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Simple Summary

Autophagy is an evolutionarily conserved process by which cells degrade damaged or-
ganelles, misfolded proteins, and pathogens to maintain homeostasis. Its role in cancer may
be contradictory or context-dependent. However, the findings that autophagy supports
tumor progression and contributes to therapy resistance underscore the importance of
identifying autophagy-related markers with predictive/prognostic potential. This study
analyzed the association between variations in the autophagy-related genes ATG5, ATG10,
and ATG16L1 and the characteristics/clinical course of cutaneous melanoma. Our findings
suggest a trend between ATG genotypes and the clinical/pathologic characteristics of
melanoma and indicate an association between ATG genotypes and systemic inflamma-
tion indexes, response to immunotherapy when used as first-line treatment, and time to
progression; however, these results require validation in larger patient cohorts.

Abstract

Background/Objectives: This study assessed the impact of variations in autophagy-related
genes (ATG) on baseline characteristics of cutaneous melanoma, laboratory parameters
(including inflammatory biomarkers), response to therapy, and survival in patients treated
with immune checkpoint inhibitors (ICIs) as first-line therapy. Methods: DNA was ex-
tracted from blood samples of 144 melanoma patients. Genotyping of ATG5 (rs2245214
and rs510432), ATG10 (rs1864183 and rs1864182), and ATG16L1 (rs2241880) was performed
using an allelic discrimination method on the StepOnePlus™ Real-Time PCR System.
Correlations with laboratory parameters, response to therapy, and survival were assessed
only in the subgroup of patients who received IClIs in first-line treatment (1 = 74). Statis-
tical significance was calculated, and p values were adjusted for multiple testing using
the Benjamini-Hochberg False Discovery Rate (FDR). Results: Considering baseline char-
acteristics of 144 patients, ATG5 rs2245214 showed a trend with regression (p = 0.042)
and lymphovascular invasion (p = 0.05), while ATG16L1 rs2241880 was associated with
lymphovascular invasion (p = 0.056), with corrected FDR q value for all histopathological
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characteristics of 0.076. In patients who received ICIs in first-line, ATG5 rs2245214 geno-
types were associated with LDH (p = 0.001, q = 0.004) and the number of metastatic sites
(p <0.001, q = 0.004). Also, ATGS rs2245214 was associated with neutrophil-to-lymphocyte
ratio (NLR) (p = 0.036, q = 0.045) systemic immune-inflammation (SII) index (p = 0.038,
q = 0.048) and pan-immune-inflammation value (PIV) (p = 0.031,q = 0.041), while ATG10
rs1864183 was associated with PIV (p = 0.047, q = 0.047). The association of ATG geno-
types with disease control rate (DCR) was demonstrated for ATG5 rs2245214 (p = 0.013,
q = 0.029) and ATG16L1 rs2241880 (p = 0.032,q = 0.032). Progression-free survival (PFS) was
significantly associated with ATG10 rs1864183 (p = 0.023, q = 0.046). The significance of the
ATG10 rs1864183 C/T genotype as a prognostic marker for progression was confirmed in
both univariate and multivariate Cox proportional hazards regression analyses (p = 0.025,
q =0.028 and p = 0.022, respectively). Conclusions: This study shows that ATG5 rs2245214,
ATG10 151864183, and ATG16L1 rs2241880 correlate with systemic inflammation, response
to ICIs, and had a trend toward melanoma characteristics. However, these findings should
be confirmed in larger patient cohorts.

Keywords: melanoma; autophagy; autophagy related genes; single nucleotide polymorphisms;
immunotherapy

1. Introduction

Melanoma is an aggressive tumor of melanocytes that predominantly develops on the
skin. Given the continuously rising incidence and mortality rates worldwide, it represents
a significant health and economic burden on society [1]. In advanced stages (unresectable
or metastatic disease), melanoma is associated with a poor prognosis. However, outcomes
have been improved significantly with the introduction of targeted therapy (BRAF and
MEK inhibitors). Additionally, immune checkpoint inhibitors (ICIs) have further advanced
the treatment of patients with melanoma [2]. ICIs mainly include drugs that block the pro-
grammed death-1 (PD-1) receptor (e.g., nivolumab, pembrolizumab), inhibit programmed
death-ligand-1 (PD-L1) (e.g., atezolizumab), or inhibit cytotoxic T-lymphocyte antigen-4
(CTLA-4) (e.g., ipilimumab) [3].

Despite improved outcomes, a proportion of patients display resistance to therapy,
experience adverse effects, or relapse after an initially successful response. Therefore,
reliable markers to identify patients who will (or will not) benefit from ICIs or develop side
effects are needed in the clinical setting.

