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Simple Summary

Pancreatic cancer is one of the most aggressive cancers, and doctors need better ways to estimate
which patients may relapse after surgery. In this study, we analyzed tissue samples from 84 patients,
some who received chemotherapy before surgery and some who went straight to surgery. Using
computer-based imaging, we looked at several microscopic features. First, we measured 3-catenin, a
protein that helps cells stick together, and found that patients with low levels were more likely to
experience cancer recurrence. We also examined the tumor-stroma ratio (TSR), the balance between
cancer cells and surrounding supportive tissue, which showed important links with treatment
response and survival. Finally, we evaluated tumor budding, small groups of cells that indicate
invasive growth, and found that chemotherapy before surgery reduced this feature. These results
suggest that simple microscopic tests can help predict outcomes and guide more personalized
treatment for people with pancreatic cancer.

Abstract

The benefit of neoadjuvant chemotherapy (NAC) over upfront surgery (UFS) for resectable
pancreatic ductal adenocarcinoma (PDAC) is increasingly recognized, yet prognostic biomarkers
remain undefined. We evaluated tumor—stroma ratio (TSR), [-catenin (B-CTN) expression, and
tumor budding (TB) in 84 resected PDACs (35 NAC, 49 UFS) using digital image analysis of multi-
cytokeratin (m-CK) and B-CTN immunohistochemistry. TSR was defined as the proportion of
malignant epithelial area within the tumor, and the 3-CTN/m-CK index as the ratio of 3-CTN to m-
CKimmunoreactivity in tumor tissue relative to intralobular ducts. TB was significantly less frequent
in NAC than UFS (p=0.003), suggesting that NAC may indirectly modulate epithelial-mesenchymal
transition, with TB regarded as its morphological correlate. In the NAC cohort, low TSR was
associated with more favorable histological response (Evans Ila/Ilb, median 7%; Evans I, 16%;
p=0.009), likely reflecting NAC-induced tumor shrinkage with relative stromal predominance. In
multivariable analysis, low 3-CTN/m-CK index (<0.5) predicted shorter relapse-free survival in both
NAC (HR=2.516, p=0.043) and UFS (HR=2.230, p=0.025) subgroups. High TSR (=13%) was associated
with shorter cancer-specific survival (HR=2.414, p=0.034) in the overall cohort, indicating prognostic
value complementing its association with NAC response. These results identify 3-CTN/m-CK index
and TSR as prognostic biomarkers in PDAC.
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1. Introduction

The incidence of pancreatic cancer (PC) has increased over the past few decades, accounting for
2%-3% of all cancers [1,2]. It is highest in North America and Europe, followed by East Asia [3]. PC
represents 5% of all cancer deaths worldwide [2,3], and its prognosis is extremely poor, with 5-year
survival ranging from 2% to 13% [1,2]. For localized PC, surgical resection remains the mainstay of
curative treatment [1-3]. The recent 5-year survival after surgery is ~15-25% [3], showing substantial
improvement from 1.5% to 17.4% between 1975 and 2011 [2]. Given this progress, neoadjuvant
chemotherapy (NAC) may improve outcomes by eradicating occult metastases and increasing
resection rates [1,2], although its survival benefit remains controversial [4]. A meta-analysis of 11
studies showed similar overall survival in resectable PC with or without NAC [5], whereas a
retrospective study of 1,175 NAC and 4,041 upfront surgery (UFS) cases showed multiagent NAC
improved survival over UFES [6].

Phase III trials in Japan have shown that S-1, an oral prodrug of 5-fluorouracil, is non-inferior to
continuous infusion 5-fluorouracil for gastric and colorectal cancers, establishing S-1 as an effective
and more convenient oral alternative [7]. In PC, similar trends have emerged, with evidence
indicating that S-1 provides efficacy comparable to gemcitabine (GEM) in metastatic or locally
advanced disease and superior efficacy in the adjuvant setting [4]. In the Japanese multicenter PREP-
02/JSAP-05 trial, NAC with S-1 plus GEM significantly improved survival in resectable PC [8].
Accordingly, the 2022 Clinical Practice Guidelines for PC from the Japan Pancreas Society
recommend this regimen as a NAC option for resectable disease [9]. An early pilot study also
reported safety and promising efficacy of S-1 plus GEM in a Caucasian population [10]; however, S-
1 has not been widely adopted in Europe or the United States, largely because the maximum tolerated
dose in Caucasians is lower than in Mongolians due to gastrointestinal toxicity [4,7]. While NAC is
now integral to domestic treatment strategies, interest is growing in histopathological and
immunohistochemical assessment of residual tumor aggressiveness as prognostic markers.

Among PC subtypes, pancreatic ductal adenocarcinoma (PDAC) is the predominant histological
form, accounting for most cases [1,3]. Histopathologically, PDAC displays marked morphological
heterogeneity and a dense desmoplastic stroma, which can constitute ~80-90% of tumor volume and
strongly influence tumor progression and drug delivery [11,12]. Compared with endometrial,
colorectal, esophageal, and gastric cancers, PDAC is distinguished by an exceptionally abundant
stroma, yielding a lower tumor-stroma ratio (TSR), defined as the proportion of malignant epithelial
cells to stroma, than in most other tumor types [13]. The prognostic significance of TSR has been
established across various cancer types [13] and further validated in PDAC [14-22]. Against this
background, computer-aided evaluation and image analysis techniques have been introduced to
assess TSR in histologic PDAC specimens, enabling more precise and reproducible quantification
compared with conventional visual assessment [15,17-25].

Accumulating evidence indicates that the stromal compartment is a key mediator of
chemoresistance in PC [26-29]. Experimental evidence from preclinical models suggests that
depletion of the stromal compartment facilitates improved intratumoral delivery and potentiates the
efficacy of cytotoxic agents [28,29]. Notably, an S-1-based combination regimen suppressed tumor
growth while reducing stromal components in vivo [29]; furthermore, those combinations can induce
tumor-cell apoptosis in vitro [30]. Despite these insights, evidence on the clinical and prognostic
relevance of TSR specifically in the context of NAC for PDAC remains poorly defined [18,20].

