tools like early imaging and ctDNA. Studies show

that many patients who stop anti-PD-1 IT after 6-12 months of CR maintain durable
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remission, with low relapse rates and successful rechallenge when needed
(Marron et al. 2021). Also, modalities that can assess whether the tumors are hot
or cold, or also those monitoring residual disease, would be important to implement
the strategy of earlier discontinuation of therapy (Amrane et al. 2019; Asher et al.
2021; Eyles et al. 2010).

These findings show how important the stratification of patients, early response
evaluation, and informed decision-making are. Baseline clinical markers guide
initial risk. Achieving a rapid CR and longitudinal measured biomarkers may give
the opportunity for treatment de-escalation. Ongoing blood-based monitoring can
further reveal relapse and minimal residual disease for therapy rechallenge, and
progressions can be effectively treated with ICI rechallenge, exploiting the immune
memory, or with TT exploiting MAPK dependence of BRAF-mutated melanoma
(Coen et al. 2021; Lydia Warburton et al. 2023). In this context, for ICI rechallenge,

it is important that no resistance has been acquired.

In light of all this, we need prospective validation of predictive tools in modern
therapeutic landscape, given evolving treatments, molecular profiling of complete
responders to uncover their immune, epigenomic and genomic features, health
economic analyses to assess the cost-effectiveness of response-guided treatment
de-escalation, and real-world guidelines that can help clinicians to make informed
decisions regarding patient therapy as well as to understand the biology related to
dormancy, senescence, immune equilibrium and minimal residual disease (Cartun
et al. 2022; Felicity Newell, Pires da Silva, et al. 2022; Lim et al. 2023).
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Publication No 1:

In this study, we retrospectively investigated a cohort of unresectable stage IlIl/IV
melanoma patients who achieved a CR as BOR following first-line anti-PD-1-based
IT. The central aim was to investigate the clinical characteristics associated with
CR, assess long-term outcomes in terms of survival after achieving CR and after
therapy discontinuation, and explore the role of blood and clinical biomarkers in
response durability. Longitudinal monitoring of certain biomarkers and comparison
of the characteristics of CR with those not achieving CR was made. This analysis
contributes to growing evidence suggesting that CR represents a biologically
distinct and prognostically favorable subset within the broader population of
metastatic melanoma patients that underwent therapy with ICI. CR is a surrogate

marker for OS.

Our findings demonstrate that CR is associated with prolonged long-term survival
outcomes, even after therapy cessation. The five-year PFS and OS rates of 79%
and 83%, respectively, in CR patients underscore the potential for durable immune-
mediated tumor control (Asher et al. 2021; Boutros et al. 2023). The fact that
responses are durable after therapy cessation shows the immune equilibrium.

Importantly, neither the total duration of therapy nor the treatment duration after
CR correlated significantly with improved survival, supporting the hypothesis that,
for selected patients, prolonged treatment may not be necessary once a deep

response has been achieved.

These observations raise important questions about the biological nature of CR.
While CR, as defined by radiologic criteria, has traditionally been interpreted as an
endpoint, our data suggests an immune equilibrium. As they also responded to
rechallenge, these findings imply that the immune system retains some degree of
capacity to re-engage tumor control (Eyles et al. 2010; N. Muller-Hermelink et al.
2008a; Patton et al. 2021; Pollard 2016; Singvogel and Schittek 2024; Sosa,
Bragado, and Aguirre-Ghiso 2014).

The dynamics of blood-based biomarkers further support the utility of longitudinal

monitoring, especially in those patients for whom therapy can be discontinued
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(Burkey et al. 2025; Y. Guo, Xiang, et al. 2022). Normalization of S100 protein
levels at the time of CR was a consistent finding, and re-elevation often preceded
radiologic progression. Therefore, S100 can be used to monitor relapse and help
in discontinuation of therapy. Disease monitoring is now with ctDNAin many tumors
(Burkey et al. 2025; Schroeder et al. 2024; L. Warburton et al. 2020; Lydia
Warburton et al. 2023).

Similarly, trends in LDH, NLR, and PLR appeared to reflect shifts in immune
activity. These markers, particularly when evaluated dynamically, may serve as
early indicators of relapse and help guide surveillance or the need for therapeutic

reinitiation.