Previous studies have indicated that elevated serum lactate dehydrogenase (LDH)
level, more than three metastatic sites, and an Eastern Cooperative Oncology Group (ECOG)
performance status of >1 are markers of poor outcome in advanced melanoma treated
with targeted therapy. To define predictive biomarkers for ICIs, the characteristics of the
tumor, tumor microenvironment, and host have been extensively studied. Serum LDH
and PD-L1 expression have been suggested as potential markers for therapy selection (e.g.,
monotherapy vs. combination of ICIs). However, no predictive biomarkers for the efficacy
of ICIs have been adopted in routine clinical practice to date [4].

Several studies have identified autophagy as a key mechanism of resistance to BRAF
or BRAF-MEK inhibitors in BRAF V600-positive tumors. Autophagy is a highly regu-
lated cellular process in which cytoplasmic components are sequestered and degraded by
lysosomes [5]. This process supports cellular homeostasis and quality control and can be
triggered by environmental or intracellular signals, including tissue damage caused by
therapy or radiation. The role of autophagy in tumors appears to be context-dependent;
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it may be tumor-promoting or tumor-suppressive, depending on cooperating genetic al-
terations, tumor stage/grade, and the microenvironment [6,7]. In addition, autophagy
participates in the differentiation and function of lymphoid and myeloid cells, affects innate
and adaptive immunity, and can reshape the tumor microenvironment [8]. Therefore, the
impact of autophagy on the response to ICIs is of particular interest, and some previous
findings have implicated suppression of autophagy as a contributor to resistance to CTLA-4
blockade in melanoma [9]. There are attempts to modulate autophagic flux in the tumor
microenvironment by different approaches (small molecules, different drugs, nanoparticles)
and improve immunotherapy outcomes [10]. In the preclinical models of non-small cell
lung cancer, inhibition of autophagy enhances the efficacy of anti-PD1 therapy [11].

The process of autophagy is precisely regulated by the coordinated action of at least
69 autophagy-related (ATG) genes and proteins [12]. Previous reports indicated the asso-
ciation of the ATG5, ATG10 and ATG16L1 single-nucleotide polymorphisms (SNPs) with
histopathological and clinical characteristics (e.g., clinical stage, melanoma localization;
Breslow thickness, age at diagnosis) [13]. Therefore, the present study also assessed the
association between five SNPs in ATG5, ATG10 and ATG16L1 and relevant laboratory,
histopathological, and clinical characteristics of melanoma patients. Furthermore, we
analyzed the impact of ATG5, ATG10 and ATG16L1 SNPs on response to ICIs and clinical
outcome in patients with advanced/metastatic melanoma.

2. Materials and Methods
2.1. Patients

The present study included 144 patients with cutaneous melanoma who were treated
and followed up at the Clinic for Dermatovenerology, Military Medical Academy, Belgrade,
Serbia. Exclusion criteria for participation in the study were age under 18 years, presence
of systemic inflammatory diseases and/or other malignancies, and insufficient follow-up
(<24 months).

Survival analysis included only patients with unresectable stage IIL/IV disease treated
with ICIs as first-line therapy (pembrolizumab, nivolumab, or ipilimumab plus nivolumab
regimen) (n = 74). Response to therapy was evaluated according to the Response Evaluation
Criteria in Solid Tumors (RECIST v1.1) [14].

The study design was approved by the Ethics Committee of the Military Medical
Academy (Approval No 43/2022). All patients signed a consent form to participate in the
study after they were informed about the planned research.

2.2. DNA Extraction and Genotyping

Blood samples were collected in EDTA tubes at the baseline time point (before the
start of the systemic therapy) and kept at —20 °C. DNA was extracted using the MagCore®
Genomic DNA Whole Blood Kit, Cartridge Code 102 (RBC Bioscience, RBC Bioscience,
New Taipei City, Taiwan) for the MagCore® Plus II Automated Nucleic Acid Extractor
(RBC Bioscience, China).

DNA samples were subjected to ATG5 (rs2245214 and rs510432), ATG10 (rs1864183,
rs1864182), and ATG16L1 (rs2241880) genotyping by an allelic discrimination method
on the StepOnePlus™ Real Time PCR System (Applied Biosystems, Thermo Fisher Sci-
entific, Waltham, MA, USA). Genotyping was performed by usage of TagMan™ SNP
Genotyping Assays (assays IDs: C___3001905_20 for rs2245214; C___ 910351_10 for
rs510432; C__11953871_20 for rs1864183; C__11953870_70 for rs1864182; C___9095577_20
for rs2241880) and TagMan™ Genotyping Master Mix (both Thermo Fisher Scientific,
Waltham, MA, USA).
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2.3. Statistics

The baseline demographic and clinicopathological variables were summarized using
descriptive statistics. The association between genotypes and clinical characteristics, re-
sponse to therapy, relapse/progression, and therapy-related adverse events was evaluated
across genetic models (dominant, recessive, codominant, and overdominant). Odds ratio
(OR) and 95% confidence interval (CI) were calculated to estimate the relative risk regarding
different genotypes.