[-catenin (B-CTN) anchors cadherin complexes to the actin cytoskeleton and serves as a key
effector of Wnt signaling [31]. In general, loss of 3-CTN disrupts adhesion and drives invasion, with
expression high in well-differentiated but low in poorly differentiated tumors [32]. Consistent with
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this functional role, immunohistochemical studies have demonstrated that a shift from membranous
to predominantly cytoplasmic (-CTN expression is associated with advanced disease and
unfavorable prognosis [33-36]. Experimental studies in murine PC models, extending these clinical
observations, indicate that 3-CTN overexpression at advanced stages contributes to chemoresistance
[37]. These findings highlight the potential relevance of 3-CTN in both disease progression and
treatment response. Despite such insights, only a limited set of histological features have been
systematically evaluated and notable examples including encapsulating fibrosis [20], co-expression
patterns of 3-CTN and PROX1 [34], expression of podocalyxin [38] and GATAG6 status [39] have been
explored in this context.

Tumor budding (TB), defined as single cancer cells or small clusters of up to four cells located at
the invasive tumor front, represents a highly invasive tumor subpopulation [40,41]. TB provides
morphological evidence of epithelial mesenchymal transition induction at the tumor-host interface
[42], and is closely associated with the tumor microenvironment, including immune and stromal
components such as cancer-associated fibroblasts in PDAC [43]. Although multiple studies have
demonstrated that TB is an independent prognostic factor in PDAC [42,44-48], it has not yet been
routinely incorporated into histopathology reports for PC, despite being a well-established
prognostic marker in colorectal cancer [40,41]. The prognostic relevance of TB in PDAC treated with
NAC remains to be fully elucidated, and, to the best of our knowledge, few studies have reported its
significance in resected PDAC following preoperative chemoradiotherapy [44,45].

Against this background, we investigated the interrelations among TSR, -CTN expression, and
TB in resectable PDAC, examined their associations with clinicopathological variables, and evaluated
their prognostic relevance, with particular attention to treatment response in NAC versus UFS
cohorts, thereby extending current evidence on prognostic biomarkers in PDAC.

2. Materials and Methods
2.1. Patients and Materials

This retrospective study included 84 consecutive Japanese patients with PDAC who underwent
curative-intent resection at Showa Medical University Hospital between January 2018 and December
2023. Patients with other histologies (e.g., acinar cell carcinoma, neuroendocrine neoplasms) were
excluded. Patients with borderline-resectable PDAC and those undergoing conversion surgery, as
previously defined [49,50], were also excluded. Of the 84 resectable cases, 35 received NAC consisting
of two courses of S5-1 (body-surface area <1.25 m2, 80 mg/day; 1.25-1.4 m2, 100 mg/day; >1.5 m2, 120
mg/day) for 14 consecutive days followed by a 1-week rest, plus GEM (1,000 mg/m?2 on days 1 and 8
followed by a 2-week rest), and then underwent pancreatectomy (NAC group). The remaining 49
underwent UFS with no preoperative therapy (UFS group). A flow diagram illustrating patient
selection is provided in Supplementary Figure S1. Adjuvant S-1 (four 28-day courses with a 2-week
rest) was administered to 48/84 patients. The mean follow-up among survivors at last visit (n=48) was
732 days (range, 59-1,899). Clinicopathological data are summarized in Supplementary Table S1.
Written informed consent was obtained from all patients. The study was approved by the Showa
Medical University Ethics Committee (No. 2024-233-B) and conducted in accordance with the
Declaration of Helsinki.

2.2. Histological Analysis

Resected specimens were fixed in 10% neutral-buffered formalin, sliced at 5-mm intervals, and
embedded in paraffin. Tissue sections, 4 um in thickness, were stained with hematoxylin and eosin
(H&E). Two pathologists (H.M., S.M.), blinded to clinical data, reviewed all H&E slides. Pathological
T and N categories and overall stage were assigned according to the UICC TNM classification (9th
edition). The histological effect of NAC was graded by the Evans system [51], as follows: Grade I,
little or no tumor cell destruction (<10%); Grade Ila, 10-50%; Grade IIb, 51-90%; Grade 111, >90% with
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only single cells or small clusters remaining; Grade IV, no viable tumor cells. For IHC, one
representative block from the largest tumor slice including adjacent pancreatic tissue was selected.

2.3. Immunohistochemstry (IHC)

From each representative block, serial sections (4 um) were cut and placed on three slides; two
for IHC and one for H&E. After heat-induced epitope retrieval (BOND Epitope Retrieval Solution 1,
Leica Biosystems), slides were immunostained on an automated stainer (BOND-III, Leica Biosystems,
Newecastle, UK) with mouse monoclonal multi-cytokeratin (m-CK) (clone AE1/AE3, 1:200; Leica) and
monoclonal 3-CTN (clone 17C2, prediluted; Leica). Detection used a horseradish peroxidase-labeled
polymer (BOND compact polymer system). Immunoreactivity was visualized with 3, 3'-
diaminobenzidine and counterstained with hematoxylin.

2.4. TSR

Whole slide images (WSIs) of H&E and m-CK IHC were acquired at x40 using the NanoZoomer
560 (Hamamatsu Photonics, Hamamatsu, Japan) and saved as non-layered JPEGs. Using Image]
(National Institutes of Health, Bethesda, MD, USA), tumor areas were annotated on m-CK WSIs with
reference to serial H&E WSIs and reviewed in NDP.view2 (v2.9.29). Briefly, the tumor area on the m-
CK WSI (corresponding to H&E) was outlined; non-tumorous surrounding tissue and intra-tumoral
non-neoplastic parenchyma were removed; images were converted to 8-bit grayscale and then to
binary. Annotation was performed by one observer (5.0.) and reviewed by a pathologist (H.M.). The
lower threshold was set to zero and the upper threshold fixed at 140 across cases to suppress
background while preserving true immunoreactivity. In the final binary image, m-CK-positive tumor
area (white) and m-CK-negative stromal area (black) were quantified, and TSR (%) was calculated as:

m-CK-positive tumor area [mm?]
TSR (%) = X100
m-CK-positive tumor area + m-CK-negative stromal area [mm?]

