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Introduction

Melanoma is an extremely aggressive and deadly form of skin
cancer. With the emergence of immune checkpoint inhibitors
and targeted therapies, significant progress has been made
in the systemic treatment of melanoma. Neoadjuvant therapy
has emerged as a promising approach in the management
of locally advanced and metastatic melanoma. This strategy
involves administering systemic therapy before surgery, aiming
to improve recurrence-free survival (RFS) and overall survival
(0S) while potentially de-escalating surgical
Immune checkpoint inhibitors (ICIs) and targeted therapies have
demonstrated significant efficacy in the neoadjuvant setting,
leading to high rates of pathological complete response (pCR) and
major pathological response (MPR).

intervention.

Particularly, the use of PD-1 blockade alone or in combination
with CTLA-4 blockade has shown promising results in terms of
reducing the risk of relapse and mortality. Initial data also show
that neoadjuvant immunotherapy allows de-escalation of lymph
node surgery. Similarly, neoadjuvant BRAF-MEK inhibition for
melanoma with BRAF mutations has produced comparable
outcomes, although the response durability is lower compared
to immunotherapy. Moreover, emerging data from trials such as
SWOG S1801 [1] and OpACIN-neo [2] suggest that neoadjuvant
approaches may outperform conventional adjuvant therapy.
Recent findings of the NADINA trial, demonstrated the superiority
of neoadjuvant ipilimumab plus nivolumab compared to adjuvant
nivolumab in macroscopic stage III melanoma Neoadjuvant
therapy offers several advantages over traditional adjuvant
therapy, including early evaluation of treatment response,
potential reduction in surgical burden, and the opportunity to
study tumor tissue for research purposes. However, uncertainties
remain regarding optimal treatment protocols, including
dosing, duration, timing relative to surgery, and integration with
other modalities. This article reviews the current landscape of

neoadjuvant therapy for melanoma, highlighting key clinical
trials, predictive biomarkers, and ongoing research efforts. We
also discuss the challenges and unanswered questions that need
to be addressed to optimize the use of neoadjuvant therapy in
clinical practice.

Discussion
Improved Prognosis through Modern Therapies

The prognosis of unresectable or metastatic melanoma has
significantly improved with the development and approval of
immune checkpoint inhibitors (ICI) and targeted substances
(TT). In stage IV, the median overall survival is now 6.5 years [2].
Highly effective PD-1 blockers Nivolumab and Pembrolizumab,
as well as BRAF-MEK inhibition with Dabrafenib/Trametinib (in
the presence of a BRAF-V600E /K mutation), are also approved for
adjuvant melanoma therapy after complete resection in stage III
(Nivolumab also in stage 1V) and lead to a significant reduction
in recurrence risk [3-5]. Whether, and if so, to what extent such
adjuvant therapy extends the overall survival of patients remains
unclear. The latest approach to further improve the course of
melanoma in stages IIIB-D or IV is neoadjuvant therapy. Here,
systemic therapeutics are primarily used before a planned
operation of clinically detectable metastases. The goal is less about
improving operability and more about increasing recurrence-
free survival (RFS) and overall survival (0OS) and potentially
even de-escalating surgical care for patients. Additionally, unlike
adjuvant therapy, neoadjuvant therapy allows early evaluation
of the response to a therapeutic agent. Furthermore, tissue
material can be obtained for research purposes. Although the
data on neoadjuvant melanoma therapy are very promising,
there is currently no explicit approval for any substance for
this therapeutic intention in melanoma. As shown in Table 1,
several studies have investigated the efficacy of neoadjuvant
immunotherapy for melanoma.
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Table 1: Summary of key clinical trials on neoadjuvant immunotherapy for melanoma.