Calculation of inflammatory biomarkers included absolute cell counts at baseline
(within 30 days before therapy initiation) and lymphocyte-to-monocyte ratio (LMR),
neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), monocyte-to-
lymphocyte ratio (MLR), pan-immune-inflammation value (PIV) (neutrophil count x
platelet count x monocyte count)/lymphocyte count, and systemic immune-inflammation
index (SII) (neutrophil count x platelet count)/lymphocyte count. All baseline absolute
cell counts were in 10° /L.

The cut-off values were calculated using ROC curves to predict survival of “>1 year”,
selecting the value that maximizes the distance from the diagonal [15].

Progression-free survival (PFS) was defined as the time from the start of treatment to
radiologically confirmed disease progression per RECIST v1.1 criteria or to death from any
cause. When a new therapy was started before progression or death, patients were censored
at the start of the next therapy. Patients without progression or death and no further
therapies were censored at the date of last contact. Overall survival (OS) was calculated as
the time from the start of treatment to death from any cause or to the last contact. Patients
without a recorded date of death were censored at the date of their last known contact.
Survival analyses included only patients treated with systemic immunotherapy. PFS and
OS curves were presented using the Kaplan-Meier method.

p values were calculated using Fisher’s exact test or Chi-Squared test for cate-
gorical variables, Student’s t-test for continuous variables, and the log-rank test for
Kaplan-Meier estimates.

The most prominent factors for progression and survival were identified using logistic
regression and Cox proportional hazards regression.

Benjamini-Hochberg False Discovery Rate procedure was used to correct for multiple
testing, and q < 0.05 was considered statistically significant. FDR correction was performed
separately for clinical /pathological characteristics (6 tests), inflammatory/laboratory pa-
rameters (15 tests), response to ICI therapy (5 tests), survival outcomes (2 tests), and
univariate Cox proportional hazards screening (10 tests). All analyses were performed
by snpStats (1.22.0.) [16] and EZR 1.36 (Saitama Medical Center Jichi Medical University,
Saitama, Japan) [17].

3. Results
3.1. Clinical Characteristics and Therapy

This study included 144 patients with cutaneous melanoma [53 females (36.81%) and
91 males (63.19%)], aged 19-87 years, with a median age of 61 years. The majority of patients
presented with melanoma in clinical stage III (50%), with the most common stage being IIIC
(29.86%). Melanoma in clinical stage IV was initially diagnosed in 14.58% of patients. A
total of 74 patients [27 females (36.49%) and 47 males (63.51%)], aged 20-85 years (median
63.5 years), with unresectable melanoma in clinical stage III/IV, were treated with first-line
immunotherapy. Histopathologic characteristics of the study population (n = 144) and of
the subgroup of patients treated with ICIs as first-line therapy are summarized in Table 1.
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Table 1. Baseline characteristics of patients/melanomas.

Characteristics Whole Group n (%) First-Line ICIs n (%)
Gender

Male 91 (63.19) 47 (63.51)
Female 53 (36.81) 27 (36.49)
Age at diagnosis

<60 years 70 (48.61) 31 (41.89)
>60 years 74 (51.39) 43 (58.11)
Histologic subtype

Superficial spreading 71 (49.31) 35 (47.3)
melanoma

Nodular melanoma 39 (27.08) 22 (29.73)
Lentigo maligna melanoma 1 (0.69) 1(1.35)
Acral lentiginous 5 (3.47) 3 (4.05)
melanoma

Other 28 (19.44) 13 (17.57)
Melanoma localization

Head&neck 23 (15.97) 15 (20.27)
Trunk 57 (39.58) 28 (37.84)
Upper extremities 15 (10.42) 10 (13.51)
Lower extremities 35 (24.31) 13 (17.57)
Other/unknown 14 (9.72) 8 (10.81)
Clinical stage !

I 11 (7.64) 0

I 36 (25) 0

111 72 (50) 10 (13.51)
v 21 (14.58) 64 (86.49)
Unknown/missing 4(2.78) 0
Breslow thickness

<4 mm 68 (47.22) 29 (39.19)
>4 mm 51 (35.42) 30 (40.54)
Unknown/missing 25 (17.36) 15 (20.27)
Ulcerations

Present 48 (33.33) 45 (60.81)
Absent 68 (47.22) 15 (20.27)
Unknown/missing 28 (19.44) 14 (18.92)
Mitotic rate

<5 32 (22.22) 17 (22.97)
>5 56 (38.89) 25 (33.78)
Unknown/missing 56 (38.89) 32 (43.24)
TIL 2

Present 65 (45.14) 33 (44.59)
Absent 3 (2.08) 3 (4.05)
Unknown/missing 76 (52.78) 38 (51.35)
Microsatellites

Present 6 (4.17) 0
Absent 138 (95.83) 74 (100)
Tumor regression

Present 13 (9.03) 7 (9.46)
Absent 40 (27.78) 15 (20.27)
Unknown/missing 91 (63.19) 52 (70.27)
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Table 1. Cont.

