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Abstract
Background  The treatment of Cutaneous Squamous Cell Carcinoma (CSCC) has undergone significant changes with 
the introduction of Immune Checkpoint Inhibitors (ICIs). While promising results have been observed, their efficacy 
remains limited to a subset of patients. Soluble immune checkpoint molecules, Interferon-gamma (IFN-γ), and cell-
free DNA (cfDNA) could serve as potential biomarkers, particularly in ICI-based therapies.

Methods  In this study, we assessed the prognostic role of serum PD-L1, LAG-3, TIM-3, CTLA-4, IFN-γ, and plasma 
cfDNA in a cohort of 41 advanced (locally-advanced or metastatic) CSCC patients treated with the anti-PD-1 inhibitor 
cemiplimab.

Results  Our findings indicate that elevated baseline serum levels of IFN-γ are significantly associated with poorer 
treatment response and shorter Progression-Free Survival (PFS) in patients receiving cemiplimab. Moreover, patients 
with worse outcomes in terms of response and PFS exhibited a post-treatment decrease in IFN-γ levels. Higher 
baseline levels of plasma cfDNA and serum CTLA-4 demonstrated a trend toward association with unfavourable 
clinical outcomes.

Conclusions  These results highlight the potential of baseline and post-treatment IFN-γ levels as significant 
prognostic indicators for advanced CSCC patients undergoing cemiplimab therapy.
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Background
Cutaneous Squamous Cell Carcinoma (CSCC) is a form 
of keratinocyte carcinoma and represents the second 
most common skin malignancy diagnosed worldwide, 
accounting for about 20–25% of all diagnoses of skin 
tumors, after basal cell carcinoma [1]. The incidence of 
CSCC is estimated to be around 2.4  million new cases 
per year worldwide, and it is growing exponentially due 
to the aging of the general population and the increase 
of immunosuppressed patients, with a rate of 50–200% 
during the last 3 decades in the United States [2]. In Italy, 
the incidence of this neoplasm is estimated to be about 
19,000 new cases per year [3], with a high heterogeneity 
throughout the Italian territory. Although the majority 
of cases are identified when the lesions are still resect-
able, approximately 5% of CSCC cases are diagnosed 
at a locally advanced or metastatic stage. Once the dis-
ease is no longer amenable to curative surgery or radio-
therapy, patients require systemic medical therapy. Until 
recently, no standard systemic therapy was able to offer 
a meaningful survival benefit. Patients with advanced 
CSCC treated with chemotherapy or targeted thera-
pies, such as EGFR inhibitors, have demonstrated poor 
response rates and limited Overall Survival (OS) follow-
ing disease progression, along with significant toxicity 
[4, 5]. This is especially concerning in frail patients with 
multiple comorbidities, including immunosuppression. 
However, the introduction of immunotherapy has mark-
edly improved treatment outcomes for patients with 
advanced CSCC who lack targetable oncogenic drivers. 
The use of PD-1 inhibitors in CSCC is supported by a 
strong biological rationale, including the exceptionally 
high Tumor Mutational Burden (TMB) driven by chronic 
UV exposure, the resulting abundance of neoantigens 
that may enhance immune recognition, clinical evidence 
of efficacy independent of intra-tumoral PD-L1 expres-
sion, with no clear correlation between PD-L1 expression 
and objective response rates. Additionally, approximately 
half of CSCCs exhibit low or absent PD-L1 expression 
[6]. Together, these features define CSCC as an immuno-
genic tumor and provide a solid foundation for immune 
checkpoint blockade [7–9]. In 2018, the FDA approved 
cemiplimab, a PD-1 inhibitor, for the treatment of 
advanced/metastatic CSCC based on a combined analy-
sis of data from an open-label, multicenter, non-random-
ized Phase 2 study (EMPOWER-CSCC-1, Study 1540; 
NCT02760498) and two expansion cohorts from a Phase 
I, multicenter, open-label, non-randomized study (Study 
1423; NCT02383212) [10]. Cemiplimab has shown effi-
cacy independent of intra-tumoral PD-L1 expression, 
with no clear correlation between PD-L1 expression and 
objective response rates [11]. Cemiplimab has also dem-
onstrated rapid, deep, and durable tumor responses in a 
substantial proportion of patients with advanced CSCC, 