Trial Name Phase Treatment Key Findings Significance
OBACIN b Ipilimumab (3 mg/kg) + Nivolum- | - 78% pathologic response rate | gjrst to demonstrate feasibility of neoad-
p ab (1 mg/kg) -90% grade 3-4 AEs juvant ipi/nivo but highlighted toxicity.
- 77% MPR
ODAC Ipilimumab (1 mg/kg) + Nivolum- Established safer dosing regimen for ipi/
PACIN-neo 11 ab (3 mg/ke) - Reduced toxicity vs. original nivo.
OpACIN
-61% pCR
PRADO I Ipilimumab + Nivolumab (dose-op- ) Validated pCR as a prognostic marker;
timized) - pCR linked to 0% ;ecurrence guided de-escalation of surgery.
at 18 months
SWOG S1801 n Pembrolizumab (neoadjuvant + - 2-year EFS: 72% (neo) vs. First to show EFS benefit of neoadjuvant
adjuvant) 49% (adjuvant alone) anti-PD-1 over adjuvant-only therapy.
Nivolumab * Relatlimab (LAG-3 - MPR: 57% (combo) vs. 25% Supported LAG—3/PD—1'combo (lat.er
NCT02437279 Ib inhibitor) (nivo alone) approved as Opdualag in metastatic
melanoma).
-49% pCR Demonstrated efficacy of neoadjuvant
NeoCombi 11 Dabrafenib + Trametinib targeted therapy in BRAF V600-mutant
- 2-year RFS: 64% melanoma.
Neo-Trio I Encorafenib + Binimetinib + Pem- -90% ORR (triplet) vs. 50% Highlighted synergy of targeted therapy +
brolizumab ORR (doublet) PD-1 inhibition in BRAF-mutant cases.
NADINA 1 Neoadjuvant Ipi/Nivo vs. Adjuvant Primary endpoint: Recur- First phase Il trial; may establish neoad-
Nivo rence-free survival (RFS) juvant ipi/nivo as standard if positive.

Data on neoadjuvant therapy of melanoma
Dabrafenib plus Trametinib

In a neoadjuvant intent, targeted therapy with the BRAF
inhibitor Dabrafenib in combination with the MEK inhibitor
Trametinib was tested in patients with histologically confirmed,
surgically resectable melanoma in stage III or oligometastatic
melanoma in stage IV with a BRAF-V600E or -V600K mutation
[6]. The two treatment arms included either immediate surgery
with the possibility of subsequent standard adjuvant therapy
or neoadjuvant plus adjuvant therapy with Dabrafenib and
Trametinib over a total of 8 weeks before surgery with a total
treatment duration of 52 weeks. The neoadjuvant plus adjuvant
therapy approach was clearly superior to the standard arm;
however, only a few patients in the comparison arm received
adjuvant therapy with Dabrafenib plus Trametinib. This was
because superiority in the neoadjuvant arm was seen early, leading
to the premature closure of the study and thus fewer patients
in the adjuvant arm. An interpretation of these data regarding
the actual difference between the two approaches is therefore
not possible. In the recently conducted REDUCTOR study in
inoperable, locally advanced melanoma, short-term neoadjuvant
therapy with Dabrafenib plus Trametinib over 8 weeks enabled
radical resection of metastases in 81% of patients [7]. Due to the
single-arm study design, interpreting these data regarding clinical
benefit is difficult.
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Ipilimumab plus Nivolumab

The phase III NADINA trial investigated the efficacy of
neoadjuvant ipilimumab plus nivolumab compared to adjuvant
nivolumab in patients with macroscopic, resectable stage III
melanoma. The study randomized 423 patients to receive either
two cycles of neoadjuvant ipilimumab (1 mg/kg) plus nivolumab
(3mg/kg) followed by therapeutic lymph node dissection (TLND)
and, in case of not achieving a major pathologic response (MPR),
adjuvant dabrafenib plus trametinib or adjuvant nivolumab
versus TLND followed by adjuvant nivolumab.