Characteristics Whole Group n (%) First-Line ICIs n (%)
Lymphovascular invasion

Present 11 (7.64) 4 (5.41)
Absent 62 (43.05) 32 (43.24)
Unknown/missing 71 (49.31) 38 (51.35)
Perineural invasion

Present 1 (0.69) 1(1.35)
Absent 57 (39.58) 26 (35.14)
Unknown/missing 86 (59.72) 47 (63.51)
BRAFmutation status

Positive 77 (53.47) 41 (55.41)
Negative 63 (43.75) 32 (43.24)
Unknown/missing 4(2.78) 1(1.35)

1 Clinical stage at baseline in the total patient cohort (1 = 144), and at the start of therapy in patients
with advanced melanoma treated with first-line immunotherapy (1 = 74); 2 TIL, Tumor Infiltrating
Lymphocytes.

As first-line immunotherapy, 36/74 (48.65%) of patients received pembrolizumab,
31/74 (41.89%) nivolumab, and 7/74 (9.46%) combination nivolumab/ipilimumab. At the
start of immunotherapy, 17.57% of patients had more than three metastatic sites. Baseline
LDH was elevated in 12 patients (16.22%), and S-100 was elevated in 27 (36.49%). The
majority of patients (90.54%) had an ECOG performance status of 0 or 1.

3.2. Frequencies of Alleles and Genotypes

The observed allele and genotype frequencies for ATG5 (rs2245214 and rs510432),
ATGI0 (rs1864183 and rs1864182), and ATG16L1 (rs2241880) are summarized in Supplemen-
tary Table S1. For each locus, genotype frequencies were in Hardy—Weinberg equilibrium
(p > 0.05; Supplementary Table S1). Linkage disequilibrium was observed between ATG5
rs2245214 and rs510432 (D' = 0.71, r2 = 0.31, p <0.001) and between ATG10 rs1864183 and
rs1864182 (D' = 0.96, r2 = 0.71, p < 0.001).

3.3. Association of Alleles/Genotypes with Demographic, Clinical, and Histopathologic Characteristics

The association analyses included baseline demographic characteristics [age (<60 vs.
>60 years) and gender (male vs. female)], clinical characteristics [melanoma localization
(head&neck vs. trunk vs. lower extremities vs. upper extremities)] and histopathologic char-
acteristics [histologic type (superficial spreading melanoma vs. lentigo maligna melanoma
vs. nodular melanoma vs. acral lentiginous melanoma vs. other), Breslow thickness (<4 mm
vs. >4 mm), microsatellites (present vs. absent), ulcerations (present vs. absent), mitosis
(<5 vs. >5), tumor infiltrating lymphocytes (TIL) (present vs. absent), tumor regression
(present vs. absent), lymphovascular invasion (present vs. absent), and perineural invasion
(present vs. absent)].

Analyses using different genetic models demonstrated a borderline association of
ATG) 152245214 with regression (recessive model, p = 0.042) and lymphovascular invasion
(dominant model, p = 0.05), both yielding an FDR q value of 0.076. Tumor regression was
less frequent in patients with at least one ATG5 rs2245214 G allele (C/G or G/G genotypes)
than in C/C carriers (20.41% vs. 75%; OR 0.09, 95% CI 0.01-0.91), while lymphovascular
invasion was less frequent in patients with C/G or G/G genotypes than in C/C carriers
(7.31% vs. 25%; OR 0.24, 95% CI 0.06-0.98). Under the overdominant model, ATG5 rs510432
demonstrated a trend toward an association with ulcerations (p = 0.06, q = 0.076). Patients
with the C/T genotype were more likely to have a tumor with ulcerations than those with
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the C/C or T/T genotype (67.1% vs. 49.09%; OR 2.13, 95% CI 1-4.51). Similar border-
line trends were observed for associations of ATG16L1 rs2241880 with TIL (codominant
model, p = 0.076, q = 0.076) and lymphovascular invasion (overdominant model, p = 0.056,
q = 0.076), and of ATGb rs510432 with microsatellites (dominant model, p = 0.076, q = 0.076).

No other notable trends or associations with genotypes and baseline characteristics
were found.

3.4. Clinical Impact of ATG Genotypes in Patients with Unresectable Stage I1I/IV Melanoma
Receiving First-Line Immunotherapy

The analysis of associations between ATG genotypes and laboratory parameters (LDH,
5-100), inflammatory biomarkers, number of metastatic sites, response to therapy, and
survival (PFS and OS) included only patients with unresectable stage III/IV melanoma
receiving ICIs as first-line therapy (n = 74). Values for LDH, S-100, inflammatory biomarkers,
and the number of metastatic sites were obtained within 30 days prior to initiation of the
first treatment cycle. The impact of ATG genotypes was analyzed using different genetic
models (dominant, recessive, codominant, and overdominant).