Among baseline characteristics, age, lower LDH and NLR levels, and the absence
of liver metastases were significantly associated with achieving CR (Y. Guo, Xiang,
etal. 2022; Li et al. 2022; Jialin Su et al. 2025; X. Zhou et al. 2014). The association
with age is particularly intriguing, as older individuals have previously been
observed to respond better to ICls, possibly due to age-related changes in immune
regulation, such as diminished T regulatory cell activity or increased TMB.
However, among CR patients, those aged over 77 years had worse outcomes than
those below, suggesting a complex relationship between immune senescence and

response durability that needs further study (Wong, Nebhan, and Johnson 2021).

Of particular concern is the occurrence of late-onset irAEs, observed in 25% of CR
patients, most commonly involving cutaneous, endocrine, or hepatic
manifestations. These findings emphasize the importance of continued post-
treatment surveillance not only for disease recurrence but also for delayed toxicity.
As IT transitions toward more personalized and de-escalated paradigms, the ability
to predict and prevent chronic irAEs will become increasingly important (Bastacky
et al. 2021; Casagrande et al. 2024; Martins et al. 2019; Zhu et al. 2020; Fiamma
Berner et al. 2019; F. Berner and Flatz 2023).

These irAEs might not only reflect toxicity but also signal robust immune activation
and senescence, which could explain their association with improved treatment
outcomes (Q. Sun et al. 2022; Karhapaa et al. 2022). The management of these

toxicities could be a challenge in order not to lose this equilibrium.
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From the patient’s perspective, psychosocial factors, including fear of stopping
therapy or concerns about disease recurrence, can influence adherence to
monitoring plans and must be addressed in future models. Research on the health
economic burden is also needed to determine the value of early therapy
discontinuation, balancing cost benefit with quality-adjusted survival outcomes, as
further benefit with ICl may not be observed (Kasparian, McLoone, and Butow
2009; Zhang et al. 2023).

Recent data increasingly highlights the significance of T cell clonality and the
persistence of the immune repertoire as key indicators of long-term tumor control.
Sequencing of T cell receptors in blood or tumor tissue may help identify patients
who maintain a durable response and immune surveillance, thereby supporting the
rationale for discontinuing ICI safely after achieving a CR (Huuhtanen et al. 2022;
Valpione et al. 2021; Porciello et al. 2022). TIL in metastases, therefore, hot tumors
respond better to ICI (Eftychia Chatziioannou, Rol3ner, Aung, Rimm, Niessner,
Keim, Serna-Higuita, Bonzheim, Cuellar, et al. 2023; Han et al. 2021).

Another area is the gut microbiome’s influence on the immune system. Differences
in microbial composition and the presence of specific bacterial species have been
linked to both better response to ICl and increased susceptibility to immune-
mediated colitis. Ongoing studies are expected to determine whether microbiome-
based markers can serve as additional biomarkers (Hwang, Kim, and Kweon 2023;
K.A. Lee et al. 2022; Bjork et al. 2024).

Understanding the mechanisms behind immune escape, resistance, and tumor
dormancy and senescence is essential to explain late relapses after CR. Chronic
inflammation or senescence can, on the other hand, promote cancer. Alterations
in genes associated with the IFN signalling pathway, the cell cycle, or tumor
evasion via antigen loss and MHC downregulation may increase the risk for
recurrence. Studying how immune memory controls dormant cells could make the
surveillance timing and reinitiation of therapy better (Kawashima and Togashi
2023; Mengoni et al. 2025; Singvogel and Schittek 2024; Lim et al. 2023;
Alsaafeen, Ali, and Elkord 2025; J.H. Lee, Shklovskaya, et al. 2020).
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Sex and hormonal influences on outcomes of ICl remain uncertain. Estrogen,
androgen levels, or menopausal status may impact immune responses, CR rates,
and irAE patterns. Stratifying data by sex and hormonal context could improve
biomarker discovery and treatment personalization (Petersen et al. 2024; Capone
et al. 2018; Ma et al. 2022; Bhattacharya, Sadhukhan, and Saraswathy 2024).

Incorporating patient-reported outcomes and digital tools into care models can
capture real-time quality-of-life data, enhancing toxicity management and guiding
shared decisions, especially during treatment de-escalation (Basch, Mody, and
Dueck 2020; Tolstrup et al. 2022).

Refining treatment sequencing is critical. Patients likely to respond to PD-1
monotherapy could avoid upfront combination regimens, while high-risk individuals
may benefit from early intensification, combinatorial therapies, or closer follow-up.
Predictive tools like our nomogram can help tailor these decisions, intensify
monitoring (James Larkin et al. 2019; Z. Wang et al. 2024).