while maintaining a favourable safety profile. Despite 
these clinical benefits, approximately 50% of patients do 
not achieve an objective response [11–15]. Although the 
therapeutic indication for cemiplimab is clearly estab-
lished in patients not eligible for curative surgery or 
radiotherapy, the ability to predict individual treatment 
response remains limited. To date, no validated biomark-
ers are available to guide treatment selection or to antici-
pate primary resistance. As a result, the identification of 
reliable prognostic and predictive factors, particularly 
in frail or comorbid populations, represents a pressing 
unmet clinical need [16–18]. This study aims to explore 
the prognostic significance of soluble serum biomark-
ers sPD-L1 (also known as B7-H1), sLAG-3, sTIM-3, 
sCTLA-4, and cell-free DNA (cfDNA) in CSCC. Indeed, 
beyond PD-L1, other immune checkpoints, including 
LAG-3, TIM-3, CTLA-4, B7-H3, and B7-H4, also play 
critical roles in regulating the immune response to can-
cer [19, 20]. Although their roles remain controversial, 
these molecules have been reported to have prognostic 
value in solid tumors. They can also be found in their 
soluble forms in the blood of patients with CSCC, and 
their functions are currently under investigation. To date, 
no data are available on these soluble markers or cfDNA 
levels in CSCC patients treated with cemiplimab. Addi-
tionally, Interferon-gamma (IFN-γ) plays a critical role in 
the immune system by promoting activation, maturation, 
proliferation, cytokine expression, and effector functions 
in immune cells, while also inducing antigen presenta-
tion, growth arrest, and apoptosis in tumor cells [21, 
22]. In light of these unmet needs, we also explored the 
potential prognostic value of serum IFN-γ (sIFN-γ) levels 
in patients with advanced CSCC undergoing treatment 
with cemiplimab.

Methods
Patient selection, enrolment, treatment, and biospecimen 
collection
Cemiplimab was administered to patients consid-
ered unsuitable for curative surgery or radiotherapy, 
as determined by a multidisciplinary team discussion. 
Cemiplimab was administered intravenously (IV) at 
a dose of 350  mg flat dose every 3 weeks. The clinical 
response was assessed radiologically according to the 
RECIST 1.1 criteria [23] or clinically according to the 
WHO criteria [24]. Clinical lesions were considered mea-
surable if their superficial extension on the skin (as nod-
ules and/or palpable lymph nodes) was at least 10 mm in 
diameter. Patients were clinically examined at each cycle 
of cemiplimab. Patients underwent individualized reas-
sessment according to the site of the tumor, its superficial 
extension on the skin, or deep extension in the surround-
ing tissues, according to the feasibility of undergoing an 
iodinated contrast scan or according to the compliance 
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of each patient. Based on these characteristics, patients 
were monitored via Computed Tomography (CT) scan, 
Magnetic Resonance Imaging (MRI), or clinical photog-
raphy. Importantly, radiological or clinical assessment 
of response was performed approximately every 12 ± 3 
weeks (according to standard of care logistics) during 
treatment to maintain a consistent evaluation interval. 
Patients underwent follow-up clinical visits and radiolog-
ical assessments every four to six months, in accordance 
with clinical practice and tailored to individual char-
acteristics and compliance, even after discontinuation 
of cemiplimab. A total of 41 consecutive patients with 
advanced (locally-advanced or metastatic) CSCC who 
received cemiplimab between August 2019 and January 
2025 were enrolled in this study. Written informed con-
sent was obtained from each participant in accordance 
with the protocol approved by the Local Ethics Com-
mittee (CER No. 622/2022). For each patient, periph-
eral blood samples were collected at baseline (prior to 
cemiplimab initiation) and every three weeks thereafter.