3.4.1. LDH, S-100, and the Number of Metastatic Sites

Analysis using codominant and overdominant genetic models showed significant
associations between ATG5 rs2245214 genotypes and serum LDH levels and the number of
metastatic sites. The frequency of the C/G genotype was significantly lower in patients
with elevated serum LDH (p = 0.001 in both codominant and overdominant models), and
in those with more than three metastatic sites (p < 0.001 in a codominant model, p = 0.001
in an overdominant model). After applying multiple testing corrections, the adjusted p
levels (q levels) were 0.004 for the associations of ATG5 rs2245214 with LDH levels and
with more than three metastatic sites. There was no significant association between ATG
genotypes and S-100 levels.

3.4.2. Inflammatory Biomarkers

An association between genotypes and systemic inflammation was observed for the
ATGbS 152245214 and ATG10 rs1864183. ATGS rs2245214 was associated with NLR (p = 0.036,
q = 0.045 in a codominant model, p = 0.027, q = 0.039 in a dominant model, and p = 0.011,
q =0.029 in an overdominant model), SII (p = 0.038, q = 0.048 in a codominant model,
p = 0.014, q = 0.030 in a dominant model, and p = 0.016, q = 0.030 in an overdominant
model), and PIV (p = 0.031, q = 0.041 in a codominant model, p = 0.014, q = 0.030 in a
dominant model, and p = 0.016, q = 0.030 in an overdominant model). Patients with the
ATG) 152245214 C/G genotype had the lowest NLR and SII, whereas PIV was similar
between C/G and G/G carriers and significantly lower than in patients with the C/C
genotype (Figure 1).

ATG10 rs1864183 was associated with PIV (p = 0.047, q = 0.047 in a codominant model,
p =0.019, q = 0.032 in a dominant model), and patients with the C/C genotype had the
lowest PIV index (Figure 1).

No statistically significant association was observed between other ATG genotypes
and systemic inflammation indices (MLR, LMR, PLR, SII, and PIV).

3.4.3. Response to Therapy

Data on response to ICIs as first-line therapy were available for 67/74 patients (90.54%).
Response to therapy, presented as the disease control rate (DCR) or the objective response
rate (ORR), is shown in Table 2.
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Figure 1. Inflammatory biomarkers in patients with different ATG5 rs2245214 and ATG10 rs1864183
geno-types. (a) SII indexes in patients with ATGb rs2245214 C/C (759.22), C/G (497.99), and G/G
(654.28) genotypes; SIl indexes differed significantly by ATG5 rs2245214 genotype (codominant model,
p =0.038, q = 0.048). (b) PIV indexes in patients with ATG5 rs2245214 C/C (309.75), C/G (214.44), and
G/G (207.20) genotypes; PIV indexes differed significantly by ATGb5 rs2245214 genotype (codominant
model, p = 0.031, q = 0.041). (c) NLR indexes in patients with ATG5 rs2245214 C/C (3.01), C/G
(2.29), and G/G (2.68) genotypes; NLR indexes differed significantly by ATGb rs2245214 genotype
(co-dominant model, p = 0.036, q = 0.045). (d) PIV indexes in patients with ATG10 rs1864183 C/C
(157.76), C/T (240.97), and T/T (320.82) genotypes; PIV indexes differed significantly by ATG10
rs1864183 genotype (codominant model, p = 0.047, q = 0.047).

Table 2. Response to therapy in patients with unresectable melanoma in clinical stage III/IV treated
with first-line ICIs.

Clinical Outcome Description/RECIST 1.1 Criteria n (%)
. Primary Progressive Disease (PD) 15 (22.39)
Disease Control Rate (DCR) Disease Control (CR + PR + MR + SD) 52 (77.61)
L Non-Responders (SD + MR + PD) 34 (50.75)
Objective Response Rate (ORR) Objective Responders (CR + PR) 33 (49.25)
Missing Data Non-evaluable/Missing Response Data 7 (9.46%)

RECIST 1.1, Response Evaluation Criteria in Solid Tumors version 1.1; PD, progressive disease; CR,
complete response; PR, partial response; MR, mixed response; SD, stable disease.

A significant association of ATG genotypes with DCR was demonstrated for ATG5

152245214 (p = 0.013, q = 0.029)in a codominant model, p = 0.007, q = 0.029 in a dominant
model, and p = 0.017, q = 0.029 in an overdominant model) and ATG16L1 rs2241880
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(p =0.032,q = 0.032 in a codominant model and p = 0.026,q = 0.032 in a dominant model)
(Table 3). Among ATGb) rs2245214 genotypes, the C/G genotype was associated with the
highest rates of favorable DCR. For ATG16L1 rs2241880, the most significant difference in
DCR was observed in the G/G genotype.

Table 3. Association of ATG) rs2245214 and ATG16L1 rs2241880 genotypes with disease control rate
in patients with unresectable melanoma in clinical stage III/IV treated with first-line ICIs.

