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BACKGROUND: Combining high-dose stereotactic body radiation therapy (SBRT) with FOLFIRINOX (FFX) is promising as
neoadjuvant strategy for pancreatic ductal adenocarcinoma (PDAC). This study provides an in-depth histo-molecular
characterisation of resected PDAC samples from patients treated with FFX + SBRT.

METHODS: Residual tumour tissues from 56 non-metastatic PDAC patients were analysed: seventeen underwent upfront surgery,
seventeen received neoadjuvant FFX alone and twenty-two FFX followed by radiotherapy (sixteen SBRT, six radiochemotherapy
[RT-CT]). Samples were assessed using RNAseq and immunohistochemistry/fluorescence, including multiplex.

RESULTS: Addition of SBRT to FFX favourably remodelled PDAC, influencing stromal, immune, metabolic and molecular features.
Unlike RT-CT, SBRT counteracted several detrimental effects induced by FFX alone. Notably, FFX + SBRT enriched tumours with
‘Classical’ and ‘Inactive stroma’ signatures—linked to better prognosis - while reducing ‘Basal-like’ cell enrichment. SBRT promoted
COL1A1-driven stromal remodelling while globally preserving T-lymphocyte infiltration, including cytotoxic T cells, which
maintained close proximity to tumour cells despite increased desmoplasia. Key transcriptional alterations induced by SBRT were
identified, offering targets for future combination therapies.

CONCLUSIONS: Highlighting a more favourable stromal and molecular profile after integration of high-dose SBRT to FFX, this study
supports the development, rationale and validation in prospective trials of using this treatment combination in non-

metastatic PDAC.
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BACKGROUND

Pancreatic ductal adenocarcinoma (PDAC) remains one the dead-
liest tumours, with a 5-year survival rate under 12% [1]. Despite the
introduction of more active multi-agent chemotherapy like
FOLFIRINOX [FFX], therapeutic progress has been limited [2-4].
Immune checkpoint inhibitors (ICls), cancer vaccines and targeted
therapy have shown little to no positive clinical impact, largely due
to the PDAC's complex and resistant tumour microenvironment
(TME) [5, 6]. Therefore, understanding how current therapies used in
daily-practice modulate the PDAC's TME is essential.

Neoadjuvant therapy is increasingly used in non-metastatic
PDAC patients, although the exact sequence to use remains to be
determined [7]. The FFX regimen is currently preferred by many
centres due to the results of several trials showing a significant
superiority in survival compared to gemcitabine, as well as a safe
and active profile in neoadjuvant phase Il/lll trials [2, 8-11].
Combining FFX with (nearly-) ablative stereotactic body radiation
therapy (SBRT) in the neoadjuvant setting may offer advantages
over conventional radiochemotherapy (RT-CT). These include the
capacity to deliver a much higher biologically effective dose (BED)
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124 patients with PDAC resected
between 2011-2020 assessed for
eligibility

71 patients included

v

e PDAC associated with IPMN (n = 20)
o Other preoperative treatment than FFX +/—
RT-CT or high-dose SBRT (n = 25)

e Lost to follow-up or early death post-surgery
(n=8)

v

| 56 patients with usable RNAseq data

\4

e Exclusion post-QC (n = 15) |

> | FFX+RT-CT group (n = 6) |

FFX group (n=17)

|FFX +RT group (n = 22)|

Y
| No_NAT group (n=17) |

Fig. 1

|FFX+SBRT group (n= 16)|

CONSORT-like workflow description of the PDAC cohort. Detailed description of the selection process of the patients and samples

cohort. PDAC pancreatic ductal adenocarcinoma, IPMN intraductal papillary mucinous neoplasm, RT radiotherapy, FFX FOLFIRINOX, RT-CT
conventional radiochemotherapy, SBRT stereotactic body radiotherapy, QC quality control, RNAseq RNA sequencing, No_NAT no neoadjuvant

treatment group.

to the tumour which is associated with better prognosis, as well as
shorter full-dose chemotherapy interruptions [7, 12-14]. Several
studies reported promising results and an increasing number of
ongoing randomised clinical trials are exploring this question,
including ours (STEREOPAC trial - NCT05083247) [7, 14-18].
However, if radiation therapy is able modulate the TME, the
immunological and molecular effects of high-dose SBRT (>35 Gy in
5 fractions) in PDAC remains poorly known. A better under-
standing of these modulations may pave the way for the
development of molecularly oriented combination trials with
immune and/or targeted therapies as well as stratified treatment
strategies, which are urgently needed. In the last decade,
identification of molecular subtypes has gained a lot of interest
in PDAC and it is now clearer that these molecular signatures have
the potential to improve patients’ selection, to predict treatment
response, therefore leading to the development of individualised
treatments [19-26]. While the relationship between molecular
subtypes and chemotherapy is progressively explored, little is
known regarding RT, especially (nearly) ablative SBRT combined
with FFX.

In this study, we aimed to characterise, for the first time in PDAC,
the molecular subtypes, transcriptomic profiles and immuno-
modulations followed by FFX alone or combined with isotoxic
high-dose SBRT (iHD-SBRT). We hypothesised that iHD-SBRT can
induce durable alterations in the molecular and transcriptional
landscape of PDAC, thereby elucidating key cellular components
and pathways involved and enhancing our understanding of its
therapeutic contribution and complementarity with FFX.

