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Abstract

MTAP protein loss is a surrogate for homozygous CDKN2A deletion and marks a therapeutically
actionable, PRMT5-dependent subgroup of pancreatic ductal adenocarcinoma (PDAC), but its tumor
microenvironment (TME) remains uncharacterized. In 370 surgically resected PDAC from the
prospective multicentric PANCALYZE cohort, MTAP status was determined by immunohistochemistry
and confirmed by CDKN2A fluorescence in situ hybridization in MTAP-deficient cases. Immune and
stromal cancer-associated fibroblast (CAF) markers were quantified by digital image analysis. Subtype-
associated markers were scored by pathologists. MTAP loss occurred in 39.5% of PDAC and showed
complete concordance with homozygous CDKN2A deletion. Patients with MTAP deficiency were
significantly younger and at higher lymph-node stage. MTAP-loss PDAC displayed a distinct stromal and
immune profile, with higher SMA + and FAP + and lower PDGFRp + CAFs and reduced natural killer-cell
and plasma-cell infiltration, not explained by basal-like subtype. MTAP status was not prognostic
(median overall survival [0S] 22.0 months in both groups). Within MTAP-deficient PDAC, Claudin 18.2
positivity was associated with longer OS (p = 0.025), whereas high yH2AX (p = 0.003) and high M2-like
macrophage infiltration (p = 0.007) were associated with shorter OS. Only high yH2AX remained
independent on multivariable analysis (p = 0.028). MTAP loss thus marks a myofibroblastic, immune-
attenuated TME, warranting consideration in translational studies of MTAP-directed therapies.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal solid malignancies and is
characterized by aggressive tumor biology, early metastasis, and limited therapeutic options, resulting in
a persistently poor overall survival despite advances in surgical and systemic treatment strategies [1, 2].
The molecular landscape of PDAC is dominated by recurrent genetic alterations affecting KRAS, TP53,
SMAD4, and CDKNZ2A, the latter representing one of the most frequently inactivated tumor suppressor
genes in PDAC and playing a central role in cell cycle regulation and tumor progression [2—4]. The gene
encoding 5-methylthioadenosine phosphorylase (MTAP) is located on chromosome 9p21.3 in close
genomic proximity to CDKN2A. Due to this genomic co-localization, homozygous deletions of CDKN2A
frequently extend to the adjacent MTAP locus, resulting in concomitant loss of MTAP expression [5, 6].
MTAP is a key enzyme in the methionine and adenine salvage pathway and loss of MTAP function leads
to intracellular accumulation of methylthioadenosine (MTA), which inhibits protein arginine
methyltransferase 5 (PRMT5), an essential epigenetic regulator involved in RNA splicing, gene
expression, and cell cycle control [7, 8]. As a result, MTAP-deficient tumor cells develop a specific
metabolic dependency on PRMTS5. Consequently, MTA-cooperative PRMTS5 inhibitors have shown
selective activity in MTAP-deleted tumors and clinical trials including a dedicated first-line phase 2/3 trial
in MTAP-deleted metastatic PDAC are ongoing (navlimetostat; MountainTAP-30, NCT07076121) [9-12].
Reliable identification of MTAP-deficient tumors is therefore of growing clinical importance. Because
MTAP loss closely mirrors homozygous CDKN2A deletion, MTAP IHC has been adopted as a practical
surrogate for 9p21/CDKN2A loss in several tumor types, including central nervous system tumors and
pleural mesothelioma [6, 13, 14]. In PDAC, other groups have reported generally high but not uniform
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concordance between MTAP IHC and CDKN2A status [15], with occasional discordance [16]. Within our
own multi-entity series, FISH validation was performed only in esophageal adenocarcinoma, so a
dedicated correlation of MTAP IHC with CDKN2A FISH in this PDAC cohort had not previously been
established [17]. While the diagnostic implications of MTAP loss are increasingly recognized, far less is
known about the biology of MTAP-deficient PDAC. PDAC is characterized by an exceptionally dense,
immunosuppressive TME in which heterogeneous CAFs — spanning myofibroblastic and inflammatory
phenotypes marked by a-smooth muscle actin (SMA), fibroblast activation protein (FAP), platelet-derived
growth factor receptor-B (PDGFRP) and periostin — and a variable immune infiltrate together shape
progression, therapy response and prognosis [18-21]. Notably, 9p21/MTAP loss has been linked to a
cold, lymphocyte-poor immune microenvironment and to primary resistance to immune-checkpoint
inhibition, an effect attributed specifically to MTA-mediated impairment of lymphocyte function rather
than to CDKN2A loss [22, 23]. Whether MTAP-deficient PDAC exhibits a distinct stromal and immune
phenotype, whether such a phenotype is simply a reflection of established subtype-associated features
such as basal-like differentiation, and how it relates to other subtype-associated markers such as
Claudin 18.2 [24] and yH2AX [25], has not been comprehensively characterized [26, 27].

