DOI 10.37469/0507-3758-2025-4-OF-2448

Voprosy Onkologii = Problems in Oncology. 2025. Vol. 71, No 4
UDC 616.5-006.81
DOI 10.37469/0507-3758-2025-4-OF-2448

© Aleksei V. Novik'?, Kristina Yu. Kapusta!, Tatiana L. Nekhaeva',
Anna B. Danilova', Andrey V. OrekhoV?, Egor V. Vasiliev’, Dilorom Kh. Latipova'?, Anna I. Semenova’,
Lilia S. Baboshkina’, Gulfiya M. Teletaeva', Tatiana Yu. Semiglazova'?, Irina A. Baldueva’

Joint Analysis of the Interferon Gene Signatures and Cancer-Testis
Gene Expression in Cutaneous Melanoma Patients

'N.N. Petrov National Medicine Research Center of Oncology, St. Petersburg, the Russian Federation
St. Petersburg State Pediatric Medical University, St. Petersburg, the Russian Federation
3Saint Petersburg State University, St. Petersburg, the Russian Federation
“North-Western State Medical University named after I.I. Mechnikov, St. Petersburg, the Russian Federation

© A.B. Hosux'?, K.IO. Kanycma!, T.JI. Hexaesa!, A.B. /lanunosa’, A.B. Opexoé’,
E.B. Bacunveé®, /I.X. Jlamunosa'?, A.H. Cemenosa’, JI.C. Babowxuna’, I'M. Tenemaesa’,
T10. Cemuenazosa’, H.A. Banoyesa’

AHAJIM3 COOTBETCTBUIl CUTHATYPbI F€HOB MHTEP(EePOHA U IKCIPECCHH
PAKOBO-TECTUKYJ/ISIPHBIX T€HOB Y OOJIbHBIX MeJIAHOMOI KOXKH

I®enepanbHOE rOCyIapcTBEHHOE OFOKETHOE yupekaeHne «HarmoHaabHbI MEIUIIMHCKAN HCCIECI0BATeIbCKUI ICHTP
onkonornu umenu H.H. IlerpoBa» MunucrepctBa 3npaBooxpanenusi Poccuiickoit ®enepannu, Cankr-IlerepOypr,
Poccuiickas denepauus
*DenepanbHOE TOCYIAPCTBEHHOE OHOMKETHOE 00pa30BaATENbHOE YUPEKICHUE BBHICIIETO 00pa30BaHMUs
«Cankr-IlerepOyprekuii rocy1apcTBEHHbBIN NeIuaTpUYecKHii MEJUIMHCKUI YHUBEpCUTET» MHUHUCTEpCTBA
3npaBooxpaHenust Poccuniickoit ®@enepanyn, Cankr-IletepOypr, Poccuiickas denepanust
3OezepanbHOE TOCYIAPCTBEHHOE OIODKETHOE 00pa30BaTEIbHOE YUPESIKIACHHE BBICIICTO 00Opa30BaHUs
«Cankr-IlerepOyprekuii rocynapctBennblii yauBepceuret, Cankr-IletepOypr, Poccuiickas ®Deneparus
‘DenepanbHOE TOCYIAPCTBEHHOE OIOMKETHOE 00pa30BaTeNbHOE YUpEXKICHHE BhICHIero obpasoBanms «CeBepo-3amaaHbiil
rOCyAapCTBEHHBIN MeIUIMHCKUM yHuBepcuTeT umenu M.M. MeunukoBa» MuHuctepcTBa 3apaBooxpaneHust Poccuiickoit
Oenepanuu, Cankr-IletepOypr, Poccuiickas ®denepanust

Introduction. Cutaneous melanoma currently lacks well-
established molecular biomarkers for predicting immunothera-
py response. Emerging candidates under investigation include
interferon-stimulated gene (ISG) signatures and cancer-testis
antigen (CTA) expression profiles.

Aim. The study performed to characterize the interplay
between ISG signatures and CTA expression patterns in cuta-
neous melanoma patients.