RESULTS

Patients characteristics and outcomes

A total of 124 patients with non-metastatic PDAC who underwent
surgical resection between 2011 and 2020 were retrospectively
assessed for eligibility. Seventy-one patients were initially
included, but fifteen were excluded due to failing RNA sequencing

(RNAseq) quality control. Ultimately, RNAseq data from 56 patients
were considered for this study. The main cohort consisted of: 1/
Seventeen patients in the non-neoadjuvant (No_NAT) group; 2/
Seventeen patients in the FFX group and 3/Sixteen patients in the
FFX + SBRT group. An additional cohort of six patients treated with
FFX + RT-CT was included to further investigate the effects of RT.
The methodology workflow of the study is described in the
CONSORT-like clinico-molecular diagram in Fig. 1. In the FFX +
SBRT group, patients underwent an oncological resection at a
median time of 44 days (range: 31-70 days) after iHD-SBRT. This
group displayed significantly better tumour regression scores
compared to the FFX group and included a higher proportion of
locally advanced tumours. No significant difference in median
overall survival (OS) or disease-free survival (DFS) were observed
between groups. However, we noted that the 1-year DFS was
significantly improved in the FFX + SBRT cohort (FFX + SBRT vs FFX
vs No_NAT: 87.5 vs 70.6 vs 41.2%, respectively, p = 0.017) (Fig. S1).
The main clinico-pathological characteristics are summarised in
Table 1 and Tables S1, S2.

iHD-SBRT following induction chemotherapy with FFX is able
to reverse several of the major unfavourable transcriptomic
alterations induced by FFX in PDAC

To investigate the biological functions of the identified differen-
tially expressed genes (DEGs) between treatment groups, we
performed the gene ontology (GO) functional annotation describ-
ing genes and their associations according to three ontology
categories (molecular function, cellular component and biological
process) (Fig. 2 and Figs. 5S2-53) [27]. Compared to the No_NAT
group, the FFX group demonstrated a significant enrichment in
pathways related to mitotic cell cycle arrest, extracellular matrix
(ECM), transcriptional activity (including histone demethylation),
regulation of glucose transport, as well as for regulation of
angiogenesis, the vascular endothelial growth factor (VEGF)
signalling pathway and epithelial to mesenchymal transition
(EMT). In contrast, the addition of iHD-SBRT to FFX resulted in
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Table 1. Main characteristics and outcomes of the three main treatment groups (n = 50).

Age, median [P25-P75] (years)
Gender (%)

Male

Female
Clinical staging TNM 8% ed. (%)

CA19.9 values at diagnosis, median [P25-P75]

(kU/L)

Tumour diameter, median [P25-P75] (mm)

Primary site (%)
Head/uncus/isthmus
Body/tail

Resection status (%)
Resectable
Borderline resectable
Locally advanced

R1 (%)

No
Yes

Number of neoadjuvant FFX cycles
received, median [P25-P75]

Pathological staging TNM 8™ ed. (%)

Differentiation grade (%)
Good
Intermediate
Poor
CAP Tumour Regression score (%)
2
3
Adjuvant chemotherapy received (%)
No
Yes
FU, median [P25-P75] (months)
DFS, median [IC95%] (months)
1-year DFS (%)
0S, median [IC95%] (months)

Whole cohort
(n=50)
66.8 (57.6-69.8)

56.0
44.0

10.0

32.0

0.0

30.0

28.0

49.3 (10.3-244.2)

28.0 (22.0-35.0)

88.0
12.0

46.0
40.0
14.0

82.0
18.0
6 (5-8)

10.0
18.0
4.0
26.0
34.0
8.0

12.2
429
44.9

54.5
45.5

16.0
84.0
29.5 (19.0-50.0)
17.5 (12.8-21.6)
66.0
31.8 (24.1-47.6)

No_NAT
(n=17)
69.1 (60.5-70.9)

47.1
529

294

58.8

0.0

11.8

0.0

28.5 (9.0-139.7)

22.0 (17.0-25.0)

94.1
59

94.1
5.9
0.0

94.1
5.9

5.9
17.6
0.0
353
353
5.9

0.0
294
70.6

NA

11.8
88.2
24.1 (18.4-52.6)
10.0 (5.0-20.4)
41.2
24.1 (17.3-54.4)

FFX
(n=17)
64.7 (57.6-66.8)

58.8
41.2

0.0

294

0.0

353

353

58.0 (8.9-278.5)

30.0 (26.0-35.0)

824
17.6

353
529
11.8

76.5
235
6 (4-8)

17.7
17.6
0.0

17.6
353
11.8

235
294
471

353
64.7

11.8

88.2

36.9 (19.0-47.6)
17.7 (7.0-35.6)
70.6

38.5 (18.5-97.5)

FFX + SBRT
(n=16)
67.0 (53.2-70.4)

62.5
375

0.0

6.3

0.0

43.7

50.0

101.9 (24.0-665.0)

37.5 (27.6-46.0)

87.5
12.5

6.2
62.5
313

75.0
25.0
7 (6-8)

6.2
18.8
12,5
25.0
31.2
6.3

13.3
733
13.4

75.0
25.0

25.0
75.0
28.3 (21.6-49.9)
20.6 (15.6-27.3)
87.5
32.3 (22.4-75.5)

P-value
0.126

0.644

<0.0012P

0.265

<0.001*°
0.571

<0.001*°

0.276

0.378

0.697

0.006°

0.022

0.492

0.821
0.496
0.017°
0.558

No_NAT non-treated, FFX FOLFIRINOX, SBRT stereotactic body radiotherapy, FU follow-up, DFS disease-free survival, OS overall survival, CAP College of American

Pathologists (tumour regression score from the protocol PancreasExocrine 4.0.0.1, June 2017).