We therefore studied 370 surgically resected PDAC from the prospective multicentric PANCALYZE
cohort. Using an immunohistochemistry-first, FISH-confirmatory workflow, we defined MTAP-deficient
tumors by MTAP IHC and confirmed homozygous CDKN2A deletion by FISH in these cases, thereby
establishing the positive predictive value of MTAP loss for CDKN2A deletion. We then characterized the
stromal and immune microenvironment of the MTAP-deficient tumors, in comparison with MTAP-intact
PDAC, combining quantitative digital image analysis with pathologist-based scoring.

Results

Cohort and definition of the MTAP-deficient subgroup

A total of 370 patients with surgically resected PDAC were included. MTAP loss of expression was
observed in 146 cases (39.5%), while 224 tumors (60.5%) showed intact MTAP expression. To robustly
define the MTAP-deficient subgroup for the subsequent microenvironmental analyses, all MTAP-deficient
cases were examined by confirmatory CDKN2A FISH, which demonstrated homozygous CDKN2A
deletion in all 146 cases. The region-matched IHC—FISH correspondence is shown for a representative
case in Figure 1 and for an additional case in Supplementary Figure S1, and a selection of re-evaluated
cases on whole sections is shown in Supplementary Figure S3. As FISH was applied only as a
confirmatory step in the IHC-defined MTAP-loss cases and not in MTAP-retained cases, this reflects the
positive predictive value of MTAP loss for CDKN2A homozygous deletion.

MTAP loss is associated with an SMA/FAP-high, PDGFRB-low stromal marker profile and reduced NK-
and plasma-cell infiltration

Quantitative digital image analysis revealed significant differences between MTAP-deficient and MTAP-
intact PDAC (Figure 2; Supplementary Table S3). Among CAF markers, MTAP-deficient tumors showed
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lower PDGFRB+ stroma (39.3% vs. 57.1%; p<0.001), higher FAP+ (57.2% vs. 45.5%; p=0.028) and higher
SMA+ (58.5% vs. 46.4%; p=0.049) CAFs, consistent with an SMA/FAP-high, PDGFRB-low stromal marker
profile. Periostin did not differ. Within the inflammatory compartment, MTAP-deficient tumors exhibited
lower CD56+ natural killer-cell (42.4% vs. 55.0%; p=0.019) and CD38+ plasma-cell (41.5% vs. 53.6%;
p=0.049) infiltration, whereas CD3+ T cells, CD20+ B cells, CD66b+ neutrophils, CD117+ mast cells and
CD163+ macrophages did not differ significantly. These findings indicate a selective immune attenuation
rather than global immune depletion. MTAP status was not significantly associated with basal-like
differentiation, nor with Claudin 18.2 or yH2AX in the overall cohort. Representative single-core
immunohistochemistry for MTAP and three of the significantly altered markers (FAP, PDGFRpB, CD56) is
shown in Supplementary Figure S2.

MTAP status alone is not prognostic

Overall survival analysis included all 370 patients (244 deaths; 126 censored, 34.1%). There was no
significant difference in OS between MTAP-deficient and MTAP-intact PDAC (median 0S 22.0 months in
both groups; mean 31.0 [95% Cl 25.0-36.9] vs. 36.0 months [95% Cl 30.8-41.2]) (Figure 3A).

Clinicopathological characteristics according to MTAP status

Patients with MTAP-deficient tumors were significantly younger (aged <65 years: 42.5% vs. 29.5%;
p=0.010) and had a higher lymph-node stage (p=0.045). Sex, primary tumor stage, resection status,
perineural invasion, lymphatic invasion, blood invasion, tumor grading and neoadjuvant therapy did not
differ significantly (Table 1).