Biomarkers evaluation
Baseline serum levels of sPD-L1, sLAG-3, sTIM-3, and 
sCTLA-4, were measured in 38 out of 41 patients using a 
custom multiplex cartridge on the Ella automated micro-
fluidic platform (Bio-Techne, Minneapolis, MN, USA). 
sIFN- γ levels were also assessed at baseline in the same 
38 patients using the Simple Plex Human IFN-gamma 
(3rd Gen) cartridge, also on the Ella platform, with 50 µL 
of the diluted serum samples (1:2 dilution with the pro-
vided diluent). sPD-L1, sLAG-3, sTIM-3, sCTLA-4, and 

sIFN-γ concentrations (pg/mL) were calculated using the 
manufacturer-calibrated standard curve and analyzed 
with Ella software. In addition to baseline values for each 
patient, a total of 119, 118, and 120 measurements after 
the first cycle of cemiplimab treatment were obtained for 
sPD-L1/sLAG-3/sCTLA-4, sTIM-3 and sIFN- γ, respec-
tively. Specifically, on average, each patient underwent 
3.2 measurements (range: 0–6) of soluble checkpoint 
molecules and sIFN-γ following treatment initiation. 
In 40 out of 41 patients, cfDNA was isolated at baseline 
from 5 mL of plasma using MagMAX™ Cell-Free DNA 
Isolation Kit (ThermoFisher Scientific, Waltham, MA) 
following the manufacturer’s instructions, and quanti-
fied with the Qubit® dsDNA HS Assay Kit on the Qubit 
2.0 fluorometer (ThermoFisher Scientific). Additionally, 
cfDNA was also evaluated after the first treatment cycle 
(T1) in 33 out of 40 patients (Fig. 1).

Statistical analysis
Categorical baseline patient characteristics were summa-
rized using absolute and relative frequencies. Age at the 
start of therapy and biomarker level distributions were 
described by mean, standard deviation, median, inter-
quartile range (IQR: 25th–75th percentile), and mini-
mum and maximum values. Non-Responders (NRs) were 
defined as patients whose best response was Progressive 
Disease (PD), or Stable Disease (SD) with progression 
or death occurring within 6 months from treatment ini-
tiation (C1D1; Cycle 1, Day 1). Responders (Rs) included 
patients with Complete Response (CR), Partial Response 
(PR), or SD lasting at least 6 months.

Fig. 1  Study design: Prognostic evaluation of soluble serum immune checkpoint molecules (sCTLA-4, sTIM-3, sLAG-3, sPD-L1/B7-H1) and IFN-γ in pa-
tients with locally advanced or advanced Cutaneous Squamous Cell Carcinoma (CSCC) treated with cemiplimab (anti-PD-1). A total of 41 consecutive 
patients were enrolled; serum levels of sPD-L1, sLAG-3, sTIM-3, sCTLA-4, and sIFN-γ were longitudinally assessed every 21 days in 38 patients. Plasma 
cell-free DNA (cfDNA) levels were analyzed in 40 patients at baseline, and in 33 patients also following the first cycle of therapy. Thirty-seven patients 
overlapped between the immune checkpoints/IFN-γ and cfDNA analyses (indicated as bordeaux-colored individuals)
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The prognostic role of the soluble biomarkers (sPD-L1, 
sCTLA-4, sLAG-3, sTIM-3, sIFN-γ) and cfDNA on Pro-
gression-Free Survival (PFS) and Best Overall Response 
(BOR) was respectively estimated through the Cox and 
the modified Poisson regressions using Hazard Ratio 
(HR) and incidence-rate ratio as measures of Relative 
Risk (RR) [25]. Each biomarker was evaluated for unit 
increases or specific concentration increments as follows: 
sPD-L1 and sCTLA-4 for a 10 pg/mL increase; sLAG-3 
for a 200 pg/mL increase; sTIM-3 for a 500 pg/mL 
increase; IFN-γ for a 1 pg/mL increase; and cfDNA for a 
10 ng/mL increase. These increments were chosen based 

on the range and distribution of values observed in the 
study cohort, in order to yield interpretable effect sizes 
in regression analyses and to better capture the variation 
in risk associated with changes in each biomarker level. 
In addition, the Geometric Mean Ratio (GMR), derived 
from a log-normal mixed-effects regression analysis, was 
used to evaluate the linear trend of each biomarker over 
the follow-up period.