P-value < 0.05 after Bonferroni correction: °No_NAT vs FFX, bNo_NAT vs FFX + SBRT, “FFX vs FFX + SBRT.
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vs No_NAT  vs FFX
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-
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Fig. 2 Differential GO term enrichment by GSEA following neoadjuvant FFX + high-dose SBRT. Selected Gene Set Enrichement Analysis
(GSEA) of Gene Ontology (GO) terms based on differential gene expression comparisons between the three main groups (No_NAT, FFX and
FXX + SBRT). GO terms are grouped according to biological function (e.g. cell cycle, metabolism). Enrichment scores reflect the relative up- or
downregulation of gene sets in each comparison, highlighting functional pathways associated with treatment-specific transcriptional
changes. FFX FOLFIRINOX, No_NAT no neoadjuvant treatment group, SBRT stereotactic body radiotherapy, ECM extracellular matrix.

significant  negative enrichment in  glucose transport,
angiogenesis-related items, as well as ECM assembly and EMT.
Furthermore, the FFX+ SBRT group showed significant positive
enrichment scores notably related to mitochondrial activity,
glutathione biosynthetic process and apoptotic cell clearance,
while a reduced level of items was detected related to cell
adhesion, cell migration (including for fibroblasts), ECM organisa-
tion and cellular response to TGF stimulus. To complement these
findings, we analysed an additional cohort of six patients treated
with FFX+ RT-CT. However, most of the changes observed with
SBRT were not replicated, except for a similar negative enrichment
in glucose transport compared to the FFX group. (Fig. S4)

Further analysis using GO and Molecular signatures database
(MSigDB) canonical pathways confirmed significant enrichment in
mitochondrial activity, glutathione metabolism and ribosomal
pathways in the FFX + SBRT vs No_NAT comparison. Additionally,
applying single-nucleus signatures from Hwang et al, we
observed increased ribosomal biogenesis whereas decreased
TNF/NF-kB signalling following iHD-SBRT (Fig. 3) [25].

Addition of iHD-SBRT to FFX is associated with transcriptomic
signatures and PAMG score linked to better prognosis

The molecular subtype signatures from the main studies in the
field (Puleo et al; Moffitt et al; Bailey et al; Hwang et al.
[20-22, 25]) were analysed in this cohort to assess the influence of
modern neoadjuvant treatments, including high-dose SBRT (Fig. 3).
Compared to both the No_NAT and FFX groups, the FFX + SBRT
group showed a significant enrichment in the more favourable
‘Classical subtype’ signatures (Fig. 3a, b, in red). Furthermore, the
addition of iHD-SBRT was associated with a reduced level of
‘activated stroma’ and ‘Basal-like subtype’ signatures across all
major molecular classifications, which are associated with poorer
prognosis (Fig. 3a, b, in blue).

To gain deeper insight into the evolution of molecular subtypes
following neoadjuvant treatments, we applied the recently
published single-nucleus signatures from Hwang et al. to our
cohort [25]. The FFX group, compared to No_NAT, was enriched
with the ‘Mesenchymal’ signature - a subtype of ‘Basal-like’ cells -
and several stromal signatures associated with highly active
stroma, all of which are linked to worse clinical outcomes (Fig. 3¢
and Fig. S5a). The neural-like progenitor and neudroendocrine
-like programmes identified by Hwang et al. as significantly higher
post RT-CT were not significantly enriched in our cohort
(Supplementary Data 1-2) [25]. Interestingly, when compared to
both the No_NAT and FFX cohorts, the FFX+ SBRT group was
notably significantly associated with the ‘Basaloid’ signature, a
particular subtype of ‘Basal-like’ cells that is associated with better
clinical outcomes (Fig. 3d, e) [25].

Finally, we applied the pancreatic adenocarcinoma molecular
gradient (PAMG) - a continuous gradient of PDAC pre-existing
classifications—which revealed a significant favourable shift in
samples treated with FFX+ SBRT toward a higher PAMG score
compared to FFX alone. These findings confirm that the
FFX + SBRT group is significantly enriched in ‘Classical’ subtype
gene signatures, associated with better cell differentiation, as well
as improved clinical outcomes (Fig. 3f) [28].

For additional insight into the effects of different RT techniques,
we analysed a cohort of six patients treated with FFX+ RT-CT.
Similar to FFX+ SBRT, the FFX+ RT-CT group appeared signifi-
cantly enriched in Classical and normalised stromal signatures
compared to the No_NAT and FFX groups but failed to show a
significant decrease in Basal-like associated signatures, as
observed in the FFX+SBRT group. In direct comparison
with SBRT, the FFX+RT-CT group displayed a positive
enrichment in normal stroma signatures and less ‘Basaloid’
signature (Fig. S5).

British Journal of Cancer (2026) 134:721-734
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Fig. 3 Enrichment analyses of tumoral molecular subtypes and cell types between the main treatment groups. a, b Normalised
Enrichment Score (NES) from enrichment analysis of PDAC subtypes RNA signatures, showing significantly higher NES for the ‘Classical’
subtypes and lower NES for ‘Basal’ associated subtypes in the FFX + SBRT vs No_NAT group (a) and the FFX + SBRT vs FFX (b) through the
main transcriptomic PDAC classifications. ¢, d, e NES from GSEA using Hwang et al. single nucleus RNA-seq signatures. Differential gene
expression comparisons between FFX vs No_NAT group (c), FFX + SBRT vs No_NAT group (d) and FFX + SBRT vs FFX group (e), reveal
significant enrichment of the Mesenchymal subtype in FFX samples, while the Basaloid subtype - associated with favourable prognosis—is
enriched in the FFX + SBRT group. f Application of the pancreatic adenocarcinoma molecular gradient (PAMG), a continuous gradient of PDAC
pre-existing classifications, across the main treatment cohorts (No_NAT, FFX and FFX + SBRT) shows a significantly higher PAMG score in the
FFX + SBRT group compared to FFX (p =0.049), indicating a favourable shift along the continuous molecular gradient of PDAC subtypes.
No_NAT no neoadjuvant treatment group, FFX FOLFIRINOX, SBRT stereotactic body radiotherapy.