In addition, the application of artificial intelligence in radiomics offers a novel way
to assess response durability. Advanced image analysis techniques can extract
and quantify features such as tumor heterogeneity, shape, and density, traits that
may correspond with biological behavior and immune status, minimal residual
disease, etc. Detection of TILs or senescent cells could also be investigated. When
integrated with molecular and clinical data, Al-driven radiomic models could
provide a more comprehensive and individualized approach to estimating
treatment needs and optimizing therapy duration beyond conventional metrics
(Kothari 2022; Roisman et al. 2023; Ligero et al. 2024; McGale et al. 2023).

Moving forward, we propose that future research should focus on prospective trials
assessing individualized treatment duration based on depth of response and
biomarker dynamics. Additionally, efforts should be directed toward identifying
molecular and immunologic correlates of CR, including TIL profiles, spatial immune
architecture, and ctDNA kinetics. Understanding the biological basis of CR may
ultimately enable us to convert responses into durable remission for a broader
population (Burkey et al. 2025; E. Chatziioannou, RoRner, Aung, Rimm, Niessner,

Keim, Serna-Higuita, Bonzheim, Kuhn Cuellar, et al. 2023; Eliason et al. 2025).
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Publication No 2:

In the second work, following the previous work, we aimed to enhance the
personalization of melanoma treatment by making a better biomarker. Therefore,
we developed and externally validated a predictive nomogram for PFS in patients
with unresectable stage IV melanoma being treated with first-line anti-PD-1-based
IT. Recognizing that a substantial fraction of patients, up to 50%, fail to achieve
long-term benefit from ICls, we sought to identify baseline variables that could
reliably predict therapeutic outcomes and aid in risk stratification at therapy

initiation.

Our model was derived from a multicenter European cohort and incorporated eight
clinically and laboratory accessible variables: LDH, NLR, melanoma subtype,
serum S100 protein, BMI, presence of brain and liver metastases, and type of ICI
therapy, whether monotherapy or combination. These variables were selected to
be included in the nomogram following a selection process using first a random

survival forest model and then Cox regression analysis.

LDH emerged as the most important prognostic factor, consistent with its role as a
surrogate for tumor burden and hypoxic tumor microenvironments that favor
immune evasion. It is also incorporated in the AJCC classification. NLR and S100,
both systemic markers of inflammation and tumor activity, further enhanced the
model’s ability to discriminate between low- and high-risk patients. The inclusion of
BMI is noteworthy, as low BMI has been associated with diminished treatment
efficacy, potentially reflecting compromised nutritional or immunologic reserves
(Petrelli et al. 2019; Wagner et al. 2018; Li et al. 2022; Richtig et al. 2018). The

question here lies in whether BMI or muscle mass is the prognostic determinant.

The nomogram demonstrated moderate discriminatory capacity with a C-index of
0.67 and favorable calibration in the training and validation cohorts, although lower
in the latter. Its capacity to stratify patients into discrete risk groups with significantly
different PFS outcomes enables more informed clinical decision-making regarding
treatment intensity, surveillance strategies, and early referral to clinical trials.
Importantly, the model also facilitates shared decision-making with patients by

providing individualized prognostic estimates.
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Nonetheless, certain limitations must be acknowledged. First, it is a retrospective
study. The model is based entirely on baseline characteristics and does not
account for early treatment response or longitudinal biomarker changes. As such,
its predictive utility may be enhanced by integration with dynamic variables such
as early radiologic response, ctDNA kinetics, or on-treatment changes in systemic
immune parameters. Furthermore, the generalizability of the model to patients
treated with newer therapeutic combinations, such as anti-LAG-3 or TIL therapies,
remains to be established (Burkey et al. 2025; Kreidieh and Tawbi 2023; Allison
Betof Warner, Corrie, and Hamid 2023). We looked at clinical and blood

biomarkers, and not at the tumor itself.