Materials and Methods. The study utilized normalized
whole-genome sequencing data comprising expression levels of
43,000 genes from 457 cutaneous melanoma patients, sourced
from the publicly available University of California Santa Cruz
(UCSC) dataset. Our analysis focused on rhabdoid-testicular
CTA genes (n = 186) and interferon-dependent ISG genes
(n = 66), the latter analyzed as both full and brief signatures.
We performed agglomerative hierarchical clustering via Ward’s
method separately for ISG and CTA groups. Statistical evalu-
ation of cluster interactions employed seven complementary
measures: Pearson’s chi-square test, lambda coefficient, con-
tingency coefficient, phi coefficient, Goodman and Kruskal’s
tau, uncertainty coefficient, and column proportion analysis.

Results. Analysis revealed four conserved ISG clusters
across both datasets (two demonstrating high gene expres-
sion and two with low expression) showing strong correlation
(A = 0.666, p < 0.0001). For CTA genes, hierarchical cluster-
ing identified six primary clusters (two each of high, medium,

BBenenue. B HacTosiiee Bpemsi HE CYLIECTBYET OAHO-
3HAQYHO YCTAHOBJEHHOTO MOJEKYIISIPHOrO OHOMapkepa IJist
[IPOrHO3UPOBAHUs OTBETA HA MMMYHOTEpANUIO y IIalUCHTOB
C MeNaHOMOH KOXH. V3ydaroTcsi HECKOIBbKO MOTEHIHATIBHBIX
OMOMapKepoB, BKJIIOUAsi CHrHATYpbl reHoB uHTepdepona (ISG)
1 IKCIIPECCUIO PAKOBO-TECTUKYIAPHBIX aHTHreHoB (CTA).

Ieab. MccnenoBanue i OLIEHKU B3aUMOJEHCTBUS MEXLY
ISG u narrepuamu CTA y nmanueHTOB ¢ MEJIAHOMOM KOXKH.

MarepuaJjibl 1 MeTobl. B paboTe mcrnonb30BaHbI HOpMa-
JIM30BaHHBIE IAHHBIE TTOJTHOTEHOMHOTO CEKBEHUPOBAHUSI, BKIIIO-
yaroue ypoBHu 3kcnpeccuu 43 000 reHoB y 457 manueHToB ¢
KOKHOH MEITaHOMOW M3 OTKPBITHIX HCTOYHHKOB HAOOpa JaHHBIX
Kamudopuuiickoro ynusepcurera B Canra-Kpyse (UCSC).

Jlnst ananusa ObUTH BEIOpAHBI PAKOBO-TECTUKYIISIPHBIC aHTH-
reasl CTA (n = 186) u mHTEpDHEPOH-CTUMYTUPOBAHHBIC TCHBI
ISG (n = 66); nocnenHue NpeACTaBICHBI Kak B MOJHOH, TaK U B
COKpAIlCHHOH BepcHH. AIIOMepaTHBHAs KJIACTepU3alusl TCHOB
C HCIONB30BaHUEM MeToa Yopja Oblia BBIMONHEHA OTAEIBHO
Ul Kaxaoro Habopa reHoB. CTaTHCTHYECKMH aHAJIN3 B3awu-
MOCBSI3eH MeXy KIacTepaMM BKIIIOYAJl CIEIYIONIHE METOJbI:
kputepuii y*> Ilupcona, xod3p¢unueHt namodaa, kodpuuueHT
KOHTUHTeHInH, Koddouument ¢u, t I'yamana — Kpackena,
K0(QQUIMEHT HEONpeNeNeHHOCTH M aHaNINW3 NPONOpPIHH B
cTonbmax.

Pesynbrarel. B nonHom u kpatkom Habopax ISG oGHa-
PY’XEHO dYeThIpe KiacTepa ([Ba KiacTepa I'€HOB C BBICOKOI n
JIBa KJacTepa ¢ HU3KOH JKCIIpeccueil), KOTOpble OBUIH CHUIIBHO
koppenupoBanbl (A 0,666, p < 0,0001). Ha mepBom ypoBHe
KJIacTepu3anuy HalineHo mecth kiacrepoB CTA (gBa ¢ BHI-
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and low expression genes) at the first level, which further
differentiated into ten subclusters at the third clustering level.
Initial comparison of first-level ISG and CTA clusters showed
no significant association (p > 0.1). Evaluation of third-level
CTA clusters against the brief ISG signature demonstrated a
weak relationship (symmetric uncertainty coefficient = 0.031,
p = 0.003). Only two third-level CTA clusters exhibited mean-
ingful associations with ISG patterns: one characterized by
minimal CTA expression coupled with high ISG activity, and
another showing the inverse relationship of elevated CTA ex-
pression paired with low ISG signature.