Outcome within MTAP-deficient PDAC

Because MTAP-deficient PDAC represents the subgroup most relevant for MTAP-directed therapeutic
strategies, we next examined which microenvironmental and subtype-associated markers were
associated with outcome within this group. Three markers were significantly associated with OS: Claudin
18.2 positivity with longer survival (30.0 vs. 15.0 months; p=0.025), and high yH2AX (14.0 vs. 26.0
months; p=0.003) and high CD163+ macrophage infiltration (18.0 vs. 26.0 months; p=0.007) with shorter
survival (Table 2, Figure 3C-E). A broader panel (CD4, CD8, CD68, MUM1, ERG, MCT, Tenascin, BRM,
BRG1, FOXP3; Supplementary Table S1) showed only a non-significant trend toward shorter OS for low
FOXP3 (17.0 vs. 26.0 months; p=0.054). The remaining markers were not associated with 0S.

To determine which of these markers was independent of the others and of standard clinicopathological
factors, we constructed a multivariable Cox model including all variables with p<0.20 on univariable
analysis. High yH2AX expression was the only independent predictor of worse OS (HR 1.97, 95% ClI
1.08-3.62; p=0.028). None of the other variables (CD163, FAP, FOXP3, age, neoadjuvant therapy, pT, pN, R
category, blood invasion) retained significance (Table 3).

Discussion

Page 5/25



In this study of 370 surgically resected PDAC, MTAP loss marked a biologically distinct subgroup
characterized by an SMA/FAP-high, PDGFRB-low CAF marker profile and selectively reduced NK-cell and
plasma-cell infiltration. This microenvironmental phenotype was not explained by basal-like tumor cell
differentiation. MTAP status itself was not prognostic, whereas outcome within MTAP-deficient tumors
was associated with yH2AX-defined DNA-damage response and selected microenvironmental markers.

The stromal shift we observed — lower PDGFR + stroma with higher FAP + and SMA+ CAFs — is best
interpreted in the context of CAF heterogeneity. CAFs in PDAC are heterogeneous and are commonly
grouped into myofibroblastic CAFs, inflammatory CAFs, and antigen-presenting CAFs, with
myofibroblastic CAFs characterized by high SMA expression and linked to extracellular matrix
production, tumor stiffness, therapy resistance, tumor progression, and immune evasion [18-20].
Against this background, our parallel gain of SMA and FAP points to the activated, myofibroblastic end of
this spectrum — though not to a pure myCAF expansion. The lower PDGFR signal does not contradict
this, as SMA, FAP and PDGFR do not mark one uniform cell type. Additionally, unlike SMA, PDGFRB is
expressed broadly across CAF states and perivascular cells rather than being myCAF-specific.

Regarding the immune compartment, our findings likewise point to a selective rather than global shift:
MTAP-deficient tumors showed lower CD56 + natural-killer-cell and CD38 + plasma-cell infiltration,
without significant changes in CD3 + T cells, CD20 + B cells, CD66b+ tumor-associated neutrophils,
CD117 + mast cells or CD163+ (M2-like) macrophages. Rather than a global loss of immune cells, this
reflects a selective reduction of cytotoxic and terminally differentiated effector populations which—
together with the SMA/FAP-high, PDGFRB-low stroma—resembles the activated-stroma phenotype
associated with low immune infiltration and poor prognosis in PDAC [37]. The reduced NK-cell infiltration
is concordant with reports that 9p21/MTAP loss produces a lymphocyte-poor, checkpoint-inhibitor—
resistant milieu through MTA-mediated impairment of lymphocyte function rather than through CDKN2A
loss [22, 23]. Nevertheless, in our cohort, the T- and B-cell densities were preserved, indicating a more
selective attenuation than the globally cold phenotype described in those pan-cancer studies.

A recently published AACR conference abstract by Bady et al. reported a MTAP-stratified PDAC tissue-
microarray study (n = 378) in which they found higher CD68 + macrophage density in MTAP-loss PDAC
tumors, predominantly in the stroma [38]. Importantly, this signal was carried by the total CD68 +
macrophage compartment, whereas the CD163 + M2-like subset we assessed did not differ. A
comparable macrophage increase, alongside lower B- and T-cell fractions was seen at the transcriptomic
level in the pancreatic subset (n=11,217) of a large sequencing-based analysis of MTAP-deleted
gastrointestinal cancers reported in a conference abstract [39]. Across these datasets, stromal and
myeloid-oriented remodeling is the most consistent correlate of MTAP loss in PDAC, whereas the cellular
specificity of the accompanying lymphoid attenuation differs between tissue- and transcriptome-based
studies.