In addition to the clinical and biomarker findings from our studies, the study of the
tumor itself, as well as tumor circulating cells, is important, as several future
research directions could help advance the personalization of IT in advanced
melanoma. Spatial transcriptomics and single-cell RNA sequencing can reveal the
cellular composition and organization of the tumor microenvironment, immune cell
interactions, and spatial immune signatures associated with long-lasting
responses. Neoantigen profiling and genomic tracking of tumor evolution also hold
promise for understanding immune escape and long-term DC. Patients with a
fewer immune-evasive genomic alterations or not defects in IFN signalling may be
good candidates for early treatment discontinuation without compromising
outcome (Abbott et al. 2021; Alsaafeen, Ali, and Elkord 2025; Teresa Amaral et al.
2020; Barriga et al. 2022; Eliason et al. 2025; Falahat et al. 2019; Grasso et al.
2020; Han et al. 2021; Kawashima and Togashi 2023; Kreidieh and Tawbi 2023;
Larson et al. 2022; J.H. Lee, Shklovskaya, et al. 2020; D. Liu et al. 2019; S. Liu et
al. 2023; Felicity Newell, Pires da Silva, et al. 2022; Sade-Feldman et al. 2017;
Shin et al. 2017; Zaretsky et al. 2016).

The main concept from our melanoma model, baseline risk stratification, early
response assessment, and informed treatment adjustment, could inform similar

strategies in other IT-treated cancers, including renal cell cancer and lung cancer.
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Looking ahead, we believe that a prospective validation of this tool in cohorts and
for its integration into clinical trials aimed at treatment personalization is important.
Its advantage lies in its easy application. Its application may be broadened to
include decision-support algorithms for early treatment modification, such as
escalation or de-escalation based on predicted response. Finally, the model
provides a foundation for incorporating emerging molecular and digital pathology

data into more predictive models.
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4. Summary

This research explores two critical aspects of systemic IT in unresectable stage IV
melanoma patients who underwent treatment with first-line anti-PD-1-based
agents. The central goals were, first, to assess the clinical outcomes of response
and survival as well as the characteristics of patients achieving a CR, and second,
to develop a baseline risk model capable of predicting PFS prior to therapy

initiation.

To address these aims, two retrospective analyses were conducted. One focused
on a monocentric cohort of patients who achieved CR under ICI, with particular
attention to treatment duration, biomarker trends, relapse patterns, and long-term
survival after therapy cessation. The other involved the construction and validation
of a nomogram using multicenter data from a large patient population,
incorporating common clinical and laboratory parameters to estimate individualized
PFS probabilities.

The findings revealed that CR is strongly associated with excellent long-term
survival outcomes, with five-year PFS and OS rates exceeding 75% in this
subgroup. Importantly, treatment discontinuation after CR did not negatively impact
outcomes, suggesting that indefinite therapy may not be necessary for all patients
and giving insight into the biology behind CR in favor of immune equilibrium,
dormancy, and senescence. Predictive features of CR included age, low LDH and
PLR, and absence of liver metastases. Dynamic blood markers such as S100 and
LDH proved useful in monitoring remission status and early signs of relapse, and
therefore for minimal residual disease (Khoury et al. 2021; Lodde et al. 2024;
Perez, Samlowski, and Lopez-Flores 2022; Robert et al. 2018; Warner et al. 2020;
Eyles et al. 2010; N. Muller-Hermelink et al. 2008a; Pollard 2016; Singvogel and
Schittek 2024; Sosa, Bragado, and Aguirre-Ghiso 2014).

In parallel, the PFS nomogram demonstrated that pretreatment factors such as
blood inflammatory markers, BMI, metastasis sites, and melanoma subtype can
stratify patients by risk with good accuracy. This tool provides a foundation for early
prognostic guidance and could assist in personalizing treatment intensity, therapy

duration, sequential and combinatorial regimen, and follow-up strategies.
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The broader implications of these studies highlight a shift toward more
individualized and biologically informed management of metastatic melanoma.
Rather than defaulting to prolonged or indefinite IT, evidence from this work
supports the potential for response-guided de-escalation in selected patients. The
concept of CR as immune equilibrium, rather than absolute eradication, calls for
further research into biomarkers that can define durable remission and guide

retreatment when necessary (Reschke, Enk, and Hassel 2025).

In conclusion, this integrated research underscores the value of both predictive
modeling and deep response characterization in optimizing IT for advanced
melanoma. Future studies should validate these approaches prospectively and
explore novel biomarkers that can refine risk stratification, treatment
discontinuation protocols, and long-term disease monitoring in real-world clinical

settings.

5. German summary -Zusammenfassung

Diese Arbeit befasst sich mit zwei komplementaren Aspekten der Immuntherapie
bei Patienten mit einem nicht resezierbaren Melanom im Stadium |V, die mit einer
anti-PD-1-basierten Behandlung therapiert wurden. Ziel war es zum einen, die
langfristigen klinischen Verlaufe und Merkmale von Patienten zu untersuchen, die
ein komplettes Ansprechen (Complete Response) unter Immuncheckpoint-
Inhibition erreichen, und zum anderen ein pradiktives Modell zu entwickeln, das
anhand von Basisdaten vor Therapiebeginn das progressionsfreie Uberleben
prognostizieren kann.