The workflow is illustrated in Figure 1; Image] settings are detailed in the Supplementary
Methods.

Step 1 Step 2 Step 3

Step 5

Tumor (White dotts) 30.6mm?*
Stroma (Black) 227.6mm?

TSR12%

Figure 1. Representative example of TSR analysis. Step 1: Tumor area scanned in hematoxylin and eosin
staining. Step 2: Tumor area outlined by m-CK immunohistochemistry. Step 3: Surrounding non-tumorous areas
eliminated. Step 4: Non-tumorous regions within the tumor mass delineated. Step 5: Zoomed view showing

eliminated non-tumorous areas and m-CK-stained tumor regions. Step 6: Construction of gray-scale image. Step
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7: Construction of binary image with a zoomed view of the boxed region. Black and white areas correspond to
stroma (non-tumorous parenchyma) and tumor, respectively. Tumor and stroma areas were 30.6 mm? and 227.6
mm?, respectively, yielding a TSR (= tumor / [tumor + stroma] x 100) of 12%. Scale bar = 5 mm. Abbreviations:

TSR, tumor-stroma ratio; m-CK, multi-cytokeratin.

2.5. Assessment of B-CTN IHC

Nuclear/cytoplasmic and membranous B-CTN stainings were assessed separately. Distinct
nuclear and/or cytoplasmic staining was considered positive regardless of intensity and
dichotomized as negative (<1% positive cells) or positive (1%). Slides were assessed concurrently by
two authors (5.0., H.M.) using a multi-head microscope, blinded to outcomes; disagreements (<10%
of cases) were resolved by joint review.

2.5.p-. CIN/m-CK Index

WSIs of serial H&E, 3-CTN, and m-CK stained slides were scanned, and five representative
images of tumor and adjacent intralobular ducts were captured per case at x5-10 magnification and
saved as non-layered JPEGs. Using Image], p-CTN and m-CK images were converted to 8-bit
grayscale, and thresholds for binary conversion (black and white) were determined by two observers,
including a pathologist (5.0. and H.M.). The maximum threshold was fixed at 140 across all analyses.
In the resulting binary images, white areas corresponded to B-CTN-positive or m-CK—positive
regions. The 3-CTN/m-CK index was calculated as the ratio of f-CTN/m-CK in the tumor normalized
to the corresponding ratio in intralobular ducts:

Ratio of B-CTN stained tumor area to m-CK stained tumor area [mm?]
B-CIN/m-CK index =

Ratio of B-CTN stained intralobular duct area to m-CK stained intralobular area [mm?]

Stepwise analysis for a representative case with f-CTN/m-CK index < 0.5 is illustrated in Figure
2. Step 1: Tumor regions were scanned on -CTN and m-CK WSIs corresponding to serial H&E
sections. Step 2: Five representative tumor images were captured at x10 magnification. Step 3:
Grayscale (8-bit) images were generated. Step 4: Binary images were created, in which white areas
represent 3-CTN- or m-CK—positive tumor regions. Step 5: The 3-CTN/m-CK ratio was calculated
for each tumor image. The same procedure was applied to non-neoplastic intralobular ducts
(Supplementary Figure S2). Representative analysis of a case with f-CTN/m-CK index > 0.5 is shown
in Supplementary Figure S3.

Step1

0.001 mm?

HE

B-CTN

m-CK
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Figure 2. Illustration of B-CTN/m-CK in a low-index (< 0.5) case. Step 1: Scanning of the tumor (scale bar =5
mm). Step 2: Capture of representative image (scale bar = 200 pum) with higher magnification of the boxed region
(scale bar = 50 um). Step 3: Construction of gray-scale image (scale bar = 50 um). Step 4: Construction of binary
image (scale bar = 50 um). White areas corresponding to tumor were measured as 0.001 mm? in 3-CTN and 0.028
mm? in m-CK images, yielding a 3-CTN/m-CK ratio of 0.04 for the tumor. The same stepwise analyses were
applied to the non-neoplastic intralobular duct (shown in Supplementary Figure S2). The final f-CTN/m-CK

index was 0.4. Abbreviations: 3-CTN, B-catenin; m-CK, multi-cytokeratin.

2.6.TB

TB was assessed on m-CK IHC slides to improve detectability. Following the consensus
definition [41], TB was defined as single tumor cells or clusters of up to four cells without connection
to the main tumor mass. Two authors (S5.0., H.M.) screened the entire slide at low magnification to
identify the hot spot (densest TB area), irrespective of location. TBs within the hot spot were counted
at x20 objective (field area 0.785 mm?2). TB was dichotomized as low (<10 buds) or high (=10 buds).
Representative examples are provided in Supplementary Figure S4.

2.7. Statistical Analysis

Categorical variables were compared with the x2 test or Fisher’s exact test; continuous variables
with the Mann-Whitney U test. Spearman’s rho was used to assess non-parametric correlations.
Cancer-specific survival (CSS) was measured from surgery to death from PDAC or last follow-up;
deaths from other causes were censored. Relapse-free survival (RFS) was measured from surgery to
the first event of locoregional recurrence, distant metastasis, or death from any cause. Kaplan-Meier
curves were generated and compared using the log-rank test (and, where indicated, Wilcoxon).
Multivariate analyses used Cox proportional hazards models with stepwise selection; candidate
variables entered if univariate p<0.10. Hazard ratios (HRs) with 95% confidence intervals (CIs) were
reported. Two-sided p<0.05 was considered statistically significant. Analyses were performed using
JMP (SAS Institute, Cary, NC, USA).