Conclusion. This study confirms our prior findings regard-
ing the heterogeneous expression profile of CTA in cutaneous
melanoma. The majority of CTA clusters demonstrated no sig-
nificant association with ISG signatures. The identification of
specific CTA-ISG expression patterns as predictive biomarkers
for immunotherapy response in melanoma patients warrants
deeper investigation.
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COKOM, JIBa CO CpeIHEH M J1Ba ¢ HM3KOW JKCIpecCHel I'eHOB),
Ha TpeTbeM YpOBHEe — JeciaTbh kiactepoB. Kiacrepel ISG u
CTA He ObUIM CBsI3aHBI NPH CPAaBHCHWH Ha TIEPBOM YpPOBHE
knacrepusauu (p > 0,1). CpaBHeHHE TPEThEro ypOBHS Kia-
crepoB CTA ¢ kparkoil ISG mokaszano cmadyio acconmanuro
MEXIy JABYMS TapaMeTpamMu (CHMMETPHYHBIH KOI(PPHUINESHT
HeonpeaenenHoctu 0,031, p = 0,003). Tonbko aBa Kiactepa
CTA Tpertbero ypoBHs mnokazanu cBsizb ¢ ISG: oguH — ¢ Mu-
HuUManbHOH skcnpeccueit CTA m Beicokoit ISG, Bropoit — ¢
BbIcokoi akcnpeccueir CTA u Huskoit ISG.

BoiBoabl. Pe3ynbraTsl MccienoBaHMS MOATBEPAWIN HAIIH
HPEIbIIYIIME HAXOAKH OTHOCHUTENIBHO NPOQUISL 3SKCIPEecCHH
CTA. bonblIMHCTBO KJIAacTepoB He uMmenu orHoumeHus k ISG.
HeoOxoanms! qampHEHIINE UCCISOBAHNS I MOHIMAHUS BO3-
MOXHOM ponu martepHoB 3kcnpeccun CTA u ISG B kauectse
MIPOTHOCTHYECKUX ¥ HPETUKTHBHBIX (aKTOPOB IJIsI MMMYHO-
Teparnum.

KirodeBble ciioBa: curHarypa reHa MHTep(EepoHa; paxo-
BO-TECTHKYJISIPHBIC aHTHTCHBI; MEIAHOMA; KJIACTCPHBIH aHaJH3
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Introduction

The identification of reliable molecular bio-
markers for predicting immunotherapy response in
melanoma patients, particularly in the neoadjuvant
setting, remains an unmet clinical need. Among
currently investigated candidates, interferon gene
signatures (ISG) show particular promise. For in-
stance, the OpACIN-neo study identified a 10-gene
IFN-y signature as a prognostic baseline biomarker
of pathological response in stage III melanoma pa-
tients receiving neoadjuvant combination immuno-
therapy [1]. Multiple studies have since developed
various interferon signatures, suggesting their po-
tential as established biomarkers [2—4]. Notably,
patients exhibiting low IFN-y levels demonstrate re-
duced likelihood of achieving pathological response
and increased risk of disease recurrence compared
to those with high IFN-y expression.

Cancer-testis antigens (CTA) represent another
promising class of immunotherapy response bio-
markers [5]. These antigens, normally expressed
primarily in germ cells in healthy individuals, can
also be expressed by tumor cells. Their tumor-spe-
cific expression pattern and immunogenic proper-
ties make them attractive targets for immunotherapy
[6], with over 270 CTAs currently identified [6, 7].

Our previous research demonstrated consistent
CTA expression patterns across various tumor types
and identified distinct expression clusters [7]. While
these findings require validation, no data currently

VOPROSY ONKOLOGII = PROBLEMS IN ONCOLOGY. 2025.

exist regarding potential interactions between CTA
clusters and established immunological markers,
particularly interferon-dependent gene expression.
To address this knowledge gap and confirm our
initial observations, we performed a comprehensive
analysis of an external gene expression dataset to
investigate possible correlations between CTA ex-
pression patterns and interferon gene signatures.