In all cases, regression estimates were adjusted for 
potential imbalances in baseline demographic and clini-
cal characteristics (age, gender, stage, ECOG PS, and 
LDH levels) and reported with corresponding 95% Confi-
dence Intervals (95% CI). Statistical significance (p ≤ 0.05) 
was assessed using the likelihood ratio test. All analyses 
were performed using Stata software (StataCorp. Stata: 
Release 17. Statistical Software. College Station, TX, 
2021).

Results
Clinicopathologic features of the patients’ cohort
Patients’ characteristics are summarized in Table 1.

The median age at the start of cemiplimab was 81.1 
years. The median follow-up was 19.7 months (95% CI 
14.07–25.80). Median PFS was not reached in the over-
all cohort; the estimated PFS at 24 months was 0.70 (95% 
CI 0.51–0.83). Similarly, in responders, median PFS was 
not reached, with a 24-month PFS of 0.87 (95% CI 0.66–
0.96). In contrast, non-responders had a median PFS of 
2.67 months (95% CI 1.00–3.80). Most patients had an 
Eastern Cooperative Oncology Group Performance Sta-
tus (ECOG PS) of 0 or 1, while 5 patients (12.2%) had a 
performance status of ≥ 2. Based on geriatric assessment, 
the cohort was generally in good physical condition, with 
a median modified Katz Activities of Daily Living (ADL) 
score of 5 out of a maximum of 6 [26].

A history of immunosuppression was documented in 
24.4% of patients (n = 10), due to hematological malig-
nancies (n = 8), including chronic lymphocytic leukemia 
(n = 2), multiple myeloma (n = 3; one post-autologous 
stem cell transplant), mantle cell lymphoma (n = 1), fol-
licular lymphoma (n = 1), myelofibrosis (n = 1), and 
myelodysplasia (n = 1); or to ongoing immunosuppressive 
therapy, namely methotrexate plus corticosteroids for 
psoriasis (n = 1) or capecitabine chemotherapy (n = 1).

At diagnosis, 65.9% of patients (n = 27) had locally 
advanced CSCC confined to the primary tumor site, 
while 34.1% (n = 14) presented with metastatic disease, 12 
with nodal metastases only and 2 with visceral involve-
ment. The most frequently involved anatomical region 
was the head and neck (83.2%, n = 34), followed by the 
trunk (n = 5) and lower limbs (n = 2).

Regarding prior treatments, 36.6% of patients (n = 15) 
had undergone surgery, 2.4% (n = 1) had received 
Radiotherapy (RT), 2.4% (n = 1) had undergone 