The combination of FFX and SBRT modulates the metabolic
state of PDAC towards an enrichment of the cholesterogenic
metabolic profile

Given that FFX alone and FFX + SBRT appear to induce opposite
enrichment scores regarding several transcriptional items related
to metabolism, such as mitochondrial activity (including oxidative
phosphorylation) and glucose import (Fig. 2 and Figs. S2-3), we
performed a deeper characterisation of the metabolic state in our
cohort using the metabolic gene signatures identified by
Karasinska et al. [29]. Across the main treatment groups, glycolytic
genes were significantly associated with ‘Basal-like’ genes expres-
sion, while cholesterogenic genes were linked to the ‘Classical’
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subtype (Fig. S6). Notably, compared to FFX alone, the FFX + SBRT
group showed a significant positive enrichment score for
cholesterol biosynthesis, a metabolic profile correlated with
favourable clinical outcomes (Fig. S6) [29].

The combination of FFX and SBRT combination induces
distinct transcriptomic modulations in cancer-associated
fibroblasts (CAFs) signatures compared to FFX alone

As both FFX and FFX+ SBRT treatments were found to signifi-
cantly impact stromal transcriptomic signatures and ECM organi-
sation, xCell analyses were performed. These revealed a
significantly higher stroma score (Fig. 4a) and increased CAFs
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Fig.4 Cell type enrichment analysis of stromal and cancer associated fibroblasts (CAFs) transcriptomic signatures following neoadjuvant
treatments. Cell type enrichment analysis using xCell showing a significantly higher stroma score (p=0.034) (a) and CAFs population
(p=0.039) (b) in FFX vs No_NAT group. ¢, d, e Normalised Enrichment Score (NES) after GSEA of Hwang et al. gene sets obtained with single
nucleus RNA-seq: differential expression comparison between FFX vs No_NAT group (c), FFX 4+ SBRT vs No_NAT group (d) and FFX + SBRT vs
FFX group (d). NES after GSEA of state of the art CAFs gene sets: differential expression comparison between FFX vs No_NAT group (f),
FFX 4 SBRT vs No_NAT group (g) and FFX -+ SBRT vs FFX group (h). i, j Gene set variation analysis (GSVA) was applied as a single sample
classifier of different CAF subtypes defined in Elyada et al. to classify all the samples according to their enrichment in high and low iCAF and
myCAF groups. Kaplan—-Meier survival analyses were performed on high and low CAF populations. High-iCAF samples showed a significantly
better overall survival (OS) compared to Low-iCAF (p = 0.0038) (i) while no statistical difference was found for myCAFs (j). k Locoregional
disease free survival (LR-DFS) in the three groups stratified per high and low-iCAF samples. A significantly better LR-DFS was observed in high-
iCAF in the FFX 4 SBRT cohort (p = 0.038) while a non-significant tendency has been observed for the No_NAT and FFX groups. No_NAT no
neoadjuvant treatment group, FFX FOLFIRINOX, SBRT stereotactic body radiotherapy.

British Journal of Cancer (2026) 134:721-734



population (Fig. 4b) following neoadjuvant FFX compared to
No_NAT. To further characterise CAF-specific changes, several bulk
and single-cell based CAF classifications were assessed using GSEA
to evaluate the distinct modulations induced by FFX alone and
FFX + SBRT (Fig. 4c-h).

Both neoadjuvant cohorts showed an enrichment in ‘lmmuno-
modulatory’ CAFs (from Hwang et al. [25]) and inflammatory CAFs
(iCAFs) signatures compared to No_NAT. Interestingly, FFX alone,
in comparison to the No_NAT and FFX+SBRT groups, was
significantly enriched in myofibroblastic CAFs (myCAFs) signa-
tures, which are associated with poorer prognosis. (Fig. 4c, f).
Furthermore, patients treated with FFX + SBRT exhibited reduced
levels of pancreatic stellate cells (PSCs) signatures as well as
myCAFs compared to both No_NAT and FFX groups, along with
an enrichment in ‘Normal Fibroblasts’ signatures relative to
No_NAT. (Fig. 4d, e, g, h).

In an additional cohort of patients treated with FFX+ RT-CT,
similar reduction in myCAF signatures were observed. However,
unlike FFX+ SBRT, this group did not show enrichment in iCAF
signatures. Compared to FFX + SBRT, the FFX + RT-CT group also
displayed increased enrichment in PSCs signature (Fig. S5).

iCAFs but not myCAFs are significantly associated with better
clinical outcome in No_NAT and FFX + SBRT cohorts

iCAF and myCAF transcriptomics signatures from Elyada et al.
were independently evaluated using the single sample Gene Set
Variation Analysis (GSVA) classifier to stratify the three main
treatment groups in high and low enrichment groups for each
CAF subtypes [30]. Interestingly, across the entire cohort, iCAF-
high samples were associated with significantly better OS
compared to the iCAF-low samples (p =0.0038) (Fig. 4i). This
observation was validated in an external No_NAT cohort (Puleo
et al. [22]; n=309), where iCAF enrichment was similarly
associated with significantly better relapse free survival
(p=0.041; Fig. S7). In contrast, no significant differences in DFS
or OS were observed between high and low myCAF groups in
either our cohort or the Puleo et al. cohort (Fig. 4j and Fig. S7). In
the FFX+SBRT cohort specifically, iCAF-high samples also
displayed a significantly improved loco-regional disease-free
survival (LR-DFS) compared to iCAF-low samples (p=0.038;
Fig. 4k). These results highlight the potential of iCAF signatures
as a prognostic/predictive biomarker in PDAC.