3. Results
3.1. Clinicopathological Differences Between NAC and UFS

Patients in the UFS group were significantly older than those in the NAC group (p=0.040). The
distribution of pT category approached significance (p=0.060); the NAC cohort included more pT1
and fewer pT2, with a modest excess of pT3 (NAC: pT1 13/35, 37.1%; pT2 13/35, 37.1%; pT3 9/35,
25.7% vs UFS: pT1 10/49, 20.4%; pT2 31/49, 63.3%; pT3 8/49, 16.3%). Margin status likewise showed a
borderline difference (p=0.067), with margin-negative resections being more frequent after NAC
(33/35, 94.3%) than UFES (39/49, 79.6%) and margin-positive resections correspondingly less frequent
(NAC 2/35, 5.7% vs UFS 10/49, 20.4%). In contrast, TSR and the -CTN/m-CK index did not differ
between groups (Table 1). Kaplan-Meier analysis revealed no significant difference in CSS or RFS
between NAC and UFS (data not shown).

Table 1. Clinicopathological characteristics in patients with PDAC undergoing NAC versus UFS.

Variable NAC UFS p-Value

Number of cases 35 49

Age (years)
Mean / Median (range) 69.5/71 (39-85) 74.8 /75 (50-91) 0.040 *
<75 22 24 0.268
>75 13 25

Sex 0.664
Male 19 24
Female 16 25

Tumor location 1.000
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Head 21 29
Body / Tail 14 20
Adjuvant therapy 0.264
Yes 23 25
No 12 24
pT category 0.060
1 13 10
2 13 31
3 9 8
pN category 0.564
NO 18 21
N1 11 15
N2 6 13
Tumor differentiation 0.787
Well 14 23
Moderate 18 23
Poor 3 3
Lymphovascular invasion 0.468
Absent 8 15
Present 27 34
Perineural invasion 0.199
Absent 11 9
Present 24 40
Peripancreatic fat invasion 0.409
Absent 9 8
Present 26 41
Resection margin 0.067
Negative 33 39
Positive 2 10

* p<0.05 was considered statistically significant. Abbreviations: PDAC, pancreatic ductal adenocarcinoma; NAC,

neoadjuvant chemotherapy; UFS, upfront surgery.

3.2. p-CTN and m-CK IHC

In non-neoplastic pancreas, -CTN was distinctly membranous in intralobular ducts but weak
in acinar cells. In PDAC, tumors largely retained membranous expression, yet loss of membranous
staining became evident with poor differentiation. Nuclear and cytoplasmic staining was uniformly
absent (<1% of tumor cells). In contrast, m-CK showed uniformly strong staining across tumor and
non-neoplastic components, largely preserved irrespective of differentiation.

3.3. Baseline Values of TSR, f-CTN/m-CK Index, and TB

The median TSR was 14% (range, 2-53) in the entire cohort, with similar values in the NAC (12%,
range 2-51) and UFS groups (14%, range 2-53). The (3-CTN/m-CK index showed a median of 0.5
(range, 0-12.3) overall, tending to be higher in the NAC group (0.8, range 0-12.3) compared with the
UFS group (0.5, range 0-5.2). The median TB count per hotspot (x20, 0.785 mm?) was 15.5 (range, 1-
250) overall, 10 (range, 1-250) in the NAC group, and 17 (range, 4-90) in the UFS group. Low TB was
observed in 27% of cases (46% in NAC vs. 14% in UFS), while high TB (73% of cases) predominated
(54% in NAC vs. 86% in UFS).

3.4. Association of TSR with Clinicopathological Features

Patients were dichotomized by TSR at 13% (pre-specified and approximating the cohort median)
into <13% and >13% groups. Resection margin status showed a marginal trend with TSR in the overall
cohort (p=0.058): margin-negative resections were 35/37 (94.6%) in the TSR <13% group versus 37/47
(78.7%) in the TSR 213% group. A similar pattern was observed in the UFS subgroup (p=0.070), with
margin-negative resections 17/18 (94.4%) for TSR <13% compared with 22/31 (71.0%) for TSR >13%
(Supplementary Table S2).
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3.5. Association of B-CTN/m-CK Index with Clinicopathological Features

Patients were categorized into two groups according to the 3-CTN/m-CK index (<0.5 vs 20.5).
Overall, the index showed no significant associations with clinicopathological variables. Within the
NAC subgroup, however, high index (=0.5) was more frequent in younger (<75 years) than in older
patients (younger 17/22, 77.3% vs older 6/13, 46.2%; p=0.079) (Supplementary Table S3). Although
this dichotomization was not associated with tumor differentiation, stratified analysis showed
significantly lower index values in poorly compared with well-differentiated tumors (median 0.3 vs
0.9; p=0.046).

3.6. Association of TB with Clinicopathological Features

In the overall cohort, peripancreatic fat invasion was more frequent with high vs low TB (53/61,
86.9% vs 14/23, 60.9%; p=0.014); perineural invasion and moderate/poor differentiation showed
similar trends (50/61, 82.0% vs 14/23, 60.9%; p=0.082; 38/61, 62.3% vs 9/23, 39.1%; p=0.084). In the NAC
subgroup, no association reached significance, though moderately/poorly differentiated tumors
tended to show higher TB (14/19, 73.7% vs 7/16, 43.8%; p=0.094). In the UFS subgroup, age 275 years
and peripancreatic fat invasion were enriched in the high-TB group (25/42, 59.5% vs 0/7, 0.0%;
p=0.004; 38/42, 90.5% vs 3/7, 42.9%; p=0.009). No other variables showed significant or marginal
associations (Supplementary Table S4).

3.7. Interrelationships Among f-CTN/m-CK Index, TSR, and TB in PDAC

By Spearman’s rank correlation, the 3-CTN/m-CK index showed a weak inverse association with
TB in the overall cohort (rho = -0.320, p=0.003), which was consistently recapitulated in the UFS
subgroup (rho = —0.304, p=0.034). In contrast, TSR displayed a weak positive correlation with TB,
evident in the overall cohort (rho = 0.279, p=0.010) and in the NAC subgroup (rho = 0.341, p=0.045)
(Supplementary Figure S5).