Our whole-cohort CAF findings build on our previous PANCALYZE report, which established high SMA
expression as an independent adverse prognostic factor in resected PDAC [30]. We did not re-test SMA
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prognosis here. Instead, we show that MTAP loss is enriched for an overlapping SMA-high/FAP-high,
PDGFRp-low stromal marker profile.

We next related the MTAP-associated microenvironment to basal-like differentiation, which we had
previously linked to a stroma-rich, plasma-cell-poor phenotype in the same cohort [26]. Although
myofibroblastic CAF activation and basal-like tumor biology are generally coupled in PDAC [40], MTAP
loss in our cohort was not associated with CK6/CK5/6-defined basal-like tumor cell differentiation and
its stromal and immune profile overlapped only partly with the previously reported basal-like-associated
profile (shared: higher SMA and lower plasma-cell infiltration; distinct: higher FAP, lower PDGFRB and
lower NK-cell infiltration). Thus, MTAP loss does not appear to be merely a surrogate for basal-like
differentiation. Rather, the MTAP-associated stromal shift can occur without a corresponding basal-like
epithelial phenotype. As this interpretation is based on marker-level associations rather than formal
molecular subtyping, it requires validation in subtype-stratified analyses but is consistent with the
concept that tumor-intrinsic and stromal PDAC subtypes provide partly independent prognostic
information [41, 42].

Clinically, MTAP-deficient tumors in our study arose in younger patients and at a higher lymph-node
stage, in line with 9p21/CDKN2A-MTAP loss marking a biologically more aggressive disease. Despite
the distinct biological phenotype associated with MTAP loss, MTAP status itself was not associated with
survival, in keeping with our earlier multi-entity analysis [17] and with genomic series reporting no
consistent survival association of MTAP loss in this entity [43, 44]. Within the MTAP-deficient subgroup,
however, outcome varied with several microenvironmental and subtype-associated markers — each of
which stratified survival within the subgroup while showing no significant association with MTAP status
across the whole cohort (Table 2). This dissociation indicates that these markers capture prognostically
relevant heterogeneity within MTAP-deficient PDAC rather than distinguishing features of MTAP-loss
itself. Claudin 18.2 positivity, a feature of the classical, better-differentiated phenotype, was associated
with longer survival, extending the favorable whole-cohort prognostic role of Claudin 18.2 we previously
reported [31] to this molecularly defined subset. Conversely, high yH2AX identified the poorest-outcome
subset within MTAP-deficient tumors and was the only factor to remain independent on multivariable
analysis — directionally concordant with our previous whole-cohort report [33] and consistent with its
established role as a marker of the DNA-damage response [25]. High CD163 + macrophage infiltration
was likewise adverse, though only on univariable analysis, in line with the established adverse role of
CD163 + M2-like macrophages in PDAC [45] and as discussed above.

These observations have potential clinical relevance. MTAP-deficient PDAC is an emerging target for
MTA-cooperative PRMT5 inhibitors [7, 9-11, 46], which have shown activity in MTAP-deleted solid
tumors including PDAC (phase 1 CA240-0007: objective response rate 17% among evaluable PDAC
patients, n = 35 [12]) and are now being tested in a dedicated first-line phase 2/3 trial in MTAP-deleted
metastatic PDAC (navlimetostat/BMS-986504; MountainTAP-30, NCT07076121) [47], with related trials
in other MTAP-deleted entities [48] and rational combinations such as concurrent KRAS inhibition under
investigation [49]. Our data do not establish a predictive biomarker for response to these agents. They
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do suggest, however, that MTAP-deficient PDAC should not be viewed only as a tumor-cell-intrinsic
metabolic subgroup: it is accompanied by a distinct stromal and immune marker profile. Because single-
agent immune-checkpoint inhibition is largely ineffective in unselected PDAC [50], the myofibroblastic,
stroma-rich and selectively immune-attenuated phenotype of MTAP-deficient tumors may argue for
combination and stroma- or immune-directed strategies, and TME composition could help refine patient
selection within this subgroup and inform rational combination approaches.