Neoadjuvant treatments increase desmoplasia without
significantly affecting tumour-infiltrating lymphocytes (TILs)
except for the T helper population

To further characterise the stromal features of treated PDAC, the
percentage of the tumoral area occupied by collagen was
quantified through immunohistochemistry (IHC) across the entire
cohort. Consistent with our previous findings, a significant
increase in Collagen1A1 (COL1A1) deposition — a marker indicative
of the pan-fibroblast population - was observed in both
neoadjuvant groups compared to the No_NAT group (68.4 vs
78.6 vs 83.27% for No_NAT vs FFX vs FFX+ SBRT, respectively,
p < 0.001) (Fig. 5a). Additionally, a non-significant trend towards a
lower expression of aSMA, a marker associated with myCAFs, was
noticed in the FFX+SBRT group compared to FFX (Fig. 5b).
Despite the increased collagen deposition following neoadjuvant
treatments, no significant changes were observed in the expres-
sion levels of CD3 TILs or cytotoxic CD8+ cells, including after SBRT
(Fig. 5¢, d). Among T-cell populations, only the CD4+T helper
subset was significantly decreased in the FFX+SBRT group
compared to both FFX and No_NAT groups (Fig. 5e). The
CD20 + B-cell population was decreased following NAT, with a
significant difference observed between the FFX+ SBRT and
No_NAT groups (Fig. 5f). Histopathological review by specialised
Gl pathologists (LV and PDM), revealed frequent signs of tumour
cells injury - such as cell swelling and pyknotic nuclei - following
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NAT (Fig. 6). Scarce tertiary lymphoid structures (TLS) were
identified within the tumoral area on consecutive H&E and CD3/
CD20 dual-stained slides, with no significant differences between
the three main groups (Fig. 5I). Importantly, immune infiltration,
including TILs, did not appear to be sequestered within the
collagen-rich stroma after FFX + SBRT. Instead, TILs remained in
close proximity to residual tumoral glands and were observed
directly infiltrating these glands (Fig. 6 and Fig. S8). To validate
these observations, we quantified immune infiltration within
15 um of the tumoral glands using multiplex immunofluorescence
(mIF). The analysis revealed no significant differences in the
proximity of CD3+CD+, CD3+CD8+, except for CD3+CD4+ T cells,
which showed a trend toward reduced infiltration near tumour
cells after FFX alone compared to the No_NAT group (p = 0.049).
(Fig. S8)

Immunosuppressive cells remain present after FFX £ SBRT
neoadjuvant treatments

To further investigate immunosuppressive populations within the
TME, IHC staining was performed for pan-macrophage marker
CD68, CCR2, FOXP3 and PD-1/PD-L1 across the entire PDAC
cohort. Following FFX+/-SBRT, no significant differences were
observed for CD68+ and CCR2 + cells (Fig. 5g, h). However, FOXP3
expression was significantly increased in both the FFX and
FFX + SBRT groups compared to the No_NAT group (Fig. 5i). In
the FFX+SBRT group, CD68+ cells were frequently visualised
within the lumens of residual tumour glands (Fig. 6). Quantifica-
tion using mlF revealed no significant differences in the infiltration
of FOXP3+ and CD68+ cells near tumour glands across the three
main groups. (Fig. S8) PD-L1 and PD-1 expression was scarce on
our whole cohort. PD-L1 expression was significantly increased in
the FFX + SBRT group compared to both No_NAT and FFX groups,
although its expression on lymphocytes-like cells remained
globally low and weak with a majority of negative samples
(Fig. 5j). Conversely, PD-1 expression was significantly reduced and
nearly absent in the FFX+ SBRT group compared to No_NAT and
FFX groups (Fig. 5k). For complementary information regarding RT,
an additional cohort of 6 patients treated with FFX + RT-CT was
analysed through IHC. No significant differences in general
stromal nor immune expression was observed when compared
to FFX + RT-CT group except for a reduced expression of FOXP3+
cells and an increased expression of PD-L1 (Fig. S9).

xCell deconvolution analysis of the immune TME shows
decreased CD4 Th2 population and increased macrophages
polarity after FFX + SBRT

Given the significant decrease in the CD4+ population observed in
the FFX + SBRT group by IHC, we further investigated the presence
of transcriptomic signatures corresponding to various T helper cell
sub-populations using xCell deconvolution analysis. This analysis
revealed a significant reduction in the CD4 Th2 population in the
FFX + SBRT group compared to the FFX group (Fig. 5m(a, b)).
Consistent with the IHC findings, xCell analysis of the global
macrophage population showed no differences among the
groups (data not shown). However, a significant increase in both
M1, and particularly, M2-macrophage subpopulations was
observed in the FFX+SBRT samples compared to FFX alone
(Fig. 5m(c, d)). In contrast, myeloid dendritic cells (MDCs) were
significantly decreased after FFX + SBRT compared to FFX alone
(Fig. 5m(e)), while no significant differences were observed for the
neutrophil population (data not shown).