The primary endpoint of event-free survival (EFS) was
significantly improved in the neoadjuvant arm compared to
the adjuvant arm (HR 0.32, 99.9% CI 0.15-0.66, p<0.0001),
with estimated 12-month EFS rates of 83.7% versus 57.2%,
respectively. In the subgroup of BRAF-mutated melanoma,
estimated EFS rates were 83.5% and 52.1% for neoadjuvant
versus adjuvant, respectively, and in BRAF wild-type melanoma,
the rates were 83.9% and 62.4%, respectively. The neoadjuvant
arm also showed a high rate of MPR (58.0%), with 12-month RFS
rates of 95.1% for MPR, 76.1% for partial pathological response
(PPR), and 57.0% for pathological non-response (PNR). Grade =3
systemic treatment-related adverse events were seen in 29.7%
and 14.7% of patients in the neoadjuvant and adjuvant arms,
respectively, with one death due to toxicity (pneumonitis) in
the adjuvant arm. The NADINA trial is the first phase III study to
evaluate neoadjuvant immunotherapy against standard of care
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in melanoma and the first phase III trial in oncology to evaluate
a neoadjuvant regimen consisting of immunotherapy alone.
Based on these results, neoadjuvant ipilimumab plus nivolumab
followed by response-driven adjuvant treatment should be
considered a new standard of care treatment in macroscopic stage
Il melanoma

High pathological response rates have been shown in three
large studies testing the combined regimen of the CTLA-4 blocker
Ipilimumab and the PD-1 blocker Nivolumab in neoadjuvant
intent [8-10]. In the OpACIN study, a clinical, randomized phase
Ib/Il study, neoadjuvant therapy with Ipilimumab (3 mg/kg
BW) and Nivolumab (1 mg/kg BW) was investigated. Part of the
patients received two doses before and two doses after surgery.
This treatment scheme was compared with the adjuvant arm,
where patients were operated on immediately and subsequently
received four doses of the same combination as adjuvant
therapy. The efficacy of the neoadjuvant treatment scheme was
already demonstrated here but at the cost of significant side
effects [9]. In clinical phase II study OpACIN-neo, three different
combination schemes were investigated. The scheme with two
cycles of Ipilimumab 1 mg/kg BW and Nivolumab 3mg/kg BW
q3w (Arm 2) showed a pCR rate of 47% and the occurrence of
immune-mediated adverse events (irAE) of grades 3-4 according
to Common Terminology Criteria for Adverse Events (CTCAE)
in 20% of treated patients, showing the best ratio of efficacy
to toxicity. Recent updated survival analyses of the OpACIN-
neo study resulted in a 3-year RFS rate of 82% for all patients,
95% for patients achieving a pathological response, and 37%
for patients showing no response (pNR; p < 0.001) [2,11]. The
PRADO extension cohort of the OpACIN-neo study also examined
the correlation between the pathological response in an index
lymph node (ILN) and RFS in patients undergoing neoadjuvant
treatment with Ipilimumab 1 mg/kg BW plus Nivolumab 3 mg/
kg BW [12]. In patients who achieved MPR (“major pathological
response”; less than 10% vital tumor cells) or pCR in their ILN,
no therapeutic lymph node dissection (TLND) or adjuvant therapy
was performed, and therapy was de-escalated based on the
pathological response. This reduction was associated with fewer
postoperative complications [12].

Neoadjuvant plus Adjuvant versus Adjuvant Therapy
with Pembrolizumab

In the SWOG-1801 study, a randomized phase II study, it was
investigated whether neoadjuvant plus adjuvant therapy with
the PD-1 blocker Pembrolizumab is superior to the sole adjuvant
administration of Pembrolizumab [1]. One group received three
doses of Pembrolizumab (200mg q3w), followed by surgery and
subsequent administration of 15 more doses of Pembrolizumab
(200mg q3w). The other group underwent immediate surgery and
received 18 doses of Pembrolizumab (200mg q3w) exclusively
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adjuvantly after surgery. A total of 313 patients participated in this
large study encompassing 90 US centers. After a median follow-up
period of 14.7 months, the 2-year event-free survival (EFS) rate in
the neoadjuvantand adjuvant group was significantly higher (72%;
95% confidence interval, 95%-CI: 64-80) than in the adjuvant
group (49%; 95%-Cl: 41-59; p = 0.004 by the log-rank test).
Events for the endpoint EFS included recurrences after surgery
(local or distant), progression of melanoma, or toxicity leading
to inoperability, initiation of adjuvant therapy > 84 days after
surgery, and death of patients. Radiological assessment according
to Response Evaluation Criteria in Solid Tumors (RECIST) criteria
showed a response rate of 47% in the neoadjuvant plus adjuvant
group, while the rate of pathological complete remissions (pCR)
after evaluation of the surgical specimens was 21%. The rate of
grade 3-4 adverse events according to CTCAE was 12% in the
neoadjuvant and adjuvant group and 14% in the adjuvant group.