Im ersten Teil der Untersuchung wurde eine retrospektive Analyse einer Kohorte
von Patienten durchgefuhrt, die unter anti-PD-1-Therapie ein CR erreichten. Dabei
wurden klinische Parameter, Blutbiomarker, wie LDH und S100, Dauer der
Behandlung, Auftreten von Rduckfallen und Langzeitiiberleben analysiert. Die
Ergebnisse zeigen, dass ein CR mit exzellentem Langzeitliberleben assoziiert ist:
Das progressionsfreie und das Gesamtuberleben lagen nach funf Jahren bei Uber
75 %. Bemerkenswerterweise hatte die Beendigung der Therapie nach CR keinen
negativen Einfluss auf den Behandlungserfolg, was darauf hinweist, dass eine
zeitlich begrenzte Therapie bei ausgewahlten Patienten ausreichend sein kann.
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Niedrige LDH- und PLR-Werte, das Fehlen von Lebermetastasen sowie ein
héheres Alter zum Zeitpunkt der Therapie waren signifikant mit einem CR
assoziiert (Asher et al. 2021; Bastacky et al. 2021; A. Betof Warner et al. 2020;
Bhatia, Tykodi, and Thompson 2009; Boutros et al. 2023; Fahey, Gracie, and
Johnson 2023; Kataoka and Hirano 2018; Khoury et al. 2021; Lodde et al. 2024;
Marron et al. 2021; Mayer et al. 2025; Patnaik et al. 2021; Perez, Samlowski, and
Lopez-Flores 2022; Robert et al. 2018; Robert et al. 2013; Sacco et al. 2024;
Swami et al. 2019; Trojaniello et al. 2023; S.J. Wang, Dougan, and Dougan 2023;
Warner et al. 2020; Eyles et al. 2010; Nele Muller-Hermelink et al. 2008b; Pollard
2016).

Im zweiten Teil wurde ein klinisch anwendbares Nomogramm entwickelt und in
einer multizentrischen Kohorte validiert, um das individuelle Risiko eines
Fortschreitens der Erkrankung unter ICI-Therapie vorherzusagen. Das Modell
basiert auf leicht verflUgbaren Basisparametern wie LDH, NLR, S$100,
Melanomsubtyp, BMI sowie der Metastasierung in Leber oder Gehirn. Trotz einer
moderaten pradiktiven Genauigkeit stellt das Nomogramm ein praktikables
Instrument zur Risikostratifizierung dar, das potenziell zur personalisierten
Therapieplanung beitragen kann.

Die Diskussion der Ergebnisse legt nahe, dass ein CR weniger auf eine
vollstandige Tumoreradikation, sondern eher auf eine stabile Immunkontrolle
hinweist. Die Reaktion auf erneute Immuntherapie bei Ruckfallen stitzt diese
Hypothese zusatzlich. Zugleich wird die Notwendigkeit in Frage gestellt,
Immuntherapien Uber Jahre hinweg fortzusetzen, wenn ein tiefes und frihes
Ansprechen bereits erreicht ist. Eine Umorientierung hin zu einer biologisch
adaptiven Therapiestrategie, bei der Therapieintensitat und -dauer individuell
angepasst werden, scheint nicht nur moglich, sondern auch medizinisch sinnvoll
zu sein (Abbott et al. 2021; A. Betof Warner et al. 2020; Boutros et al. 2023; Fahey,
Gracie, and Johnson 2023; Kataoka and Hirano 2018; Khoury et al. 2021; Lodde
et al. 2024; Marron et al. 2021; Mayer et al. 2025; Patnaik et al. 2021; Perez,
Samlowski, and Lopez-Flores 2022; Pillai et al. 2022; Robert et al. 2018; Robert et
al. 2013).

Zusammenfassend unterstitzt diese Arbeit einen Paradigmenwechsel in der
Behandlung des metastasierten Melanoms: weg von standardisierten

Langzeittherapien, hin zu einer intelligenten, datenbasierten und
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patientenzentrierten Immuntherapie. Zukunftige Studien sollten sich auf
prospektive Validierung, die Integration molekularer Biomarker und die
Entwicklung dynamischer Entscheidungsalgorithmen konzentrieren, um eine

nachhaltige und individualisierte Behandlung zu gewahrleisten.
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