Table 1  Summary of the most relevant clinicopathological 
characteristics of the patient cohort
Characteristics N (%)
Gender
Male 26 (63.4)
Female 15 (36.6)
Immunosuppression
No 31 (75.6)
Yes 10 (24.4)
Previous treatments
Surgery 15 (36.6)
RT 1 (2.4)
ECT 1 (2.4)
Surgery + RT 3 (7.3)
Surgery + CT 1 (2.4)
CT and RT 1 (2.4)
None 19 (46.3)
ECOG PS
0 13 (31.7)
1 23 (56.1)
2–3 5 (12.2)
Primary tumor anatomical location
Neck-Head 34 (82.9)
Other 7 (17.1)
Stage
Locally advanced 27 (65.9)
Metastatic 14 (34.1)
LDH basal
< UNL 28 (68.3)
>UNL 12 (29.3)
missing 1 (2.4)
BOR
Non-responders 8 (19.5)
Responders 30 (73.2)
Not evaluable 3 (7.3)
Total sample 41 (100.0)
 BOR best overall response; CT chemotherapy; ECOG eastern cooperative 
oncology group performance status (ECOG PS); ECT electrochemotherapy; LDH 
lactate dehydrogenase; NRs  non-responders; Rs responders; RT radiotherapy; 
UNL upper normal limit. Non-Responders (NRs) were defined as patients 
whose best response was Progressive Disease (PD), or Stable Disease (SD) with 
progression or death occurring within 6 months from treatment initiation 
(C1D1). Responders (Rs) included patients with Complete Response (CR), Partial 
Response (PR), or SD lasting at least 6 months
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Electrochemotherapy (ECT), 7.3% (n = 3) had received 
combined surgery and RT, 2.4% (n = 1) had undergone 
surgery with Chemotherapy (CT), and 2.4% (n = 1) had 
received combined CT and RT. Notably, 46.3% of patients 
(n = 19) had not received any prior treatment before initi-
ating cemiplimab.

Among evaluable patients, 73.2% (n = 30) had a CR or 
PR as BOR, while 19.5% (n = 8) were classified as non-
responders. Three patients (7.3%) were not evaluable for 
response.

Soluble prognostic biomarkers at baseline
cfDNA was extracted from baseline plasma samples of 
40 CSCC patients, yielding an average concentration of 
7.5 ng/mL (range: 0.2–74.6 ng/mL). NRs showed a higher 
average cfDNA concentration at baseline compared to Rs 
(12.2 vs. 6.6 ng/mL). Baseline levels of cfDNA, sIFN-γ, 
and four soluble immune checkpoint molecules (sPD-
L1, sCTLA-4, sTIM-3, and sLAG-3) in blood circula-
tion were correlated with BOR and PFS achieved during 
cemiplimab treatment (Fig. 2).

Concordant positive associations between baseline 
biomarker levels and adverse prognostic events (PFS and 
no-response) were pointed out for sPD-L1 (HR = 1.27, 
95% CI 0.92–1.76; RR = 1.17, 95% CI 0.98), sCTLA-4 
(HR = 1.53, 95% CI 0.95–2.46; RR = 1.36, 95% CI 1.03–
1.80), sIFN-γ (HR = 1.54, 95% CI 1.14–2.08; RR = 1.21, 
95% CI 1.03–1.43) and cfDNA (RR = 1.15, 95% CI 0.90–
1.47; HR = 1.46, 95% CI 0.95–2.25), whereas sLAG-3 

showed negative associations (HR = 0.89, 95% CI 0.60–
1.34; RR = 0.96, 95% CI 0.78–1.19) and sTIM-3 discordant 
behaviours (HR = 1.16, 95% CI 0.74–1.82; RR = 0.83, 95% 
CI 0.52–1.33) (Fig. 2).

Dynamic changes in soluble biomarkers during Anti-PD-1 
therapy
We evaluated whether changes in soluble biomarkers 
during treatment were associated with BOR and PFS. 
Serum samples were collected at baseline and before each 
treatment cycle for longitudinal analysis. In NRs and pro-
gressor patients, the sIFN-γ GMRs between the first cycle 
and baseline (T1-T0) and in trend of the first three cycles 
compared to baseline were significantly lower than in Rs 
and non-progressors (Figs.  3 and 4). Specifically, after 
the first treatment cycle, sIFN-γ levels decreased by 70% 
in NRs compared to Rs (GMR = 0.30, 95% CI 0.12–0.80, 
p = 0.017) and by 74% in progressors compared to non-
progressors (GMR = 0.26, 95% CI 0.11–0.60, p = 0.003) 
(Fig. 3). Moreover, after the first treatment cycle, cfDNA 
levels increased in NR compared to R (GMR = 2.70, 95% 
CI 0.92–7.97) and in progressors compared to non-pro-
gressors (GMR = 2.01, 95% CI 0.78–5.19), although these 
differences were not statistically significant (Fig. 3). After 
the first three cycles, sIFN-γ levels decreased by 68% in 
NR (GMR = 0.32, 95% CI 0.16–0.64, p = 0.001) and by 64% 
in progressors (GMR = 0.36, 95% CI 0.19–0.71, p = 0.003) 
(Fig. 4).