CR +PR +

. Genetic PD! 2 3 FDR q 4
Gene/Polymorphism Model Genotype (%) MI:I -:O/S)D p Values
c/C 11 (73.3%) 17 (32.7%)
ATG) rs2245214 codominant C/G 3 (20.0%) 30 (57.7%) 0.013 0.029
G/G 1(6.7%) 5 (9.6%)
. C/C 11 (73.3%) 17 (32.7%)
ATGb rs2245214 dominant C/G+G/G 4 (26.7%) 35 (67.3%) 0.007 0.029
. C/C+G/G 12 (80.0%) 22 (42.3%)
ATGb5 rs2245214 overdominant C/G 3 (20.0%) 30 (57.7%) 0.017 0.029
A/A 7 (46.7%) 12 (23.1%)
ATGI16L1 rs2241880 codominant A/G 7 (46.7%) 20 (38.5%) 0.032 0.032
G/G 1(6.7%) 20 (38.5%)
. A/G+A/A 14 (93.3%) 32 (61.5%)
ATGI16L1 rs2241880 dominant G/G 1(6.7%) 20 (38.5%) 0.026 0.032

1 pD, progressive disease. 2CR, complete response; PR, partial response; MR, mixed response; SD,
stable disease. 3 p-values were obtained by Fisher’s exact probability test. 4 q values were calculated
using Benjamini-Hochberg False Discovery Rate (FDR).

Analysis through different genetic models did not reveal a significant correlation
between ATG genotypes and ORR.

3.4.4. Survival Analyses

Modest but significant association with PFS was demonstrated for ATG10 rs1864183
when analyzed through an overdominant genetic model (C/C + T/T vs. C/T; p = 0.023,
q = 0.046). The codominant model showed superior PFS in patients with C/C (median PFS
11.01 months) and T/T (median PFS 10.03 months) genotypes compared with C/T carriers
(median PFS 6.8 months). However, the difference did not reach statistical significance
(p =0.073, q = 0.073) (Figure 2). Other genotypes showed no significant association with
PFS and OS in this group of patients.

To identify the most prominent risk factors for progression, univariate Cox propor-
tional hazards screening was performed using the following variables: age at the start
of therapy, melanoma localization, histologic subtype, Breslow thickness, mitotic count,
the presence of ulcerations, TIL, lymphovascular invasion, tumor regression, BRAF status,
serum LDH and S-100, inflammatory biomarkers NLR, LMR, MLR, PLR, SII and PIV,
number of metastatic sites, ECOG performance status, and ATG10 rs1864183 genotype in
overdominant model. The lymphovascular invasion (p < 0.001, q = 0.01), tumor regression
(p =0.02, q = 0.028), elevated serum LDH (p = 0.005, q = 0.017), and poor ECOG perfor-
mance status (p = 0.003, q = 0.015) were the most prominent risk factors for progression.
Table 4 summarizes patient and melanoma characteristics (including the ATG10 rs1864183
genotype) that significantly impact disease progression in univariate Cox proportional
hazards regression.
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Figure 2. Progression-free survival (PFS) in patients treated with ICIs as first-line systemic im-
munotherapy regarding ATG10 rs1864183 genotypes. (a) Codominant genetic model; median survival
was 11.01 months (95% CI 3.22-NA), 6.8 months (95% CI 1.77-14.17), and 10.03 months (95% CI
3.4-34.57) for patients with ATG10 rs1864183 C/C, C/T, and T/T genotype, respectively (p = 0.073,
q =0.073). (b) Overdominant genetic model; median survival was 10.03 months (95% CI 4.5-28.7)
and 6.8 months (95% CI 1.77-14.17) for patients with C/C or T/T and C/T genotypes (p = 0.023,
q = 0.046). Survival curves were plotted using the Kaplan-Meier method and compared using the
log-rank test. PFS from treatment start is presented in months.

Table 4. The most prominent risk factors for progression in patients with unresectable melanoma
in clinical stage III/IV treated with first-line immunotherapy (univariate Cox proportional
hazards screening).

Characteristic/Risk Factor HR (95% CI) p-Value g-Value
Lymphovascular invasion 12.72 (3.05-52.99) <0.001 0.01
(present)

Tumor regression (present) 3.77 (1.24-11.49) 0.02 0.028
LDH (elevated) 291 (1.38-6.12) 0.005 0.017
ECOG (>0) 2.76 (1.41-5.4) 0.003 0.015
Number of metastatic sites (>3) 2.26 (1.12-4.54) 0.023 0.028
NLR (>3.748) 2.23 (1.06-4.68) 0.034 0.034
SII (>763.958) 2.19 (1.16-4.14) 0.016 0.028
PIV (>277.269) 2.14 (1.17-3.92) 0.014 0.028
ATG101rs1864183 C/T 1.87 (1.08-3.22) 0.025 0.028
LMR (>3.351) 0.46 (0.25-0.84) 0.011 0.028

HR, hazard ratio.