Materials and Methods

This study utilized publicly available genomic
data from the University of California Santa Cruz
(UCSC) Xena database [8], comprising normalized
expression levels of 43,000 genes obtained through
whole-genome sequencing of 457 cutaneous mela-
noma tumor samples. Our analysis focused on CTA
(n = 186) and interferon-stimulated genes (ISG)
(n = 66), as detailed in Table 1.

The CTA gene panel was compiled through

comprehensive searches of CTAbase [9, 10],
including the following established antigens:
SAGE1L, CT4541, CT4544, CT4546, GAGE]I,

NXF2B, SPANXNI, CT4543, CT4542, PAGES3,
SPANXN2, SPANXA2, MAGEA9B, MAGEAS, MA-
GEA6, GAGE13, PAGE4, PAGES, PAGE2, TAF7L,
SPANXC, CTAGIB, FATEI, GAGEI12J, TIGIT, MA-
GEAIll, XAGEID, PAGE2B, MAGEA9B, SPANXNS,
SPANXN4, SPANXN3, TFDP3, MAGEAI2, MA-
GEAIO, CMKLRI, SSX7, SSX4, SSX5, SSX2, SSX3,
NXF2, MAGECI, MAGEC3, MAGEC2, PASDI,
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CTAG2, XAGE3, LUZP4, GAGEI2D, GAGEI2F,
ZNF645, CT47A47, CT4742, CT4741, CT47BI,
AKAP4, MAGEA3, MAGEA2, CT4746, GAGE2A,
MAGEB2, MAGEB3, MAGEB1, MAGEB4, PAGE],
XAGES5, FMRINB, FAMI334, CSAG2, CSAGI,
CPXCRI, FTHLI17, VENTXPI, DDX53, CT47A411,
CT47410, ARX, OIP5, SPATA19, PBK, IGSFII,
MPHOSPHI10, CEP55, NR6AI, TPPP2, TSPY2,
SPEF2, CALR3, TEXIS5, TEXI14, TEKTS5, CAGEI,
ODF3, ODF2, ODFI, ODF4, EFEMPI1, TMEFF?2,

ADAM2, SPOIl, PRMI, PRM2, PTPN204,
CTAGEI, CTAGES, CASCS5, CTNNA2, DKKLI,
BRDT, SEMGI, RGS22, FBX039, MORCI,

DCAF12L2, PRSS54, PRAME, MAEL, POTEH,
POTEG, POTEE, POTED, POTEB, POTEC, TTK,
TMPRSS12, DNAJBS, ADAM?29, TSPYI, NLRP4,
NAGLU, HSPA4L, SLCO6A1, CCDC83, ACRBP,
ZNF165, ANKRD45, SPAGS, SPAGY, SPAGS6,
SPAG1, GPAT2, DMRTI, SPACA3, DSCRS, LEMDI1,
CCDC33, CCDC36, CTCFL, DPPA2, TDRD12, SY-
CEIL, NOL4, WT1, CCDC62, CRISP2, HORMAD?2,
HORMADI, CEP290, KIAA0100, TSGA10, TSSKG6,
AKAP3, SPAG17, SYCPI, DDX43, LIPI, ACTLS,
COX6B2, TEXI101, GPATCH2, ATAD2B, HSPBY,
PIWIL2, CABYR, RBM46, PRSS55, SPAG4, SPA17,
TDRD6, LY6K, ARMC3, ELOVL4, OTOA, THEG,
and TULP2 [1]. The full ISG panel included the
following genes: IL2RG, CD27, UBA7, DUSPIS,
PDCDILG2, RNASEH2A, HLA-DOA, JAK1, CCRS5,
CXCR6, RSAD2, SAMHDI, PRF1, TIGIT, CD276,
IFIHI, PSMBI0, IFI16, HLA-E, CD84, CMKLRI,
LRIGI, LHB, IFNGRI, LAG3, IFI27L1, CD3D,
CD3E, IFNWI1, HLA-DRBI, NKG7, CXCL9, LYG6E,
CCL5, TREXI, IFI44L, CIITA, IFNAR2, IFNARI,
FOXAIl, DNASEILI, DNASEIL3, CD274, IFITMI,
IFIT3, OASI1, OASL, IFIT1, ISG15, IRF7, IRFYS,
IRF9, IDOI, CXCLI1l, CXCLI10, TLR3, TLR?7,
TLRY, GZMA, SLAMF6, TRIP10, CIQA, SERP-
INGI1, HLA-DRA, HMXI, STATI [2-6]. From this
comprehensive panel, we derived a focused 15-gene
brief ISG signature based on recent clinical trial ev-
idence [2, 3], comprising [FI27L1, IFI44L, IFITI,
RSAD2, SIGLECI, STATI, CXCLY9, CXCLI10, HLA-
DRA, GZMA, PRF1, IDO1, CXCLI11, CCRS, IFNG.