3.8. NAC Response in Relation to TSR, p-CTN/m-CK Index, and TB

In the NAC cohort, low TSR was significantly associated with a more favorable histological
response. Tumors attaining Evans Ila/llb grades (n = 18) exhibited a lower median TSR of 7%
(interquartile range [IQR], 5-15), compared with 16% (IQR, 3-19) in Evans grade I (n = 17; p=0.009).
TB showed a marginal trend toward reduction in Evans Ila/Ilb tumors (median 6; IQR, 2.5-16.5)
relative to Evans I (median 15; IQR, 3-29; p=0.092). By contrast, the f-CTN/m-CK index did not vary
by Evans grade (Evans I: median 0.8, IQR 0.01-2.1; Evans IIa/IIb: median 0.9, IQR 0.3-1.6; p= 0.974)

(Figure 3).
TSR B-CTN / m-CK index TB
%) p=0.009* 5 p=0.974 p=0.092
7 ]
_— -_ 40
30 . .
30 -1
3
20
) 2
—1—
10
1 10
. - 1 o] —I— —_0 |, ==
I IIa + IIb I IIa +IIb I ITa+IIb

Evans’ grading system

Figure 3. Association of TSR, 3-CTN/m-CK index, and TB with histological response after NAC in PDAC. Box
plots compare Evans grade I (n=17; <10% tumor cell destruction) and Evans Ila (10-50%) / IIb (51-90%) grades
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(n=18), depicting the five-number summary: minimum, first (lower) quartile, median, third (upper) quartile, and
maximum values. * p<0.05 was considered statistically significant. Abbreviations: TSR, tumor-stroma ratio; {3-
CTN, B-catenin; m-CK, multi-cytokeratin; TB, tumor budding; NAC, neoadjuvant chemotherapy; PDAC,

pancreatic ductal adenocarcinoma.

3.9. Survival Analysis in the Overall Cohort

The set of candidate prognostic variables encompassed patient factors (age, sex), treatment
variables (NAC and adjuvant chemotherapy), tumor-related parameters (location, pT and pN
categories, tumor differentiation, and lymphovascular, perineural, and peripancreatic fat invasion,
margin status), and histopathological biomarkers (TSR, 3-CTN/m-CK index, and TB). On univariate
analysis, TSR 213% (p=0.015), -CTN/m-CK index <0.5 (p=0.009), and high TB (p=0.022), together with
conventional factors such as age =75 (p=0.033), nodal involvement (pN1/2) (p=0.022), moderate/poor
differentiation (p<0.001), peripancreatic fat invasion (p=0.015), and absence of adjuvant chemotherapy
(p<0.001), were associated with worse CSS. For RFS, 3-CTN/m-CK index <0.5 (p<0.001) and TSR >13%
(p=0.020), along with conventional variables including absence of adjuvant chemotherapy (p=0.001),
pI3 stage (p=0.046), nodal involvement (p=0.001), moderate/poor differentiation (p<0.001),
lymphovascular invasion (p=0.004), and peripancreatic fat invasion (p=0.017), were significantly
associated with worse outcomes (Supplementary Table S5). Multivariate models identified TSR 213%
(HR 2.414, 95% CI 1.072-5.439; p=0.034) and p-CTN/m-CK index <0.5 (HR 2.028, 95% CI 1.120-3.670,
p=0.020) as independent predictors of shorter CSS and RFS, respectively, together with all other
conventional clinicopathological factors assessed (Table 2).

Table 2. Multivariate analysis of clinicopathological features associated with survival outcomes in PDAC.

CSS RFS
Variable p- p-
HR 95% CI HR  95%CI
Value Value
) 5.39 2.233 - <0.001 221  1.230-
Adjuvant therapy (Yes vs No) 0.008 *
5 13.031 * 0 3.972
T cat (1+20s3) N/ N/A N/A 1.78  0.909 -
category (1 +2 vs
P catesory A 5 3505  0.093
1.47 0.651 - 195  1.093-
pN category (NO vs N1 + N2) 0.350 0.024 *
7 3.350 3 3.492
Tumor differentiation (Well vs Moderate 7.77 2.832 - <0.001 2.39 1.260 - .
+ Poor) 6 21.349 * 4 4,551 ’
Lymphovascular invasion (Absent vs N/ 254  1.218-
N/A N/A 0.013 *
Present) A 6 5.321
Peripancreatic fat invasion (Absent vs 6.97 1.911 - 0.003 N/
N/A N/A
Present) 2 25.428 * A
2.41 1.071 - 0.034 N/
TSR (<13% vs 213%) N/A N/A
4 5.439 * A
N/ 202  1.120- 0.020
B-CTN/m-CK index (0.5 vs <0.5) N/A N/A
A 8 3.670 *

* p<0.05 was considered statistically significant. Abbreviations: PDAC, pancreatic ductal adenocarcinoma; CSS,
cancer-specific survival; RFS, recurrence-free survival; HR, hazard ratio; CI, confidence interval; TSR, tumor—

stroma ratio; 3-CTN, 3-catenin; m-CK, multi-cytokeratin; N/A, not applicable.
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3.10. Survival Analysis in the NAC Subgroup

Univariate analysis identified high TB (p=0.022), male sex (p=0.022), moderate/poor
differentiation (p=0.014), and positive resection margin (p<0.001) as factors associated with worse
CSS, while 3-CTN/m-CK index <0.5 (p=0.018) and positive margin (p=0.017) were significantly related
to worse RFS (Supplementary Table S56). Multivariate analysis showed positive margin (HR 63.446,
95% CI 2.871-1402.272; p=0.009) and male sex (HR 18.054, 95% CI 1.614-201.926; p=0.019) as
independent adverse factors for CSS, with high TB also demonstrating a marginal association (HR
6.008, 95% CI 0.847-42.627; p=0.073). For RFS, 3-CTN/m-CK index <0.5 (HR 2.516, 95% CI 1.031-6.138;
p=0.043) was the only independent adverse factor (Table 3).