In our cohort, all MTAP-deficient cases were confirmed to harbor homozygous CDKN2A deletion by FISH,
using an IHC-first, FISH-confirmatory workflow with re-evaluation of equivocal cases on large-area whole
sections (Supplementary Figure S3). Because FISH was applied only as a confirmatory step in IHC-
defined MTAP-loss cases, this represents the positive predictive value of MTAP loss for CDKN2A
homozygous deletion rather than a bidirectional concordance, and specificity was not formally
assessed. Nonetheless, the result is consistent with the high specificity of MTAP IHC reported previously
[15, 17], while occasional IHC/FISH discordance has also been described [16]. MTAP IHC, complemented
by CDKN2A FISH where required, therefore provides a practical means of identifying this subgroup in
routine practice.

This study has several limitations. First, this is a retrospective study based on tissue microarray analysis,
which may not fully capture intra-tumoral heterogeneity despite the use of multiple cores per tumor.
Second, although digital image analysis was used to quantify stromal and immune markers, the analyses
relied on single-marker immunohistochemistry with threshold-based dichotomization, an established but
less granular approach to fibroblast and immune phenotyping. Third, spatial relationships between tumor
cells, stromal cells, and immune cells were not assessed in detail, and the lack of spatial or functional
data precludes causal interpretation of the observed associations. Fourth, the diagnostic FISH analysis
was performed only in MTAP-loss cases. Therefore, while our findings support the positive predictive
value of MTAP loss for homozygous CDKN2A deletion, they do not permit formal assessment of
sensitivity, specificity, or negative predictive value. Finally, survival analyses in subgroup cohorts should
be interpreted with caution because of the limited subgroup sizes. Future studies integrating spatial
transcriptomics, multiplex imaging, functional experiments, and extracellular-matrix proteomic profiling
will be important to further define the biological consequences of MTAP loss in PDAC.

Conclusion

To our knowledge, this is among the first systematic characterizations of the stromal and immune
microenvironment of MTAP-deficient PDAC. MTAP loss marks a distinct, myofibroblastic and selectively
immune-attenuated tumor microenvironment, characterized by an SMA/FAP-high, PDGFRB-low stromal
marker profile and reduced NK-cell and plasma-cell infiltration, resembling an activated stromal state.
This phenotype was not explained by basal-like tumor cell differentiation. As MTA-cooperative PRMT5
inhibitors advance in MTAP-deleted PDAC, these microenvironmental features should be considered in
future translational studies and may inform rational combination and patient-selection strategies. MTAP
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immunohistochemistry, complemented by CDKN2A FISH where required, offers a practical route to
identifying this subgroup in routine diagnostic practice

Methods

Patient Cohort

This study included 370 patients with PDAC who underwent primary surgical resection within the
prospective multicentric PANCALYZE study. Tumor samples were collected at the participating centers
and processed centrally at the Institute of Pathology, University Hospital Cologne. Clinicopathological
data (age, sex, grading, TNM stage) and overall survival (time from resection to death or last follow-up)
were retrieved from pathology reports and clinical records. All cases were reviewed by experienced
pathologists to confirm the diagnosis of PDAC according to WHO classification criteria.

Tissue Microarray Construction

A multi-spot tissue microarray (TMA) was constructed from formalin-fixed, paraffin-embedded (FFPE)
tumor tissue. For each case, four representative tumor areas were selected and sampled using a tissue
microarrayer as described before [28]. Each core measured 1.2 mm in diameter. The use of multiple
cores per tumor was intended to account for intra-tumoral heterogeneity. TMA blocks were cut into 4 ym
sections for immunohistochemical and FISH analyses.

Immunohistochemistry

As this study was part of the large cohort PANCALYZE study project, most staining protocols, antibody
clones, and scoring cut-offs have already been described in the respective prior publications and are
therefore only quickly summarized below. Detailed information can be found in Supplementary Table S2
(antibody list).

MTAP expression was assessed with the rabbit monoclonal antibody clone E5R11 (Cell Signaling
Technology, Danvers, MA, USA; dilution 1:1000) and was conducted using the staining system Leica
BOND-MAX with Leica Bond Polymer Refine Detection Kit (Leica Biosystems, Wetzlar, Germany). MTAP
expression was scored in a binary manner as loss (complete absence of cytoplasmic tumor cell-staining
with retained internal positive controls such as stroma or lymphocytes) or retained (any tumor-cell
staining).