Statistics and Analysis

A fundamental challenge in cluster analysis in-
volves determining the optimal number of clusters,
a problem that remains unresolved in the field [7,
8]. For hierarchical agglomerative clustering meth-
ods, this challenge directly relates to establishing
appropriate stopping criteria for the clustering pro-
cess. Without predefined stopping rules, the algo-
rithm continues merging cluster pairs until all ele-
ments consolidate into a single cluster containing
all elements [8, 9]. Dendrograms provide visual
representations of agglomerative clustering results,

with each level corresponding to a specific step in
the clustering process. The internal nodes of these
dendrograms represent roots of subtrees containing
sample elements grouped at each iteration, form-
ing “current clusters” [9]. Each dendrogram level
serves as the input set for subsequent clustering
iterations.

The existence of multiple clustering algorithms
introduces challenges regarding clustering stability.
For our analysis, we implemented hierarchical gene
expression clustering using Ward’s method with es-
tablished stopping rules [10, 11]. We hypothesized
that optimal clustering should demonstrate biologi-
cal relevance, therefore limiting our analysis to the
two most informative intervals of agglomerative
clustering.

We generated gene distribution histograms en-
abling visual assessment of expression patterns
across melanoma patients. We additionally created
and analyzed heat maps to characterize clusters.
Statistical evaluation of relationships between clus-
tered gene groups incorporated Pearson’s chi-square
test, lambda coefficient, contingency coefficient, phi
coefficient, Goodman and Kruskal’s tau, uncertainty
coefficient, and column proportion analysis. Analy-
ses were performed using IBM SPSS Statistics v.26
and Python 3 libraries (pandas, numpy, matplotlib,
seaborn, and scikit-learn). We applied Bonferroni
correction for multiple comparisons, considering
corrected p-values < 0.05 statistically significant.

Results

CTA Cauterization

The histogram analysis of CTA gene expression
distribution revealed several genes exhibiting bimod-
al expression patterns, including MAGEA6, PAGES,
MAGEALll, XAGEID, MAGEAIO, MAGEAI2,
MAGECI, MAGEC2, CTAG2, MAGEA3, MAGEA2,
CSAG2, CSAGI, CTNNA2, DSPCRS, CCDC36,
HORMADI, SEP290, DDX43, LY6K. These bimodal
distributions suggested the existence of two distinct
patient subgroups characterized by either high or low
CTA gene activity. We excluded PRAME from sub-
sequent cluster analyses to enable more meaningful
patient stratification consistent with its established
role as a melanoma-specific marker (fig. 1).

The analysis generated dendrograms and heat
maps visualizing gene expression patterns (fig. 2).

Our analysis identified six primary CTA clus-
ters at the first hierarchical level and ten subclus-
ters at the third level (second level was omited as
noniformative). Clusters 1 and 2 (AllRedPart#1 and
AllRedPart#2) demonstrated minimal expression
across most CTA genes, with Cluster 1 showing
particularly low activity of MAGEA6, MAGEAI?2,
MAGECI, MAGEC2, MAGEA3, CTNNA2. Clusters
3—6 exhibited elevated CTA expression, with MA-
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Fig. 1. Expression histograms of cancer-testis antigens (CTA) in melanoma specimens: 1, A) MAGEAG6; 1, B) PAGES; 1, C) MAGEAII,
1, D) MAGEAI2; 1, E) MAGEAILO0; 1, F) XAGEID; 1, G) MAGEA2; 1, H) CEP20; 1, 1) MAGECI; 1, J) MAGEC2; 1, K) CTAG2; 1,
L) MAGEA3; 1, M) CSAGI; 1, N) CCDC36; 1, O) HORMADI; 1, P) DSCRS; 1, Q) LY6K; 1, R) DSCRS; 1, S) DDX43; 1, T) PRAME