Table 3. Multivariate analysis of clinicopathological features associated with survival outcomes in NAC-treated

PDAC.
CSS RFS
Variable p- p-
HR 95% CI HR 95% CI
Value Value
18.05 1.614 - 0.019
Sex (Female vs Male) N/A N/A N/A
4 201.926 *
Resection margin (Negative vs 63.44 2.871 - 0.009 4.03 0.817 - 0.087
Positive) 6 1402.272 * 3 19.922 '
2.51 1.031 - 0.043
B-CTN/m-CK index (20.5 vs<0.5)  N/A N/A N/A
6 6.138 *
TB (Low vs High) 6.008 0.847-42.627 0.073 N/A N/A N/A

* p<0.05 was considered statistically significant. Abbreviations: NAC, neoadjuvant chemotherapy; PDAC,
pancreatic ductal adenocarcinoma; CSS, cancer-specific survival; RFS, relapse-free survival; HR, hazard ratio;

CI, confidence interval; B-CTN, (3-catenin; m-CK, multi-cytokeratin; TB, tumor budding; N/A, not applicable.

3.11. Survival Analysis in the UFS Subgroup

On univariate analysis, both TSR 213% (CSS: p=0.025; RFS: p=0.020) and 3-CTN/m-CK index <0.5
(CSS: p=0.032; RFS: p=0.006) were significantly associated with adverse outcomes. In addition,
conventional prognostic factors including moderate/poor differentiation (CSS and RFS: both p<0.001),
absence of adjuvant chemotherapy (CSS: p<0.001; RFS: p=0.009), nodal involvement (RFS: p=0.004),
and lymphovascular invasion (RES: p=0.036) were also significant (Supplementary Table S7). In
multivariate models, p-CTN/m-CK index <0.5 (HR 2.230, 95% CI 1.106-4.500; p=0.025) was the
independent predictor of shorter RFS, and TSR >13% showed marginal significance for CSS (HR
2.536, 95% CI 0.947-6.790; p=0.064). In addition, conventional prognostic factors including
moderate/poor differentiation (CSS: HR 7.632, 95% CI 2.471-23.575; p<0.001; RFS: HR 5.006, 95% CI
2.178-11.508; p<0.001), peripancreatic fat invasion (CSS: HR 4.933, 95% CI 1.104-22.033; p=0.037), and
absence of adjuvant chemotherapy (CSS: HR 5.539, 95% CI 1.882-16.306; p=0.002) were also identified
(Table 4).

Table 4. Multivariate analysis of clinicopathological features associated with survival outcomes in UFS-treated

PDAC.
Css RFS
Variable p-

HR  95%CI  p-Value HR  95%CI

Value
553  1.882- 0.002 201  0.980-

Adjuvant therapy (Yes vs No) 0.057

9 16.306 * 3 4.136
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Tumor  differentiation (Well wovs 7.63 2.471 - <0.001 5.00 2.178 - <0.001
Moderate + Poor) 2 23.575 * 6 11.508 *
Peripancreatic fat invasion (Absent vs 4.93 1.104 - 0.037 N/
N/A N/A
Present) 3 22.033 * A
2.53 0.947 - N/
TSR (<13% vs 213%) N/A N/A
6 6.790 0.064 A
) N/ 2.23 1.106 -
[3-CTN/m-CK index (20.5 vs <0.5) N/A N/A
A 0 4.500 0.025*

* p<0.05 was considered statistically significant. Abbreviations: UFS, upfront surgery; PDAC, pancreatic ductal
adenocarcinoma; CSS, cancer-specific survival, RFS, relapse-free survival; HR, hazard ratio; CI, confidence

interval; TSR, tumor-stroma ratio; B-CTN, (3-catenin; m-CK, multi-cytokeratin; N/A, not applicable.

Kaplan—Meier curves for the overall PDAC cohort, NAC, and UFS subgroups stratified by TSR
and B-CTN/m-CK index are shown in Figure 4. In the overall cohort, both TSR >13% and 3-CTN/m-
CK <0.5 were associated with shorter CSS and RFS (both p<0.05, log-rank). In the NAC subgroup,
only B-CTN/m-CK <0.5 was associated with shorter RFS (p=0.018), whereas TSR showed no
significant separation for either endpoint. In the UFS subgroup, TSR 213% predicted shorter CSS
(p=0.025) and RFS (p=0.020), and B-CTN/m-CK <0.5 likewise predicted shorter CSS (p=0.032) and RFS
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Figure 4. Kaplan-Meier analysis of TSR and -CTN/m-CK index in PDAC. * p<0.05 was considered statistically
significant. Abbreviations: TSR, tumor—stroma ratio; -CTN, p-catenin; m-CK, multi-cytokeratin; PDAC,
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pancreatic ductal adenocarcinoma; All, entire PDAC cohort; NAC, neoadjuvant chemotherapy-treated PDAC;
UFS, upfront surgery-treated PDAC.

4. Discussion

Resection remains the standard treatment for PC, with several studies suggesting survival
benefits of NAC even in resectable disease [4,6,8,9], whereas other investigations found no clear
advantage over UFS [4,5]. Consistent with the latter, our cohort showed no significant differences in
survival between NAC and UFS. NAC patients tended toward lower pT stage (p=0.060) and more
frequent margin-negative resections (p=0.067), findings concordant with nationwide and randomized
evidence of improved resectability and higher complete resection rates [6,8]. Notably, the
randomized trial used the same S-1 plus GEM regimen as in our cohort and demonstrated
significantly higher rates of margin-negative resection together with improved survival in resectable
PC [8]. Further studies likewise noted lower pT stages in post-NAC specimens, particularly with
stronger histological response [38,39]. The absence of statistical significance in our cohort likely
reflects the limited sample size and follow-up, thereby reducing power to detect differences.