All immunohistochemical stainings were independently evaluated by pathologists (TB, SIL and AQ), who
were blinded to clinical and molecular data.

Cell-type and immune markers (quantified as positive cells per sample by digital image analysis): CD163
(M2 macrophages), CD56 (NK cells), CD117 (mast cells), CD66b (tumor-associated neutrophils), CD20
(B cells), CD3 (T cells), CD38 (plasma cells). Cut-offs from our previous PANCALYZE analysis were CD3
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high =110, CD38 high > 15, and CD66b high > 158 cells/sample [29]. CD20, CD56, CD117 and CD163
were dichotomized at the cohort median.

Stromal and CAF markers (SMA, FAP, PDGFRp, periostin) were quantified by digital image analysis and
dichotomized as described [30], with the cut-off set at the 45th percentile for SMA and at the median for
FAP, PDGFR and periostin.

Tumor-subtype and molecular markers: Claudin 18.2 was scored per section and dichotomized as
positive (= 2 + intensity in at least 75% of tumor cells) or negative [31]. CK6 and CK5/6 were scored on a
three-tier scale (negative; low-positive; high-positive) by pathologists, according to previous studies by
our group and others [26]. yH2AX was assessed by H-score [32], with high defined as an H-score = 120
(cohort mean) [33]. XIAP was scored as binary negative versus positive [29]. HK2 was assessed by H-
score [32] and dichotomized at the cohort median into low (< 100) and high (= 100) expression, following
our esophageal-adenocarcinoma protocol [34].

To further profile MTAP-deficient tumors, an additional panel of immune, stromal, and tumor-cell markers
(FOXP3, CD4, CD8, CD68, MUM1, BRG1, BRM, ERG, MCT, and Tenascin) was evaluated within the MTAP-
deficient subgroup, dichotomized at the marker-specific median.

Digital Slide Acquisition and Image Analysis

All stained slides were scanned using Aperio GT 450 DX (Leica Biosystems, Wetzlar, Germany). For
digital image analysis, the open-source software QuPath v0.6.0 (University of Edinburgh, Edinburgh, UK)
was used as previously described [35]. Positive cells were quantified and marker densities calculated per
core. The mean across the four cores per tumor was used for analysis. Cases with missing or non-
evaluable cores were excluded from the respective marker analysis.

Fluorescence In Situ Hybridization (FISH)

CDKN2A FISH was performed to confirm the MTAP-deficient cases identified by IHC using a dual-color
probe (ZytoLight SPEC CDKN2A/CEN9, ZytoVision, Bremerhaven, Germany) and scored as previously
outlined [36]. Homozygous deletion was defined as complete loss of CDKN2A (green) signals with
retained centromere-9 (orange) control signals. Signals were evaluated on a Leica DM5500 B
fluorescence microscope (Leica Microsystems, Wetzlar, Germany) and imaging was performed with a
JVC KY F75 digital camera (JVCKENWOOD USA Corporation, Long Beach, USA). In cases in which
assessment on the TMA cores was equivocal, large-area whole sections for both MTAP IHC and
CDKN2A FISH were re-ordered and re-evaluated (15 cases).

Statistical Analysis

The Chi-Square test was used for qualitative variables and age was dichotomized (< 65 vs. = 65 years).
Overall survival was analyzed using Kaplan—Meier curves and the log-rank test, both for the entire cohort
(stratified by MTAP status) and within the MTAP-deficient subgroup. Univariable Cox regression analysis
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was performed for all variables within the MTAP-deficient subgroup and only factors with p < 0.20 were
entered into the multivariable Cox model. A p-value < 0.05 was considered significant. Statistical
analyses were performed using IBM SPSS Statistics (Version 29.0.1.1, IBM, Armonk, USA).

Ethics approval

The study was approved by the Ethics Committee of the University Hospital Cologne (protocol number
25-1380). All experiments were performed in accordance with relevant guidelines and regulations,
including the Declaration of Helsinki. Written informed consent was waived due to the retrospective
nature of the study.