Other Substances
T-VEC

Talimogen Laherparepvec (T-VEC), an oncolytic virus
specifically adapted for selective replication in tumor cells and
induction of host immunity, was approved for local treatment of
advanced, inoperable melanoma in stages IIl and IV (M1a) [13].
In a randomized phase II study, neoadjuvant intratumoral T-VEC
administration (6 doses; Arm 1) was compared with surgical
resection and subsequent standard adjuvant therapy (Arm 2) [14].
The pCR rate was 17.1% for the neoadjuvant Arm 1. An ongoing
single-arm study is currently investigating neoadjuvant therapy
with T-VEC in combination with the PD-1 blocker Nivolumab
every 2 weeks over 9 weeks [15]. The study is currently in the
recruitment phase and has not yet published results.

Relatlimab plus Nivolumab

A fixed-dose combination of Nivolumab and Relatlimab (anti-
LAG3 antibody) was recently approved after the RELATIVITY-047
study validated the regimen as an effective treatment strategy
for patients with inoperable or metastatic melanoma [16].
This study showed a significant advantage for progression-
free survival (PFS) over Nivolumab alone. In locally advanced,
operable melanoma, a phase II study investigated two doses of
neoadjuvant therapy with Nivolumab 480 mg plus Relatlimab 160
mg i.v. 4 weeks apart, followed by surgery and subsequently 10
doses of adjuvant combination therapy (q4w) [17]. The pCR rate
was 57%, and the radiological overall response rate (ORR) was
also 57%. The 1- and 2-year RFS rates were 100% and 92% for
patients showing a pathological response, compared to 88% and
55% for patients showing no pathological response (p = 0.005).
No treatment-related grade 3 or 4 adverse events occurred during
the neoadjuvant treatment, whereas these occurred in 26% of
treated patients in the adjuvant phase [18-23].
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Predictive biomarkersin patients with neoadjuvant-
treated melanoma

Tumor Genomic Biomarkers

The concept that TMB predicts immunotherapy response
is rooted in the neoantigen theory, which posits that a greater
number of mutations leads to a higher likelihood of generating
neoantigens that can trigger an immune response [24]. While
TMB has shown promise as a biomarker in other settings, its
role in neoadjuvant immunotherapy for melanoma is still under
investigation. Some studies suggest that TMB may be associated
with response to neoadjuvant ICIs in melanoma patients [25,26].
For example, a study by Blank et al. found that patients with
both elevated interferon-gamma (IFN-y) and TMB had a 100%
partial pathologic response rate and no recurrence at 2 years
[27,28]. While the role of TMB in neoadjuvant immunotherapy
for melanoma is still under investigation, some studies suggest
it may be associated with treatment response. Clinical trials have
demonstrated the potential of neoadjuvant immunotherapy for
melanoma, but further research is needed to optimize treatment
strategies and identify predictive biomarkers like TMB. Driver
mutations, such as those in the BRAF gene, can influence tumor
growth and immune evasion. In advanced melanoma, BRAF-
mutated tumors have shown improved survival with combined
ipilimumab and nivolumab compared to nivolumab monotherapy
[29]. However, in the neoadjuvant setting, BRAF mutation status
has not significantly impacted pathologic response [12]. Other
mutations, such as those in NRAS, PTEN, BCLAF1, and TP53, have
been associated with ICB response or resistance in advanced
melanoma but have not been investigated in the neoadjuvant
setting [30].