GEA6, MAGEAI12, MAGEA3, MAGEA2, CSAG2,
and CSAGI serving as key discriminators between
high- and low-expression groups. Clusters 3 and
4 showed moderate CT4 expression overall, with
Cluster 4 displaying higher CTAG2 expression but
reduced MAGECI/MAGEC?2 levels. Cluster 5 dem-
onstrated the highest overall CTA activity, while
Cluster 6 showed similar patterns but with reduced
expression of PAGES, XADEI(, and CTAG2 (see
Supplementary table S1, online).

ISG clustering

The histogram analysis of ISG expression pat-
terns revealed a unimodal distribution across all
examined genes.

Cluster analysis identified four distinct ISG
expression profiles (fig. 3). Notably, LRIGI and
FOXAI showed no detectable expression in any
cluster. The ISGHyper#2 cluster exhibited hy-
perexpression of most interferon-regulated genes,
while ISGhigh#1 demonstrated similar character-
istics with moderately reduced expression levels.
ISGnon#3 displayed minimal gene expression, and
ISGlow#4 showed slightly elevated expression rela-
tive to ISGnon#3 (Supplementary Table S2, online).

VOPROSY ONKOLOGII = PROBLEMS IN ONCOLOGY. 2025.

Parallel analysis of the brief ISG panel simi-
larly identified four clusters (fig. 3). Clusters
ISGb_non#1.1 and ISGb low#1.3 shared compa-
rable characteristics, though ISGb non#1.1 showed
complete absence of interferon-dependent gene ex-
pression. The ISGb_hyper#1.2 cluster demonstrated
marked gene hyperexpression, while ISGb_high#1.4
exhibited similar but attenuated expression patterns.
Comparative analysis revealed strong concordance
between the full and brief ISG clustering results,
with significant correlation coefficients (A = 0.666,
p = 6x107%; symmetric uncertainty coefficient =
0.56, p = 8x107**"). We utilized the brief ISG panel
for subsequent analyses (Supplementary Table S2,
online).

Interaction Between ISG and CTA Clusters

Initial comparison of first-level clusters revealed
no significant association between ISG and CTA
expression patterns (p > 0.1). However, analysis of
third-level CTA clusters against the brief ISG sig-
nature demonstrated a weak correlation (symmetric
uncertainty coefficient = 0.031, p = 0.003; ISG-de-
pendent uncertainty coefficient = 0.025, p = 0.003),
as detailed in table 1.
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Fig. 2. The hierarchical clustering results of C74 gene expression in melanoma, with color-coded clusters. The x-axis represents individual
patients, maintaining consistent patient alignment across all panels (A-C). 2, A — dendrograms of the cluster analysis (level 1); 2,
B — dendrograms of the cluster analysis (level 3); 2, C — gene expression heatmap. Darker colors indicate lower expression levels
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Only two third-level CTA clusters exhibited
meaningful associations with ISG patterns: one
characterized by minimal CTA expression and
another showing high expression across all CTA
genes. We hypothesize that in the first case, ro-
bust immune system activity may lead to complete
elimination of immunogenic CTA-expressing tumor
cells, potentially representing an immune escape
mechanism. This phenomenon could indicate the
presence of potent antitumor or neoantigen-specif-
ic lymphocyte clones. Conversely, in case of high
CTA expression alternative immune evasion strate-
gies might be employed.

These findings suggest that different immuno-
therapy approaches might prove beneficial to the
patients — a hypothesis requiring validation in pro-
spective clinical trials.

The comprehensive comparison revealed a weak
but statistically significant association between the
two cluster groups. The uncertainty coefficient for
ISG dependent variable was 0.042 and 0.05 for the
symmetric association.