Fig. 2  Caterpillar plot of Hazard Ratios (HR)/Relative Risk (RR) for Progression-Free Survival (PFS) (A) and Best Overall Response (BOR) (B), adjusted for 
sex, age, stage, LDH, and ECOG performance status (*). Non-Responders were defined as patients whose best response was Progressive Disease (PD), or 
Stable Disease (SD) with progression or death occurring within 6 months from treatment initiation (C1D1). Responders included patients with Complete 
Response (CR), Partial Response (PR), or SD lasting at least 6 months. Baseline serum was available for 38 patients for the assessment of sPDL1 (also known 
as B7-H1), sLAG-3, sTIM-3, sCTLA-4, and sIFN-γ levels, whereas baseline plasma was available for 40 patients for cfDNA analysis. BOR data (B) were missing 
for 3 patients regarding sPD-L1, sLAG-3, sTIM-3, sCTLA-4, and sIFN-γ, and for 2 patients concerning cfDNA, as 1 patient lacking a response was the one 
without baseline plasma, and was therefore excluded from the analysis. NR non-response
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Discussion
To the best of our knowledge, this study represents the 
first comprehensive evaluation of the prognostic value of 
soluble immune checkpoint molecules (sPD-L1, sCTLA-
4, sLAG-3, and sTIM-3), the pro-inflammatory cytokine 
IFN-γ, and cfDNA levels as blood-based immunological 

and tumor biomarkers. These biomarkers were inves-
tigated for their potential association with treatment 
response and clinical outcomes in patients with locally 
advanced or advanced CSCC undergoing therapy with 
the anti-PD-1 agent cemiplimab. Recent studies have 
linked increased serum IL6 levels after cemiplimab 

Fig. 4  Caterpillar plot of Geometric Mean Ratios (GMR) of trend for the first three cycles relative to baseline in Best Overall Response (BOR) (A, left) and 
Progression Free Survival (PFS) (B, right) for sPD-L1 (also known as B7-H1), sLAG-3, sTIM-3, sCTLA-4, and sIFN-γ levels, adjusted for sex, age, stage, LDH, and 
ECOG PS. Four patients did not have plasma/serum available for the trend evaluation

 

Fig. 3  Caterpillar plot of Geometric Mean Ratios (GMR) between the first cycle (T1) and baseline in Best Overall Response (BOR) (A, left) and Progression 
Free Survival (PFS) (B, right) for sPD-L1 (also known as B7-H1), sLAG-3, sTIM-3, sCTLA-4, and sIFN-γ levels, adjusted for sex, age, stage, LDH, and ECOG PS. 
Four patients did not have plasma/serum available for the T1 evaluation
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treatment in CSCC patients to poorer clinical responses. 
Non-responders showed elevated IL6 after just one treat-
ment cycle, while responders’ levels remained stable 
[17]. Similarly, protumor cytokines IL9, IL27, and IL33 
increased in non-responders but stayed unchanged in 
responders, suggesting their potential as biomarkers of 
poor prognosis. Additionally, responders exhibited slight 
decreases in IL13, IL11, and TNF-α levels, whereas these 
increased in non-responders, consistent with their roles 
in immune evasion and tumor progression [16]. IFN-γ 
is a pro-inflammatory cytokine that plays a pivotal role 
in antitumor immunity, being primarily secreted by acti-
vated T lymphocytes and natural killer cells. Its functions 
include enhancing antigen presentation, upregulating 
MHC expression, and activating macrophages [27].