The impact of elevated serum LDH (HR 3.54, 95% CI 1.14-11; p = 0.029), ATG10
rs1864183 C/T genotype (HR 2.28, 95% CI 1.13-4.63; p = 0.022), ECOG > 0 (HR 2.33, 95% CI
1.1-4.94; p = 0.027), and PIV index > 277.269 (HR 2.08, 95% CI 1.04—4.17; p = 0.038) as
independent predictors of progression was confirmed in a multivariate Cox proportional
hazards regression analysis that included only significant systemic parameters from the
univariate Cox analysis.

4. Discussion

In the present study, the clinical impact of ATG5, ATG10, and ATG16L1 SNPs in
patients with (advanced) melanoma was assessed. Associations of SNPs with baseline
histopathologic characteristics were analyzed in the cohort of 144 melanoma patients diag-
nosed and treated in a single medical center (Military Medical Academy, Belgrade, Serbia).
Obtained frequencies of ATG5 (rs2245214 and rs510432), ATG10 (rs1864183, rs1864182),
and ATG16L1 (rs2241880) alleles/genotypes were similar to those previously reported for
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other European populations [18]. In addition, the analyzed ATG5 rs2245214 and rs510432,
as well as ATG10 rs1864183 and rs1864182 genotypes, were in linkage disequilibrium, as
previously reported (NIH, National Cancer Institute, LDlink) [18].

Of note, ATG5, ATG10 and ATG16L1 encode proteins of ATG12 conjugation system,
necessary for autophagosome formation and elongation [19].

The ATG) rs2245214 C > G polymorphism is an intronic variant and does not alter the
protein’s primary amino acid sequence [18]. Published data reported a lack of association
between ATG)S rs2245214 alleles/genotypes and ATG5 mRNA expression levels [20]. The
ATG5 1s510432 T > C polymorphism is a variant located in the promoter region, with no
annotation in ClinVar [18]. However, previous reports indicated that ATG5 rs510432 is
functionally active and affects mRNA expression. Martin and coworkers demonstrated
that variant G (=C in our study) enhanced promoter activity by 23% compared to the A (=T
in our study) allele [21]. Similar findings were reported by Ahmad and coworkers, who
found significantly higher mRNA expression in asthmatic patients carrying ATG5 rs510432
C/Cthanin C/T or T/T carriers [22].

The ATG10 rs1864183 C > T polymorphism is a missense variant that alters the protein
structure (p.Thr212Met) and is in high LD with the ATG10 rs1864182 C > A polymorphism,
which is also a missense variant (p.Pro220His) [18]. In the study of Xie and coworkers on
mRNA expression levels in pulmonary tissue, higher expression levels were detected in
rs1864182 C/C and rs1864183 G/G (=C/C in our study) carriers [23]. However, Castro
and coworkers did not show differences in mRNA levels in cultured peripheral blood
mononuclear cells from healthy controls with different ATG10 rs1864182 genotypes, but
they reported a 25% decrease in protein levels in the presence of the G (=C in our study)
allele. [24]. ATG16L1 rs2241880 G > A is a missense variant (p.Thr300Ala) and is a risk factor
for inflammatory bowel diseases [18]. Genome-wide association studies (GWAS) showed
the association of the ATG16L1 rs2241880 G allele with Crohn’s Disease [25]. This amino
acid substitution makes the protein susceptible to cleavage by caspase 3 [26]. ATG16L1
rs2241880 was also identified as a risk factor for colorectal carcinoma [27].

The present study assessed the association of ATG genotypes with baseline melanoma
characteristics and suggested a trend toward an association of ATG5 rs2245214 with tumor
regression and lymphovascular invasion; that is, the C/C genotype was more frequent in
patients with unfavorable characteristics (lymphovascular invasion and regression). Also,
the ATG) rs510432 C/T was more frequent in patients having tumors with ulcerations. The
association between ATG5, ATG10 and ATG16L1 genotypes and pathological characteristics
of melanoma at diagnosis was also analyzed in the study of White and coauthors [13]. Their
study reported that patients with the ATG5 rs2245214 C/G or ATGb rs510432 C/C genotype
were more frequently presented with melanoma in an advanced clinical stage. Also, they
found a correlation between the ATG16L1 152241880 G/G genotype and decreased Breslow
thickness, and the A /G genotype and younger age at diagnosis.