Tumor Immune Microenvironment Phenotype
Biomarkers

The presence and diversity of tumor-infiltrating lymphocytes
(TILs), particularly CD8+ T cells, are associated with response to
neoadjuvant ICB [8]. The phenotype of these T cells, including
expression of PD-1, CD39, and TCF7, also correlates with
improved response [31]. T-cell clonality and diversity in the
tumor microenvironment (TME) are thought to be predictive
of ICB response, with a diverse T-cell repertoire at baseline and
a more clonal repertoire during therapy associated with better
outcomes [32]. Dendritic cells (DCs), particularly BATF3+ DCs,
play a crucial role in antigen presentation and T-cell recruitment.
Alow BATF3+ DC gene signature in pretreatment tumor biopsies
is associated with relapse after neoadjuvant ICB. Chemokines
such as CXCL9 and CXCL10, produced by BATF3+ DCs, are also
associated with improved ICB response [26]. Inflammatory gene
expression signatures, such as the IFNy signature, offer a broader
representation of the antitumor immune response. The IFNy
signature has been predictive of pathologic response and relapse
in several neoadjuvant melanoma trials. Combining TMB and
IFNy signatures has shown high predictive value for pathologic
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response, with response rates of 90-100% in patients with high
TMB and high IFNy signatures [26].

Liquid Biopsy Biomarkers

Circulating tumor DNA (ctDNA) is a powerful tool for detecting
residual disease after neoadjuvant therapy. The presence of ctDNA
before or after surgery is associated with poor response to ICB
and decreased relapse-free survival (RFS) [33]. ctDNA can also
be used to estimate blood TMB, which has been predictive of ICB
response in metastatic NSCLC. In melanoma, ctDNA may assist
in selecting patients for adjuvant or neoadjuvant treatment [34].
Posttreatment circulating PD1+ CD8+ T cells and EOMES+ CD8+ T
cells have been associated with favorable outcomes in melanoma.
Circulating cytokines, such as IFNy, IL6, and IL8, have also been
proposed as biomarkers for ICB response and toxicity [35]. High
levels of IL10 and IL17 are associated with disease progression
and toxicity, respectively, in patients treated with neoadjuvant
ipilimumab [36].

Host-Related Biomarkers

HLA genes encode proteins responsible for antigen
presentation to T cells. HLA heterozygosity, particularly at HLA-I
loci, is associated with improved survival after ICB, likely due to
broader antigen presentation [37]. Loss of heterozygosity (LOH)
of HLA-I genes and downregulation of HLA-I expression are
associated with ICB resistance [26]. HLA polymorphisms have
not been extensively studied in the neoadjuvant setting but may
become relevant as neoadjuvant immunotherapy becomes more
common. The gut microbiome influences the immune system and
response to ICB. A diverse microbiome, particularly dominated by
Ruminococcaceae, is associated with higher response rates and
lower toxicity in melanoma patients treated with neoadjuvant
ipilimumab and nivolumab [38]. Antibiotic use, which reduces
microbiome diversity, is associated with decreased ICB response
[39]. Certain bacterial species, such as Akkermansia muciniphila
and Faecalibacterium prausnitzii, have been linked to improved
responses to anti-PD-1 therapy in melanoma patients [40].
While still in its infancy, research into the interaction between
the microbiome and neoadjuvant therapy holds promise for
developing novel strategies to enhance treatment outcomes. For
a visual representation of the predictive biomarkers in patients
with neoadjuvant-treated melanoma, see the Figure 1.

Data gaps and outlook

Although some of the studies presented on neoadjuvant
therapy also included patients with stage IV melanoma, their total
number is rather low, and the relevance of neoadjuvant therapy
in this stage remains to be seen. Overall, it is now clear that
oligometastatic melanoma can only be controlled in the long term
by surgery in a few patients, so drug therapy should be regularly
performed in such patients. It is therefore advisable to generally
postpone surgical intervention in these patients and primarily
use systemic therapy. Another group underrepresented in the
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mentioned studies are patients with stage IIl primary tumors
and/or in-transit metastases. In principle, neoadjuvant therapy
also seems to lead to remissions here, but discordant responses of
the different tumor manifestations can occur [20-22]. The SWOG-
1801 study clearly shows that neoadjuvant plus adjuvant therapy
is superior to adjuvant pembrolizumab alone, but it remains
unclear whether continuation of therapy after surgery is actually
necessary. Data on the neoadjuvant use of ipilimumab plus
nivolumab suggest that neoadjuvant therapy alone can already
lead to very high rates of patients without recurrence. To what
extent this can be increased or consolidated by adjuvant therapy
(depending on the category of pathological response) remains
unclear. Here, the double-blind, randomized, and placebo-
controlled IMMUNED study provides promising data in patients
with stage IV melanoma in remission. It shows a significant