Among all the soluble biomarkers analyzed in our 
study, we identified a positive association between the 
sIFN-γ marker and unfavourable outcomes. Specifically, 
CSCC patients have a 21% higher risk of non-response 
and a 54% higher risk of progression per unit increment 
of sIFN-γ at baseline. Furthermore, a significant decrease 
in sIFN-γ levels during therapy was also observed in 
NR and patients with progressive disease. This decrease 
likely reflects a complex interplay of immune activation, 
tumor-induced immune escape mechanisms, chronic 
inflammation, and immune dysregulation. While the 
immune system is attempting to fight the tumor, it may 
not be sufficient or may be thwarted by the immune eva-
sion tactics of the tumor or a suppressive tumor micro-
environment. These findings highlight the potential of 
sIFN-γ as a dynamic marker of treatment resistance. 
Although traditionally regarded as a marker of beneficial 
immune activation [22], recent evidence reveals a more 
nuanced role [21, 28]. Although our study focuses on 
sIFN-γ, previous studies have shown that chronic IFN-γ 
signaling within the tumor microenvironment may con-
tribute to immune escape mechanisms. For instance, 
sustained IFN-γ exposure in tumor or immune cells has 
been reported to induce PD-L1 expression, T cell exhaus-
tion, and the upregulation of immunosuppressive media-
tors such as IDO1, TGF-β, and galectin-9. Moreover, 
prolonged IFN-γ signaling may facilitate the selection of 
immune-resistant tumor clones, particularly those har-
boring mutations in the JAK/STAT pathway, contribut-
ing to a tumor microenvironment marked by chronic, 
non-productive inflammation that undermines the effi-
cacy of immune checkpoint blockade. Such mechanisms, 
although not directly measured here, may underlie the 
associations observed with elevated sIFN-γ levels [29, 
30].

In line with these observations, in melanoma patients 
with high baseline sIFN-γ levels have shown reduced 
responses to Immune Checkpoint Inhibitors (ICIs), pos-
sibly due to pre-existing dysfunctional T cell states [31]. 

Moreover, high sIFN-γ levels have also been associated 
with shorter OS in advanced NSCLC patients treated 
with anti-PD1, particularly among those whose tumors 
exhibit high PD-L1 expression [32]. In hepatocellular car-
cinoma, elevated sIFN-γ levels have been associated with 
accelerated disease progression and poor therapeutic 
outcomes, even with combination immunotherapies [33]. 
These observations suggest that persistently elevated 
sIFN-γ may reflect an overstimulated but ineffective 
immune response, correlating with poor survival despite 
ICI treatment.

In our patient cohort, sIFN-γ levels increased dur-
ing therapy in responders, suggesting its potential as 
a reliable dynamic biomarker for predicting treatment 
response, particularly when assessed longitudinally. 
Effective PD-1 blockade may reinvigorate effector T cells, 
resulting in enhanced IFN-γ production within the tumor 
or peripheral immune system, which may be reflected 
by increased circulating sIFN-γ as part of an anti-tumor 
immune response. However, it could be integrated into 
multiparametric immune profiling, alongside other cyto-
kines (e.g., IL-6, CXCL9/10), TMB, or PD-L1 expression. 
Overall, although IFN-γ has traditionally been consid-
ered a marker of anti-tumor immunity, our data suggests 
that it may represent a double-edged sword in oncology. 
Elevated levels may reflect a dysfunctional, exhausted 
immune landscape and are associated with poor prog-
nosis and resistance to immunotherapy. Future studies 
should focus on integrating IFN-γ into comprehensive 
immune-monitoring panels to enable better patient 
selection and optimize treatment strategies in precision 
oncology.

In this study we did not observe significant base-
line associations between sPDL1, sLAG-3, sTIM-3, or 
cfDNA and patient prognosis. However, our patient’s 
cohort showed a 36% higher risk of non-response and 
53% higher risk of progression per 10 ng/mL increase in 
sCTLA-4 at baseline, although the latter was not statis-
tically significant. High sCTLA-4 levels may neutralize 
CD80/CD86, thereby suppressing T-cell activation and 
contributing to immune evasion, even in the presence 
of PD-1 inhibition. This hypothesis should be further 
explored through immunophenotyping of tumor tissue 
or peripheral blood to assess Treg and CTLA-4 expres-
sion levels, which could support the rationale for using 
combination immunotherapy (anti-PD-1 + anti-CTLA-4).