Use of large language models

Claude Opus 4.5, Claude Opus 4.6 and Claude Opus 4.8 (Anthropic, San Francisco, CA, USA), accessed
via the Claude Code command-line interface, were used to improve the readability and language of the
manuscript and to assist in writing code for data visualization. All Al-assisted output was reviewed and
edited by the authors, who take full responsibility for the accuracy of the final manuscript.
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Tables

Table 1. General clinicopathological values of the total study population and patients with MTAP loss
versus retained MTAP. G: grading, L: lymphatic infiltration, Pn: perineural infiltration, pN: pathological
lymph node status, pT: pathological tumor status, R: resection status, V: blood invasion. Bold p-values
mark statistical significance.
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Characteristic

No. of patients

Age

Under 65

65 and above

Sex

Male

Female
Neoadjuvant therapy
No

Chemotherapy
Radiochemotherapy
pT

0

1

o A N - 2w N

-

Total

n (%)

370 (100)

128 (34.6)
242 (65.4)

183 (49.5)
187 (50.5)

346 (94.3)
18 (4.9)
3(0.8)

1(0.3)

26 (7.0)
145 (39.2)
190 (51.4)
8(2.2)

104 (28.1)
262 (70.8)
4(1.1)

247 (66.8)
121 (32.7)
2 (0.5)

MTAP
Loss
n (%)

146 (39.5)

62 (42.5)
84 (57.5)

76 (52.1)
70 (47.9)

134 (93.7)
8 (5.6)
1(0.7)

1(0.7)
9 (6.2)
59 (40.4)
75 (51.4)
2 (1.4)

40 (27.4)
102 (69.9)
4(2.7)

93 (63.7)
52 (35.6)
1(0.7)
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Retained
n (%)

224 (60.5)

66 (29.5)
158 (70.5)

107 (47.8)
117 (52.2)

212 (94.6)
10 (4.5)
2 (0.9)

0 (0.0)

17 (7.6)
86 (38.4)
115 (51.3)
6(2.7)

64 (28.6)
160 (71.4)
0(0.0)

154 (68.8)
69 (30.8)
1(0.4)

p-value

0.010

0.420

0.871

0.630

0.045

0.590




Characteristic Total MTAP p-value
Loss Retained
n (%) n (%) n (%)
0 146 (39.9) 58 (40.3) 88 (39.6) 0.903
1 220 (60.1) 86(59.7) 134 (60.4)
\'
0 256 (70.5) 102 (71.3) 154(70.0) 0.707
1 106 (29.2) 41 (28.7) 65 (29.5)
Unknown 1(0.3) 0(0.0) 1(0.5)
Pn
0 90 (25.2) 32(22.2) 58 (27.2) 0.285
1 267 (74.8) 112(77.8) 155(72.8)
G
0 9(2.5) 3(2.1) 6 (2.8) 0.211
1 10 (2.8) 1(0.7) 9(4.2)
2 181 (50.4) 78 (54.5) 103 (47.7)
3 156 (43.5) 59 (41.3) 97 (44.9)
4 3(0.8) 2(1.4) 1(0.5)

Table 2. Overall survival analysis within the MTAP-deficient subgroup. Median overall survival is shown in
months with 95% confidence intervals. P-values were calculated using the log-rank test. Case numbers
differ between markers due to marker-specific tissue availability and evaluability on the tissue
microarray. Bold p-values mark statistical significance.
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Marker

FOXP3

Claudin 18.2

yH2AX

CD163

Group

Low

High

Negative

Positive

Low

High

Low

High

n (events)

72 (53)

72 (41)

58 (43)

33 (21)

49 (29)

41 (33)

70 (41)

75 (53)

Median OS, months
(95% CI)

17.0
(13.1-20.9)
26.0
(21.7-30.3)
15.0
(10.1-19.9)
30.0
(26.2-33.8)
26.0
(22.1-29.9)
14.0
(9.3-18.7)
26.0
(21.3-30.7)
18.0
(12.6-23.4)

Table 3. Multivariable Cox regression within the MTAP-deficient subgroup.
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p-value

0.054

0.025

0.003

0.007




Characteristic Hazard Ratio 95% CI p

Age (<65 vs =65) 0.60 0.35-1.04 0.070
Neoadjuvant therapy 2.06 0.65-6.48 0.218
pT 1.44 0.84-2.46 0.184
PN 1.58 0.82-3.03 0.170
R category 0.86 0.47-1.56 0.612
Blood invasion 1.75 0.92-3.33 0.088
yH2AX (high vs low)  1.97 1.08-3.62 0.028
CD163 (highvslow)  1.42 0.78-2.57 0.251
FAP (high vs low) 1.75 0.96-3.20 0.069
FOXP3 (highvs low)  0.60 0.33-1.10 0.097