After the pioneering work of Hu and coworkers on the impact of the systemic Immune-
Inflammation index as a predictor of prognosis in cancer patients [28], a significant number
of papers provided data about NLR, MLR, PLR, LMR, SII, and PIV as markers for risk strat-
ification in melanoma patients treated with ICIs [29]. Autophagy plays an important role in
tumor immune escape and the interplay between the tumor and different leukocyte popula-
tions (neutrophils, monocytes, lymphocytes) and platelets, in both the tumor environment
and systemic circulation [30]. In our study, ATG5 rs2245214 was linked to variations in
NLR, S1I, and PIV. The heterozygous C/G genotype exhibited the lowest median NLR, SII,
and PIV scores compared to its homozygous counterparts. ATG10 rs1864183 genotypes in
our study were associated with PIV. The C/C carriers had the lowest, C/T heterozygotes
had intermediate, and T/T carriers had the highest PIV. Published data associating immune
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inflammatory indices with different ATG5, ATG10, or ATG16L1 genotypes remain scarce.
Due to the limited sample size of our single-center study, further validation in larger patient
cohorts is warranted for definitive conclusions.

Elevated LDH levels in parallel with the number of metastases are important biomark-
ers in advanced melanoma treated with ICI, and they are commonly used to predict tumor
burden and prognosis [31,32]. Herein, we report the association of ATG5 rs2245214 with
LDH levels and the number of metastatic sites. Similarly to inflammatory biomarkers,
normal LDH levels and up to three metastatic sites were more common in C/G carri-
ers. In the group of patients with available data on best response to therapy, the ATG5
152245214 and ATG16L1 rs2241880 were associated with therapy response, as a control
for disease. A possible explanation may be that ATG5, as a core autophagy protein, is
implicated in melanoma progression and, together with ATG16L1, in adaptive resistance to
therapy. Previous reports implied an association between lower ATGS5 levels and reduced
autophagic activity, which contributes to melanoma development and unfavorable out-
comes [33]. In our patients with advanced melanoma treated with ICIs, ATG5 rs2245214
was not associated with progression-free or overall survival.

Among patients with advanced melanoma, those with the ATG10 rs1864183 C/T
genotype had shorter PFS than those with C/C or T/T genotypes. To our knowledge, there
are no studies confirming the impact of ATG10 mRNA expression on clinical progression of
cutaneous melanoma treated with ICI as first-line therapy. Also, previous studies reported
the impact of ATG10 polymorphism on therapy resistance and survival in cancer patients.
For example, ATGI0 rs1864182 was associated with primary or acquired resistance to
Gefitinib in advanced lung adenocarcinoma [34], and both rs1864182 and rs1864183 were
associated with poor survival in non-small-cell lung cancer [23].

Study limitations: The present study is based on a relatively small patient cohort, par-
ticularly in the subgroup receiving ICIs as first-line treatment. There is substantial missing
data on baseline pathologic characteristics of melanoma, e.g., ulceration, lymphovascular
invasion, and regression. We included these characteristics in the Cox proportional hazards
regression due to their significance in systemic disease.

5. Conclusions

Autophagy is an essential process for maintaining cellular homeostasis under stress. It
has a significant impact on tumorigenesis, tumor cell survival, and therapy resistance. In ad-
vanced melanoma, autophagy interplays among tumor cells, the tumor microenvironment,
and different parts of the immune system- cells of innate and adaptive immunity. This
highly conserved process has an important impact on tumor cells in terms of adaptation to
therapy and suppression of immune cells through different pathways. In our study, we
found that ATG polymorphisms did not reach statistical significance but showed a trend in
association with clinical characteristics of melanoma patients at the time of diagnosis. In
advanced melanoma treated with ICIs, ATG polymorphisms were associated with systemic
inflammation parameters (as presented by NLR, SII, and PIV), tumor burden through LDH
levels, and the number of metastatic sites. Finally, resistance to ICIs and PFS were also
associated with ATG polymorphisms. Therefore, polymorphisms in autophagy may have
potential as predictive/prognostic markers in patients with advanced melanoma, in parallel
with systemic inflammatory indices, LDH levels, and ECOG performance status. However,
we should underline that final conclusions need a larger patient cohort, particularly in the
subgroup with unresectable melanoma receiving first-line immunotherapy. In addition,
further research should separate the ICI group into those receiving PD-1/PD-L1 inhibitors,
CTLA-4 inhibitors and dual ICI therapy.
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ICIs Immune Checkpoint Inhibitors

PD-1 Programmed Death-1

PD-L1 Programmed Death-Ligand-1
CTLA-4 Cytotoxic T-Lymphocyte Antigen-4
LDH Lactate Dehydrogenase

ECOG Eastern Cooperative Oncology Group
ATG Autophagy-related gene

SNPs Single Nucleotide Polymorphisms

PFS Progression-Free Survival
(OF] Overall Survival

OR Odds Ratio

CI Confidence Interval

LMR Lymphocyte-to-Monocyte Ratio
NLR Neutrophil-to-Lymphocyte Ratio
PLR Platelet-to-Lymphocyte Ratio
MLR Monocyte-to-Lymphocyte Ratio
PIV Pan-Immune-inflammation Value
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SII Systemic Immune-Inflammation
TIL Tumor Infiltrating Lymphocyte
HR Hazard Ratio

GWAS  Genome-Wide Association Study
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