Discussion

The dynamic interplay between tumor cells and
immune cells during tumorigenesis is mediated by
endogenous type I and II interferons (IFNs) [19].
During the elimination phase, IFN-mediated recog-
nition triggers chemokine and cytokine production
in the tumor bed, establishing a positive feedback
loop that amplifies immune cell recruitment — par-
ticularly NK cells and cytotoxic T lymphocytes—
and subsequent IFN production.
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Fig. 3. Dendrograms and cluster analysis results of full and brief ISG signatures in melanoma specimens. 3, A) Clustering dendrogram
of full ISG expression profiles; 3, B) Heatmap of full ISG expression patterns; 3, C) Dendrogram of the brief ISG cluster analysis; 3, D)
Heatmap of the brief ISG. Darker color represent lower gene expression levels

Tumor cell sensitivity to IFN’s possible direct
cytotoxic effects further contributes to effective an-
titumor immunity.

Current classification systems recognize three
distinct tumor microenvironment (TME) profiles
based on CD8" T cell infiltration [12].

Patients with solid tumors with high checkpoint
inhibitor responsiveness usually exhibit an active
immune profile or so-called immune-inflamed
(“hot”) phenotype. On the other hand, non-respon-
sive patients may exhibit “cold” phenotype with
no immune infiltration. In addition, there is an im-
mune phenotype located between the “cold” and

“hot” categories, known as the immune-"excluded”
type [13].

Our findings demonstrate four ISG clusters that
stratify into high- and low-expression groups, cor-
responding to “hot” and “cold” tumor phenotypes
respectively. The “hot” tumor phenotype is char-
acterized by elevated ISG expression, while the
“cold” type has low expression levels. Patients with
elevated ISG expression may exhibit superior treat-
ment responses, while those with “cold” tumors
could benefit from dendritic cell vaccines (DCV)
to enhance T cell infiltration and IFN saturation, as
demonstrated by Bulgarelli J. et al. [14].
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Table. Contingency table analysis of brief ISG clusters vs third-level CTA clusters

CTA clusters Brief ISG Clusters
100 % ISG_non#2.1 ISG_Hyper#2.2 ISG_low#2.3 ISG_high#2.4
Level 1 Level 3 N %' N %! N %' N %!
AllRedPart a o a 16.2 a o 2 30.9
#3.1 22 324 % 1 % 14 20.6 % 2 %
AllRedPart o o a 18.2 a o a 34.1
AllRed #30 16 36.4 % 8 % 5 11.4 % 15 o,
AllRed ab o b 9.4 ab o a 43.5
433 25 294 % 8 o, 15 17.6 % 37 o,
s AllHighPart1 a o a 19.5 a o a 31.2
AllHigh Part 1 #3.4 22 28.6 % 15 % 16 20.8 % 24 %
£ ighPart2 3 15.0 % % 100 7 35.0 % gs 00
AllHigh Part 2 -
AllHighPart2 a o a 14.8 a o 2 44.4
436 3 11.1 % 4 o, 8 29.6 % 12 o,
AllHyper a o b 36.0 ab o a 22.0
#37 7 14.0 % 18 % 14 28.0 % 11 %,
yperPart] 7 15.9 % 120 o e | 250 % 140 N
AllHyper -
AllHyperPart2 . N . 0.0 . o . 44.4
#3.9 1 11.1 % 0 % 4 44.4 % 4 o,
AllHyperPart3 . o . 16.0 . o . 24.0
#3.10 21 42.0 % 8 o, 9 18.0 % 12 %
! The proportion within each CTA cluster; “*%¢ each upper index signifies a subset of categories for brief ICG; where the proportions of rows do not differ significantly from each

other at the p < 0,05; N — patient counts.

Melanoma is widely recognized as an immunogen-
ic “hot” tumor type characterized by abundant CD8*
T cell infiltration within the tumor microenvironment
(TME) [15]. Thus, there is potential for immune-me-
diated tumor recognition and destruction. However,
interpatient variability exists in both the quantity and
functional activity of immune components in TME,
contributing to the heterogeneous responses observed
with immune checkpoint inhibitors. Furthermore, mel-
anoma cells actively produce numerous immunosup-
pressive factors that depolarize the immune infiltrate,
resulting in TMEs enriched with pro-tumor macro-
phages, neutrophils, and lymphocytes [24]. Our ISG
clustering results confirm this biological spectrum,
demonstrating that melanomas exist along a con-
tinuum from “cold” to “hot” phenotypes, with some
tumors exhibiting mixed characteristics.