HR, hazard ratio; Cl, confidence interval. Only factors with p < 0.20 in univariable Cox regression were
entered into the multivariable model. Bold p-values mark statistical significance.
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MTAP loss corresponds to homozygous CDKN2A (9p21) deletion. Matched MTAP IHC and CDKN2A
FISH on adjacent serial sections. (A) Merged CDKN2A FISH showing CDKN2A (green), CEP9 (orange),
and DAPI (blue). Tumor (pink box): homozygous CDKN2A deletion (loss of green, retained orange).
Stroma (green box): retained CDKN2A. Insets show representative nuclei with intact and deleted
CDKN2A. (B)Corresponding MTAP IHC showing MTAP loss in tumor gland (pink box) and retained
expression in stroma (green box). (C—E) Individual FISH channels: (C)CEP9, (D) CDKN2A, (E) DAPI. (F)
Low-power overview of the corresponding TMA core. Boxed area shown in A-E. Scale bars: 10 pm (A-E)
and 200 ym (F).

I MTAP-loss MTAP-retained X*p
| n/N (%) n/N (%)
Cancer-associated fibroblasts :
SMA ' L 2 55/94 (58.5) 104,/224 (46.4) .049
FAP A i k L 2 | R3/145 (57.2) 102,224 (45.5) 028
PDGFRA A ¢ L i 57/145 (39.3) 128/224 (57.1) <.001
Periostin ‘:c 73/145 (50.3) 112/224 (50.0) .948
Immune cells :
1
CD38 A ® { 39/94 (41.5) 120/224 (53.6) .049
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I
CD117 <& 47/94 (50.0) 112/223 (50.2) 071
CD163 4 i O 75/145 (51.7) 1107224 (49.1) 623
Tumour subtype / molecular i
Claudin 18.2 1 I O 33/91 (36.3) 57/204 (27.9) 152
1
YH2AX —0 41/90 (45.6) 88/207 (42.5) 627
HK2 + i O E 40/88 (45.5) 113/214 (52.8) 246
CKG ql 25/94 (26.6) 59/220 (26.8) 652
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Figure 2

TME markers by MTAP status in PDAC. Points show the difference in the proportion of positive cases
(MTAP-loss minus MTAP-retained, percentage points). Horizontal bars are 95% Newcombe confidence
intervals. P-values are the Pearson X2 tests from the original analysis (red: p < 0.05). For ordinally scored
markers the plotted proportion is dichotomized for display — CK6/CK5/6, score 2; XIAP, scores 1-3 vs 0.
For these three markers the confidence interval refers to this dichotomized proportion, whereas their p-
value refers to the full ordinal distribution as originally tested. All three are non-significant under either
definition. n/N, positive/evaluable cases.

Page 23/25



A MTAP

o log-rank p = 0.77
1 loss (n=146)
b — intact (n=224)

08 "1,
2 %
= +IL
2 [T ‘hﬁq_
2
= [}
%
—_ +h
E L"."H._
2 T
'] 02 i

0.0

o 0 b 80 86 160 126
Overall survival (months)
B FOXP3 C Claudin 18.2
IR log-rank p = 0.054 . ! log-rank p = 0.025
é- low (n=72) ;- low (n=58)
= — high (n=72) = — high (n=33)
£ £
] ®
- 1. 2
g - g
@ 2
R B
2 2
Q ]
2 ] - i (5. L Fo - -
Owverall survival (months) Overall survival (months)
D yH2AX E cD163
N log-rank p = 0.003 Ty log-rank p = 0,007
= low (n=49) = leow (n=70)
=2 = high (n=41) 2 — high (n=T5)
[} [}
] £
g = E
3 5 B
T . ]
@ E
- ® =
@ ]
& &
Owerall survival (months) Owerall survival (months)
Figure 3

Kaplan—Meier overall survival. (A) Whole cohort by MTAP status (loss vs. intact; n = 370). No
significant difference (log-rank p = 0.77). (B—E) Within MTAP-deficient PDAC, stratified by FOXP3 (B),
Claudin 18.2 (C), yH2AX (D), and CD163 (E).
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