DISCUSSION

Following the failure of several clinical trials involving conven-
tional RT-CT and low-dose SBRT, the combination of modern
multi-agent chemotherapy - particularly FFX - and (nearly) ablative
SBRT, has shown promising oncological outcomes in non-
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Fig. 5 Immunohistochemical (IHC) immuno-stromal profiling of the three main cohorts and xCell-based immune cell type enrichment
analysis. IHC analysis of stromal markers showing increased COL1 deposition after neoadjuvant treatments (a) while aSMA expression
remained unchanged (b). c-f No significant differences in IHC expression were observed among the three groups for CD3+ (c), CD8+ (d).
However, expression of CD4+ (e) and CD20+ cells (f) was significantly decreased in the FFX + SBRT group compared to No_NAT. No
significant differences in IHC expression was observed for CD68+ (g) and CCR2 cells (h) across the three groups. i No significant differences in
IHC expression was observed for FOXP3+ cells across the three groups. PD-L1 IHC expression significantly increased but remained scarce in
the FFX 4 SBRT group (j) while PD-1 IHC expression was significantly decreased (k). No significant differences in IHC expression was observed
for CD68+ (j) and CCR2 cells (k) across the three groups. | The median number of intra-tumoral tertiary lymphoid structures (TLS) did not
differ significantly between groups. A representative mIHC image illustrates the rare presence of TLS adjacent to tumour glands in a No_NAT
sample. m Immune cell type enrichment analysis using xCell deconvolution revealed no difference in CD4+Th1 T cells (m(a)), but a
significantly lower enrichment of CD4 + Th2 T cells (p = 0.029) (m(b)) and myeloid dendritic cells (p = 0.032) (m(e)) in the FFX + SBRT group
compared to FFX. A significant enrichment of M1 tumour-associated macrophages (TAMs) (p = 0.0045) (m(c)) and M2-TAMs (p = 0.024) (m(d))
was also observed in FFX -+ SBRT vs FFX group. No_NAT no neoadjuvant treatment group, FFX FOLFIRINOX, SBRT stereotactic body
radiotherapy, NS non-significant, IHC immunohistochemistry, mIHC multiplex immunohistochemistry, TLS tertiary lymphoid structure.
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Fig. 6 Representative illustrations of a dedicated 6-plex multiplex immunohistochemistry (mIHC) in No_NAT and FFX + SBRT samples
(n = 4). Representative images of: a Global immune infiltration in No_NAT group with high density of tumoral glands; b Global immune
infiltration in FFX 4+ SBRT group with less density of tumoral glands; ¢ Global distribution of tumour infiltrating lymphocytes (TILs) in No_NAT
group; d TILs in FFX 4 SBRT group are not sequestrated within the collagenous area; e TILs in No-NAT group close to the tumoral glands; f TILs
in FFX + SBRT group are mainly located close and in direct with the tumoral glands; CD4+, CD8+ and CD20+ was observed within the
tumoral glands. Cell swelling and pyknotic nucleus of the tumoral cells can be observed in FFX + SBRT treated PDAC; g Tumour associated
macrophages (TAMs) and CCR2+ cells populations in No_NAT group; h TAMs are frequently observed within the lumen of tumoral glands in
FFX + SBRT group and CCR2+ cells expression is maintained. No_NAT no neoadjuvant treatment group, FFX FOLFIRINOX, SBRT stereotactic

body radiotherapy.

metastatic PDAC. This strategy is currently under investigation in
several ongoing prospective randomised trials, including ours [7,
12-18, 31-34]. In our cohort, despite its limited size, the 1y-DFS
was significantly higher in the FFX + SBRT group compared to FFX
alone and No_NAT (87.5 vs 70.6 vs 41.2%, respectively; p =0.017).
Notably, the FFX + SBRT group included a higher proportion of LA
patients with larger tumours at diagnosis, yet still showed
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favourable median DFS and OS. These findings underscore the
potential of combining FFX with high-dose SBRT to improve PDAC
outcomes. Nonetheless, further well-designed trials incorporating
targeted therapies and stratified approaches are urgently needed
to improve the dismal patients’ prognosis [5]. For this purpose, we
investigated for the first time the histo-molecular modulations
induced by FFX alone and FFX followed by iHD-SBRT.
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We identified distinct gene expression patterns and key-
pathways alterations that clearly distinguish two transcriptional
profiles following neoadjuvant FFX alone versus FFX followed by
iHD-SBRT. Notably, unlike RT-CT, high-dose SBRT demonstrated
the ability to counteract and even reverse several detrimental
transcriptional modulations induced by FFX. While FFX alone was
associated with increased expression of unfavourable processes—
including EMT, angiogenesis, histone demethylation and intracel-
lular transport of glucose—the addition of iHD-SBRT reversed
these effects. Moreover, the metabolic landscape differed
markedly: FFX+ SBRT was associated with enhanced mitochon-
drial activity and a shift toward a more favourable cholesterogenic
profile, in contrast to the glycolytic profile observed with FFX
alone [29]. These findings provide further rationale for combining
high-dose SBRT with FFX and may help explain the promising
oncological outcomes observed with this therapeutic strategy.

Over the past decade, transcriptomic-driven subtyping of PDAC
has been performed by several groups, including ours, using
various classification systems [19-25]. In fine, two main molecular
subtypes have been consistently identified, namely the ‘Classical’
and ‘Basal-like’ (also referred to as squamous or quasi-mesench-
ymal) subtypes [19-25]. The ‘Basal-like’ subtype is associated with
poorer prognosis, less differentiated tumours and EMT features,
whereas the ‘Classical’ subtype is linked to better survival and
well-differentiated tumours [19-25]. Although data are still scarce
and require further validation in PDAC, emerging evidence
suggests that therapeutic responses may differ by molecular
subtype [24, 26, 28, 29]. Specifically, FFX appears to yield better
DFS in ‘Classical’ tumours, while gemcitabine-based regimens may
be more effective in ‘Basal-like’ cases [19, 23, 26, 35-37]. In our
study, we observed significant enrichment of ‘Basal-like’ and
active stroma signatures following FFX alone, consistent with
previous literature - particularly Porter et al., who reported a shift
from ‘Classical’ to ‘Basal-like’ states in PDAC cell lines after FFX
[37, 38]. To our knowledge, this is the first study to investigate
potential reprogramming of molecular expression following high-
dose SBRT (>35Gy in 5 fractions) in PDAC. Interestingly, adding
iHD-SBRT to FFX resulted in a significant shift toward the ‘Classical’
subtype, associated with better prognosis. This shift was
consistently observed across multiple molecular signatures and
confirmed by the PAMG (pancreatic adenocarcinoma molecular
gradient) score [28]. To date, the only published study exploring
molecular subtypes in RT-treated patients is the recent single-
nucleus RNAseq analysis by Hwang et al. which included 43 PDAC
patients - 18 untreated and 25 treated with various neoadjuvant
regimens, including RT-CT +FFX+losartan (n=19) and two
patients treated with FFX + low-dose SBRT (33 Gy in 5 fractions) +
losartan + nivolumab [25]. Although not statistically significant,
the authors reported lower expression of the Squamoid pro-
gramme (analogous to the ‘Basal-like’ subtype), in the RT-CT group
compared to No_NAT group, supporting our findings. These data
suggest that high-dose SBRT may more effectively target the
‘Basal-like” subpopulation (selection) and/or reprogramme the
FFX-induced ‘Basal-like’ cells into a more ‘Classical-like’ phenotype
(reprogramming). This molecular plasticity may be mediated by
TGFB signalling, as suggested by our transcriptomic data. TGF
has been implicated as a key regulator of plasticity between ‘Basal’
and ‘Classical’ states in PDAC mouse models, with TGFf blockade
promoting a ‘Classical’ phenotype and enhancing chemosensitiv-
ity [39].