prolongation of relapse-free survival through the adjuvant
use of ipilimumab plus nivolumab compared to nivolumab
monotherapy or placebo [23]. For combination therapy, unlike
for pembrolizumab, there are also data on de-escalation of TLND.
The activity of pembrolizumab as monotherapy demonstrated
in the SWOG-1801 study is lower, with a pCR rate of about 20%,
than under the combination of ipilimumab and nivolumab.
Therefore, it is necessary to build on the promising results of
this study and explore more effective therapies. Currently, the
phase III study NADINA is comparing the efficacy of neoadjuvant
treatment with ipilimumab (1mg/kg BW) and nivolumab (3 mg/
kg BW) with adjuvant treatment with nivolumab in resectable
stage Il melanoma, with patient survival as the primary endpoint
(NCT04949113).

s N
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ctDNA for residual disease Biomarker-driven trials
Adaptive trial designs Hi :
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cells UV-induced mutations
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Figure 1: Predictive Biomarkers in Patients with Neoadjuvant-Treated Melanoma.
\ J
Despite promising early-phase trial results, uncertainties unexplored. The PRADO trial used a fixed 200 mg pembrolizumab
remain regarding optimal treatment protocols, including dose, but weight-based or response-adapted dosing could

duration, dosing, timing relative to surgery, and integration with
other modalities. Shorter courses may reduce toxicity and avoid
surgical delays, while longer durations could enhance response
rates and survival. The PRADO trial showed a 57% MPR rate with
two cycles of neoadjuvant anti-PD-1, but the impact of extending
therapy is unknown. Prolonged immunotherapy increases the risk
of immune-related adverse events, potentially delaying surgery or
requiring immunosuppressive interventions. Further research is
needed to determine the optimal duration of therapy and whether
early biomarkers can guide adaptive dosing. Standard adjuvant
dosing is often used, but neoadjuvant-specific regimens are
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improve outcomes. The NADINA trial reported a 67% pCR rate
with nivolumab plus ipilimumab but 35% grade 3-4 irAEs, leading
to the exploration of reduced ipilimumab dosing to improve
tolerability. Further research should investigate the optimal
dosing strategies for neoadjuvant immunotherapy, including
the potential benefits of combination therapy and staggered
dosing. BRAF/MEK inhibitors induce rapid tumor shrinkage
but lack durable immune memory, and combining them with
immunotherapy risks overlapping toxicities. Preclinical studies
suggest radiotherapy enhances antigen release and abscopal
effects, but clinical data are limited. Future research should
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explore the optimal integration of neoadjuvant immunotherapy
with other modalities, including targeted therapies
intratumoral therapies. The unanswered questions surrounding
neoadjuvant immunotherapy for melanoma highlight the need
for robust clinical trials, biomarker-driven approaches, and
multidisciplinary collaboration. Addressing these gaps will pave
the way for personalized, effective, and safe treatment protocols
that optimize outcomes for patients with locally advanced
melanoma [40].

and

Conclusion

Neoadjuvant therapy represents a paradigm shift in the
treatment of melanoma, offering the potential to improve patient
outcomes and personalize treatment strategies. The success
of neoadjuvant immunotherapy, particularly with PD-1-based
regimens, has been demonstrated in clinical trials, leading to
high pCR rates and reduced surgical burden. Targeted therapies
like BRAF-MEK inhibition also show efficacy, especially in BRAF-
mutated melanomas, but their long-term benefits may be limited
compared to immunotherapy. Key biomarkers, such as tumor
mutational burden (TMB), PD-L1 expression, and circulating
tumor DNA (ctDNA), are being investigated to predict response
and guide treatment decisions. However, critical questions
remain regarding the optimal timing, duration, and sequencing
of neoadjuvant interventions, as well as their integration with
surgery and other modalities. Future research must focus on
refining adaptive dosing strategies, exploring novel combinations,
and validating emerging biomarkers to ensure safe and effective
implementation of neoadjuvant therapy in clinical practice. As
the field continues to evolve, multidisciplinary collaboration and
robust clinical trials will be essential to fully realize the potential
of this innovative approach for patients with melanoma.
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