To ensure reproducible TSR estimates, we applied a two-stage pipeline to m-CK-
immunostained WSIs, enabling epithelial segmentation followed by H&E-based tumor delineation.
This approach improves upon conventional visual assessment [17,19] and incorporates elements of
recent deep learning workflows [15,23], thereby reducing region-of-interest bias and observer
dependence. Using this approach, we found that high TSR (=13%) was associated with a higher
frequency of margin-positive resections, with borderline significance evident in both the overall
cohort (p=0.058) and the UFS subgroup (p=0.070). Our finding that high TSR tended to associate with
margin-positive resections is consistent with prior evidence. Supporting this notion, high TSR was
independently associated with margin involvement in one series [19], and has further been linked to
aggressive pathological features, particularly vascular invasion, perineural infiltration, and
infiltrative growth patterns [14,16,20].

In our overall PDAC cohort, TSR > 13% emerged as an independent predictor of shorter CSS
(HR, 2.414; 95% CI, 1.072-5.439; p=0.034), while in the UFS subgroup it showed marginal significance
(HR, 2.536; 95% CI, 0.947-6.790; p=0.064) in multivariate analysis. This aligns with reports linking a
higher epithelial fraction to adverse outcomes in PDAC [14,16,17,19]. Of note, imaging-pathology
studies have associated abundant stroma with more favorable survival [22], and higher stromal
density has been shown to independently correlate with longer survival after adjustment for PC
vaccine therapy in an adjuvant cohort [25], supporting the interpretation that stromal abundance
(low TSR) confers a survival advantage, whereas epithelial predominance (high TSR) is linked to
poorer prognosis. Taken together, these observations are consistent with our present results.

In our study, TSR had no demonstrable impact on survival within the NAC subgroup. In
contrast, a low stromal ratio after NAC has been associated with early hepatic recurrence and shorter
RFS [18]. Likewise, GEM-based NAC has been reported to yield lower TSR and more frequent
encapsulating fibrosis than UFS [20]. It was further proposed that therapy-induced tumor-cell injury
and suppression of activated myofibroblasts at the invasive front may underlie these stromal
alterations. The prognostic relevance of stromal metrics may vary by treatment context; in surgically
resected, NAC-naive patients, a higher stromal component (low TSR) has been linked to poorer
outcomes, whereas in locally advanced cases treated with GEM combination therapy, greater stromal
content was paradoxically associated with improved survival [24]. Within our NAC cohort, a clear
relationship emerged between stromal predominance and favorable histological response, as tumors
achieving Evans Ila/IIb grades exhibited substantially lower TSR than those with Evans grade I
(p=0.009). This association suggests that reduced TSR may serve as a surrogate of therapeutic efficacy
in the neoadjuvant setting. Previous studies, however, have noted that abundant stroma can impede
intratumoral GEM delivery [27] and contribute to chemoresistance in experimental models [26,52].
The desmoplastic reaction in PDAC has also been implicated in impaired vascular perfusion and
restricted drug penetration [53]. On the other hand, its principal component, fibroblast-derived type
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I collagen, has been shown to restrain tumor progression and modulate the immune
microenvironment [54], highlighting the context-dependent roles of the stroma.

Aberrant redistribution of f-CTN from the membrane to the cytoplasm and/or nucleus has been
reported in subsets of PDAC, with studies describing decreased membranous expression and
increased cytoplasmic or nuclear staining [32,34,36,37]. Other evidence indicates that nuclear
accumulation is uncommon, most cases instead showing membranous loss rather than overt nuclear
localization [31,35]. In our series, membranous P-CTN was largely preserved, with reduced
expression mainly in poorly differentiated tumors. Stratified analysis confirmed significantly lower
B-CTN/m-CK index values in poorly versus well-differentiated tumors (p=0.046), supporting the
concept that dedifferentiation destabilizes adherens junctions and promotes invasion [31,32].

Discrepant nuclear staining reported previously may reflect artifacts related to antibody
specificity, epitope recognition, or pre-analytical procedures [55]. Such signals should be interpreted
cautiously, as they may not represent true nuclear translocation but rather nonspecific
immunohistochemical artifacts. Consistent with this, we observed no nuclear translocation or strong
nuclear accumulation of B-CTN, features typically regarded as Wnt/B-CTN pathway activation.
Given the rarity of CTNNB1 mutations in clinical PDAC specimens, apparent redistribution is more
likely methodological than mutation-driven [31,56]. By contrast, CTNNB1 mutations underlie 3-CTN
nuclear translocation in colorectal and endometrial carcinomas [31] and are almost universal in
pancreatic solid-pseudopapillary neoplasms, conferring prominent nuclear accumulation [56].

To minimize inter-slide variability and confine quantification to epithelium, we normalized f3-
CTN to cytokeratin on serially aligned sections and derived a 3-CTN/m-CK index. CK co-staining
provided an internal reference that buffered pre-analytical and intensity fluctuations while
preserving membrane-resolved readouts, consistent with CK-guided (3-CTN assessment in prior
work [57]. Using this approach, we conducted, to our knowledge, the first systematic comparison of
this index between PDACs managed with NAC and those treated with UFS, where data remain
scarce. Within the NAC subgroup, the index showed a marginal trend toward higher values (=0.5) in
younger (<75 years) patients but did not vary with histological response. Values were significantly
lower in poorly differentiated than in well-differentiated tumors, although the limited sample size
precludes firm conclusions.

Our multivariate analysis showed that a low B-CTN/m-CK index (<0.5) was significantly
associated with shorter RFS across the entire cohort (HR 2.028; p=0.020) and in the NAC (HR 2.516;
p=0.043) and UFS subgroups (HR 2.230; p=0.025). Prior studies have reported divergent links between
[-CTN localization and survival in PDAC. In resected PDAC, high overall 3-CTN expression has
been associated with favorable prognosis [35]. Using different evaluation frameworks such as loss of
membranous expression with cytoplasmic/nuclear accumulation has been associated with adverse
outcomes [33,37], while no significant prognostic association was found in another study [36]. In the
neoadjuvant setting, strong cytoplasmic staining correlated with improved survival among good
responders, an effect absent in UFS cohorts [34]. In our NAC cohort, a low 3-CTN/m-CK index
predicted shorter RFS but showed no correlation with Evans’ histological response grade. The data
highlight the context-dependent nature of prognostic significance of 3-CTN in PDAC, influenced by
treatment setting and subcellular distribution, and suggest that its evaluation may enrich
understanding of tumor biology beyond morphological response.