One of the main transcriptomic modulations observed after
neoadjuvant treatments involved stromal remodelling. After iHD-
SBRT, compared to both NT and FFX groups, we observed a clear
shift toward a more normalised stromal profile associated with
better prognosis, prompting further investigation into key-stromal
components. Notably, ECM deposition—particularly collagen 1—
was significantly increased after neoadjuvant treatments, as
demonstrated by RNAseq and IHC analyses, in line with previous

studies [40, 41]. While desmoplasia was historically considered a
driver of tumour progression—due to its role in elevating
interstitial fluid pressure, impeding immune infiltration and drug
delivery—recent evidence suggests that an expanded stromal
compartment may correlate with improved survival and tumour
restraint, depending on its cells of origin [40-46]. In untreated
PDAC, the complex and heterogeneous CAF population accounts
for =90% of the origin of desmoplasia. However, the effects of RT
on CAFs remain poorly understood [45, 46]. Despite a significant
increase in COL1A1 expression, the myCAF population - most
associated with ECM deposition and poor prognosis - was not
increased post iHD-SBRT, as confirmed by RNAseq and IHC
[47-49]. These data suggest either enhanced activity of existing
myCAFs and/or increased collagen production by other cell types.
Furthermore, the iCAF subpopulation increased following FFX +
iHD-SBRT, aligning with recent findings from Zhou et al, who
reported a similar rise in iCAFs in chemotherapy-treated samples
(n = 14; FFX and/or gemcitabine/nab-paclitaxel and one case with
RT-CT) [50]. High iCAF expression has been associated with
improved prognosis in other No_NAT PDAC cohorts, a result we
validated in two independent No_NAT cohorts [47, 51, 52]. We
also demonstrated a significant association between iCAF-high
status and improved LR-DFS after FFX+ SBRT, supporting its
potential as a prognostic and/or predictive biomarker in PDAC.
Given that different neoadjuvant treatments distinctly modulate
CAF populations, the efficacy of therapies targeting CAFs may vary
depending on treatment context. These findings underscore the
need for further studies exploring CAF-targeted strategies in
combination with specific neoadjuvant regimens.

Following iHD-SBRT, T-lymphocyte infiltration - including
cytotoxic CD8+ T cells - was largely preserved, with immune cells
maintaining proximity to, and even direct contact with tumour
cells despite increased desmoplasia. This aligns with findings from
Mills et al., who assessed CD4/CD8 infiltration within dense
collagen regions in nine patients treated with low-dose SBRT
(25 Gy in 5 fractions). The authors reported fewer T-cells in these
areas in treated samples compared to No_NAT samples, suggest-
ing that T-cell sequestration is not promoted post-SBRT [40].
Another study using spatial analysis identified several differences
in immune cell marker expression after neoadjuvant treatment -
including 12 patients treated with RT—across distinct tumour
regions [53]. In our study, we observed an expected increase in
immunosuppressive populations after FFX+ SBRT, particularly
FOXP3+ Treg cells and M2-macrophages. However, this was
accompanied by a decrease in myeloid dendritic cells (MDCs),
pancreatic stellate cells (PSCs) and CD4 + Th2 cells. PD-1 and PD-
L1 expression was scarce in our whole cohort and, particularly
after iHD-SBRT, with almost no PD-1 expression and rare PD-L1
positivity. These findings suggest that the PD-1/PD-L1 axis is not a
dominant immunosuppressive mechanism in this context. Conse-
quently, our data do not support the use of anti- PD-1/PD-L1
therapies in PDAC, including in combination with FFX or
FFX + SBRT. This aligns with broader clinical data, where trials
combining PD-1/PD-L1 inhibitors with chemotherapy and/or RT
have failed to demonstrate meaningful benefit in PDAC [5, 6].

Despite certain limitations - including the absence of matched
pre- and post-treatment specimens, varied resection statuses,
inherent differences in time to surgery based on NAT type
received and a relatively small sample size - our study
demonstrates for the first time that high-dose SBRT induces
durable and profound remodelling of PDAC at the stromal,
metabolic and molecular levels. The key alterations identified
following FFX + SBRT are summarised in Fig. S10, highlighting the
ability of iHD-SBRT to reverse several unfavourable transcriptional
enrichment and activations induced by chemotherapy. These
findings support the complementarity of SBRT with FFX and
suggest potential synergies with immune and targeted therapies.
This work provides a comprehensive molecular and histological
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characterisation of human PDAC following high-dose SBRT,
offering valuable insights to guide the future combination
strategies. Prospective validation will be conducted in the ongoing
randomised phase Il STEREOPAC trial, enroling 256 patients with
borderline resectable tumours treated with neoadjuvant FFX +
iHD-SBRT [16]. Further research is warranted to elucidate the
precise mechanisms underlying the reprogramming and altera-
tions induced by high-dose SBRT. This should include studies
using preclinical models and matched human pre/post-treatment
specimens to better understand the biological impact of this
promising combined therapeutic approach.