Elevated cfDNA levels at baseline are often observed 
in tumors characterized by low T-cell infiltration and 
immune-suppressive microenvironments, both of which 
are associated with resistance to PD-1 inhibitors. In our 
cohort, patients with CSCC treated with cemiplimab 
exhibited a 46% increased risk of progression per 10 
ng/mL increment in baseline cfDNA levels, although 
this association was not statistically significant. We 
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acknowledge that cfDNA is not a specific marker of non-
response, but of overall tumor burden, tumor shedding, 
and possibly more aggressive or immune-excluded tumor 
phenotypes. cfDNA analysis holds significant yet largely 
untapped potential in CSCC. Indeed, studies investigat-
ing cfDNA levels in CSCC patients treated with immu-
notherapy are currently lacking, whereas research on 
ctDNA mutational profiling is emerging [34].

Despite the potential advances provided by this study 
in identifying novel non-invasive prognostic markers and 
elucidating the role of sIFN-γ in the immune response, 
the results should be interpreted in light of several limi-
tations. First, these findings should be interpreted in the 
context of the tumor immunophenotype, an aspect that 
requires further investigation. Additionally, although our 
cohort is relatively large given the rarity of this tumor 
type, the single-center design and absence of an indepen-
dent validation cohort limit the assessment of the prog-
nostic value of each marker, underscoring the need for 
validation in larger, multicenter studies.

One limitation of this study is the inclusion of immu-
nosuppressed patients (comprising about one-fourth of 
the cohort). Their altered immune responses may affect 
biomarker performance, but the small number of cases 
and events has limited subgroup analyses. Nonetheless, 
as CSCC often affects elderly and immunocompromised 
individuals, our cohort reflects a real-world popula-
tion, thereby underscoring the public health relevance 
of this population for future research and intervention 
strategies.

Another key consideration is that most patients with 
CSCC are diagnosed at an advanced age, which limits the 
ability to correlate these biomarkers with overall survival.

Conclusions
In conclusion, this exploratory study identifies IFN-γ as a 
promising prognostic and dynamic biomarker in patients 
with advanced CSCC treated with cemiplimab. Our find-
ings demonstrate that elevated baseline levels of sIFN-γ 
are associated with an increased risk of non-response 
and disease progression. Additionally, a decrease in 
sIFN-γ levels during treatment was observed in NRs and 
progressors. These results underscore the potential value 
of integrating sIFN-γ into immune-monitoring strategies 
for guiding patient stratification and optimizing immu-
notherapy in CSCC. Other markers, such as sCTLA-4 
and cfDNA, showed trends suggesting their potential 
associations with disease progression and treatment 
response, emphasizing the need for further investigation 
in larger, multicenter cohorts and in conjunction with 
immunogenomic analyses. In particular, while cfDNA is 
not a specific biomarker of non-response, elevated base-
line levels might suggest a higher tumor burden, a more 
aggressive disease course, or an immunologically ‘cold’ 

tumor microenvironment—features that could be associ-
ated with reduced sensitivity to PD-1 blockade.

The lack of prognostic value for other soluble immune 
checkpoint molecules highlights the complexity of 
immune regulation in CSCC. Importantly, from a clini-
cal perspective, the assessment of sIFN-γ and other sol-
uble immune markers is feasible using currently available 
automated platforms, such as the Ella™ system. These 
technologies offer standardized workflows, require mini-
mal sample volumes, and provide high reproducibility, 
making them suitable not only for translational research 
but also for potential clinical implementation. Overall, 
our study highlights the promise of non-invasive liquid 
biomarkers as valuable tools for advancing precision 
oncology in this clinically challenging patient population.
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