CTAs comprise a large family of tumor-asso-
ciated proteins whose physiological expression is
typically restricted to testicular germ cells (sper-
matogonia and spermatocytes) during proliferation.
While CTA expression has been well-documented
across various malignancies, significant variation
exists within tumor types. Malignancies can be
stratified by CTA expression frequency, with high-
expressors (= 50 % frequency) including mela-
noma, lung cancer, hepatocellular carcinoma, germ
cell tumors, gastric cancer, and chondrosarcoma.
Conversely, leukemias, lymphomas, kidney cancer,
glioblastoma, and colorectal carcinoma typically
demonstrate low CTA expression (< 20 %) [16].

Traditionally, it is believed that CTA contribute
to multiple oncogenic processes by promoting pro-
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liferative signaling, apoptosis resistance, metabolic
reprogramming, invasion/metastasis, angiogenesis,
genomic instability and mutations accumulation
[17]. Although associated with poorer clinical out-
comes, CTAs possess high immunogenicity due
to their absence from immune surveillance dur-
ing adulthood, making them attractive targets for
immunotherapy. CTAs are also involved in dis-
rupting critical cellular aging pathways, enabling
tumor cells bypass several key tumor-suppressive
checkpoints. These antigens also induce epithelial-
mesenchymal transition, thereby enhancing cancer
cell migratory and invasive capacity. Additionally,
CTA expression contributes to increased genomic
instability [18].

We identified three main types of CTA expres-
sion, totaling six clusters at level 1, comprising
two high-expression, two medium-expression, and
two low-expression patterns. This expands upon
our previous 2020 study that reported only four
clusters [7]. With the expanded dataset enabled
both validation of prior findings and discovery of
two additional distinct CTA clusters. Given CTAs’
established role as immunotherapeutic targets, we
anticipate that future clinical applications will in-
corporate CTA cluster profiling to guide personal-
ized treatment selection between immunotherapy
and vaccine-based approaches, though this requires
prospective clinical validation.

The tumor-specific expression patterns and on-
cogenic properties of CTAs make them particularly
attractive therapeutic targets with minimal side ef-
fects.
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Ayabe R.I. et al. (2024) conducted a study of
CTA in samples of small intestinal neuroendocrine
tumors. Uncontrolled clustering of gene expression
demonstrated a dichotomy between high and low
CTA expression. High-expressors demonstrated con-
current type [ IFN upregulation (including PRAME,
GAGE]1, and MAGEA3) and superior overall sur-
vival compared to patients with low CTA, regard-
less of the stage [19]. The observed stromal NK
cell activation in these tumors suggests an immune-
mediated survival benefit associated with combined
CTA/IFN type 1 expression.

In our cohort, analysis found no significant as-
sociation between first-level ISG and CTA clusters
(p > 0.1). However, third-level CTA cluster analysis
demonstrated two weakly correlated patterns with
brief ISG signatures: symmetric uncertainty coeffi-
cient 0.031, p = 0.003; ISG as dependent variable
uncertainty coefficient 0.025, p = 0.003. Only two
third-level CTA clusters clinically relevant associa-
tions with the ISG: AllRed#3.3 and AllHyper#3.7.

AllRed#3.3 cluster is marked by absent CTA
expression alongside ISG high- and hyperexpres-
sion. This cohort of patients show high immune cell
activity against a backdrop of a lack of targets for
therapy. We propose that high activity of immune
system led to the loss of all immunogen CTA in
the first case. Perhaps CTA loss is the mechanism
of immune escape here. So, there can be enough
potent antitumor or neoantigen-specific lymphocyte
clones. We hypothesize these patients represent op-
timal candidates for anti-PD-1 therapy.

AllHyper#3.7 cluster is characterized by CTA
hyperexpression with low levels or absence of ISG
expression. We observe a category of patients with
low immune system activity against a backdrop of
a large number of therapy targets (CTA). In case
of high CTA expression probably other mechanisms
of immune escape work. We propose that this ratio
of CTA and ISG may be a predictive indicator of
high efficacy in the use of vaccine therapies or
antigen-presentation enhancement strategies. This
method is an active specific immunotherapy based
on stimulating tumor-specific responses.

These findings underscore the need for indepen-
dent clinical evaluation of CTA and ISG expression
patterns, since they represent independent units.
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