TB is recognized as a robust marker of tumor aggressiveness across solid cancers, including
PDAC, as demonstrated by meta-analyses [40] and standardized through international consensus
recommendations [41]. In line with its association with aggressive characteristics, high TB has been
consistently associated with adverse histopathological features, including poorer differentiation,
higher grade, perineural and lymphovascular invasions, and peripancreatic infiltration [43,46,47]. In
our cohort, high TB was significantly correlated with peripancreatic fat invasion (p=0.014), with
similar trends for perineural invasion (p=0.082) and moderate/poor differentiation (p=0.084). High TB
in UFS patients was additionally linked to older age (p=0.004) and peripancreatic fat invasion
(p=0.009). In a large prospective trial cohort, TB independently predicted survival [48], whereas in
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our multivariate analysis its prognostic effect was only marginal and restricted to the NAC subgroup
(HR 6.008; p=0.073).

Within this subgroup, TB was lower in Evans Ila/IIb than in Evans I tumors and correlated
weakly and positively with TSR (rho = 0.341, p=0.045). These findings suggest that NAC may attenuate
TB activity, with dedifferentiation restrained as a consequence of therapeutic efficacy, while the
relationship between TB and stromal content under NAC appears paradoxical and complex. The dual
action of NAC on tumor cells and stroma induces fibrosis and alters epithelial-mesenchymal
plasticity [12,20,58]. As TB reflects epithelial-mesenchymal transition [42] and stromal-epithelial
crosstalk [43], its reduction likely represents treatment-driven remodeling of invasion, highlighting
the potential of TSR, the B-CTN/m-CK index and TB to complement Evans’ grade in capturing
residual tumor biology.

Conventional clinicopathological variables also proved to be important prognostic determinants
in our cohort. In the NAC subgroup, multivariable analysis identified positive margin (HR 63.446;
p=0.009) and male sex (HR 18.054; p=0.019) as independent adverse factors for CSS, consistent with
prior evidence that margin positivity [5,6] and male sex [24] remain prognostically detrimental even
after NAC. In the UFS subgroup, moderate/poor differentiation (CSS: HR 7.632; p<0.001; RFS: HR
5.006; p<0.001) was a significant predictor, consistent with previous multivariate evidence [19].
Peripancreatic fat invasion (CSS: HR 4.933; p=0.037) also emerged as an adverse factor, in line with
guideline-based evidence [4]. In addition, absence of adjuvant chemotherapy (CSS: HR 5.539; p=0.002;
RFS: HR 2.013; p=0.057) was associated with poor outcomes, confirmed by randomized trial and
registry data [8]. The survival benefit of adjuvant chemotherapy was confined to the UFS subgroup,
reflecting that these patients receive their initial systemic therapy when tumors are presumed to be
drug-sensitive. By contrast, patients resected after NAC are already selected by response, obscuring
the benefit of adjuvant therapy. A similar pattern has been observed in conversion surgery after NAC
[49].

This study has several limitations. First, it was conducted in a single institution with a relatively
small sample size and retrospective design, which may limit generalizability. Second, the analyses
were based exclusively on resected specimens; thus, the applicability of TB and -CTN assessment to
small preoperative biopsy samples remains uncertain. Finally, although the follow-up period was
adequate considering the poor prognosis of PDAC, longer-term validation in larger multicenter
cohorts will be necessary.

5. Conclusions

The 3-CTN/m-CK index consistently served as an independent prognostic factor across NAC-
treated and UFS PDAC. TSR was associated with histological response to NAC, and TB was also
evidently reduced following NAC. TSR additionally predicted cancer-specific survival in the overall
cohort. Few studies have examined biomarkers capturing both prognostic relevance and therapeutic
response in NAC-treated PDAC, underscoring the novelty of our findings and suggesting that
integrated biomarker assessment may improve risk stratification and guide personalized treatment
strategies. In UFS, adjuvant chemotherapy improved survival, and these pathological indices may
help identify patients most likely to benefit from it, with deep learning—based WSI analysis offering
further refinement.

Supplementary Materials: The following supporting information can be downloaded at: Preprints.org, Figure
§1: Correlation among 3-CTN/m-CK index, TSR, and TB in PDAC, Figure 52: CONSORT-style flow diagram of
case selection, Figure S3: Illustration of 3-CTN/m-CK analysis for a non-neoplastic pancreatic intralobular duct
in the same case shown in Figure 4, Figure §4: 3-CTN/m-CK analysis in a representative high-index (> 0.5) case,
Figure S5. Representative case of PDAC with TB, Table S1: Baseline patient characteristics, Table S2:
Clinicopathological characteristics and their association with TSR between NAC and UFS groups in patients
with PDAC, Table S3: Clinicopathological characteristics and their association with B-CTN / m-CK index
between NAC and UFS groups in patients with PDAC, Table S4: Clinicopathological characteristics and their
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association with TB between NAC and UFS groups in patients with PDAC, Table S5: Univariate analysis of
clinicopathological features associated with survival outcomes in PDAC, Table S6: Univariate analysis of
clinicopathological features associated with survival outcomes in NAC-treated PDAC, Table S7: Univariate

analysis of clinicopathological features associated with survival outcomes in UFS-treated PDAC.
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The following abbreviations are used in this manuscript (in alphabetical order):

B-CTN [3-catenin

CI confidence interval

Css cancer-specific survival
IHC Immunohistochemistry
m-CK multi-cytokeratin

NAC neoadjuvant chemotherapy
PC pancreatic cancer

PDAC pancreatic ductal adenocarcinoma
RFS relapse-free survival

TB tumor budding

TSR tumor—stroma ratio

UFS upfront surgery

WSI whole-slide image
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