MATERIALS AND METHODS

Patients

This study analysed formalin fixed paraffin-embedded (FFPE) residual
tissue from 56 PDAC tumours resected between 2011 and 2020 at Erasme
and Pitié Salpétriere hospitals. Eligible patients were >18 years old, had
complete clinicopathological data, no evidence of metastasis before
surgery and received either no neoadjuvant therapy (No_NAT group), an
induction with FFX alone (FFX group), or FFX followed by conventional RT-
CT (FFX + RT-CT group) or iHD-SBRT (FFX + SBRT group). The main clinical
exclusion criteria included other neoadjuvant regimens (including a shift to
another type of neoadjuvant chemotherapy), other tumour histology
(including PDAC associated with intraductal papillary mucinous neoplasm
[IPMN]), insufficient residual tumour tissue (including College of American
Pathologists [CAP] tumour regression score 0 [= complete response] to 1
[=near complete response with single cells or small rare groups of cancer
cells]) and death within 30 days post-surgery.

Data collection

An aggregated standardised retrospective database was created for
patients resected in Erasme and Pitié Salpétriére hospitals. The variables
included: sex, age, CA19.9 levels, clinical disease stage, tumour site,
preoperative treatments received, surgery type, TNM classification,
histological grade, lymphovascular and perineural invasion and relevant
outcomes parameters.

Neoadjuvant treatment

Patients received a median of 6 cycles of FFX, consisting of an intravenous
infusion of oxaliplatin (85 mg/m? 2h) then leucovorin (400 mg/m?, 2 h)
concomitantly with a 90-min intravenous infusion of irinotecan
(165-180 mg/mz) followed by a 46 h continuous infusion of fluorouracil
(2000-2400mg/m?), administered biweekly.

For six patients, FFX was followed by conventional RT-CT at the dose
prescription of 50-54 Gy in 30 fractions (5 days/week) with concomitant
administration of capecitabin (800-1250 mg/m? orally twice daily).

Sixteen patients received FFX followed by iHD-SBRT as previously
described in details in [14, 54], according to the strategy implemented in
our hospital since January 2018. A surgical exploration was performed in
case of no progression 4-7 weeks after iHD-SBRT. Briefly, the SBRT
treatment was designed to individually maximise the dose prescribed to
the tumour and vessels interfaces (Dmaxo.sc) < 53 Gy in 5 fractions) with an
isotoxic dose prescription. The organs at risk dose constraints to follow
were planning organ at risk volumes (PRVs) stomach, duodenum, colon
and small bowel, Drmax (0.5cc) < 35 GY, V30ay<2¢C; PRV spinal cord, V,ogy<1cc
and for kidneys, Dmean < 10 Gy and Vq56, < 25% [14, 54].

Sample processing and RNA isolation

New 4 um FFPE tissue section where H&E stained to identify tumour areas
by specialised gastrointestinal pathologists (LV, PDM, NH). Five consecutive
unstained 6-8 um slides were cut under RNAse free conditions. Tumoral
area were manually scraped and RNA extracted with the ALLPrep FFPE
tissue kit® following the manufacturer's instructions for semi-automated
RNA extraction via Qiacube instrument (Qiagen, Venlo, The Netherlands).
RNA quantity and quality were assessed via an Agilent 2100 bioanalyzer
using the RNA 6000 Pico LabChip kit (Agilent, Diegem, Belgium). RNA
samples with DV200 > 30% were selected and 100 ng of RNA was used for
the NGS library preparation using the QuantSeq Library Prep Kit for
lllumina (Lexogen) as per manufacturer recommendations’. The libraries
were sequenced on NovaSeq using NovaSeq 6000 S2 Reagent Kit with
100 bp single reads.
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RNA-sequencing data analysis

Sequencing quality was assessed using FASTQ [55]. Transcript abundance
was quantified from raw RNA-seq files using Kallisto v0.50.0 pseudo-
alignment method with 100-bootstrap value and a transcriptome index
constructed from the human reference transcriptome GRCH38 from
Ensembl [56]. Gene-level quantification of estimated counts was
performed using the R-package tximport v1.26.1. (data available here:
https://doi.org/10.5281/zenod0.10939866) [57]. Poorly covered genes (read
count <10 in over half of the samples) were excluded. Differential gene
expression (DGE) analysis between treatment groups was performed using
the R-packages edgeR v3.40.2 and limma v3.54.2 [58, 59]. Genes with
p <0.05 were represented in heatmaps using the Complex Heatmap
v2.14.0 package (Fig. S11) [60]. The PAMG classifier was applied to
determine the chemosensitivity and tumour agressivity [28].

Functional analysis

Gene Set Enrichment Analysis (GSEA) was conducted using the fgsea R
package v1.24.0. on pre-ranked gene lists with significance set at
padj < 0.05 [61]. Gene signatures of PDAC and cancer associated fibroblast
(CAF) subtypes were collected from the CancerRNASig package. Molecular
Signature Database (MSigDB), Ontology and Canonical pathways gene sets
were obtained by the msigdb package v1.6.0. Gene Set Variation Analysis
(GSVA) was applied as a single sample classifier of different CAF subtypes
[62]. Immune cell fractions were estimated using the xCell algorithm and
statistical analysis between treatments of the immune populations was
obtained by the package ggpubr v0.6.0 [63, 64].

Immunohistochemistry (IHC)

FFPE full-face tissue sections (4 um) from 56 tumours were stained for
immune and stromal markers (CD3/CD20, CD4/CD8, PD-1/PD-L1, CD68,
CCR2, FOXP3, COL1A1 and aSMA). All antibodies and their dilution are
listed in the Table S3. Chromogenic IHC was performed on a Ventana
Benchmark XT automated staining instrument with the ultraVIEW DAB and
ultraVIEW Red Detection Kit (Ventana Medical Systems). All antibodies
were initially tested on positive and negative control tissues and staining
patterns were validated by pathologists (LV and PDM). Slides were scanned
at 40x with a Nanozoomer 2.0-RS Digital slide scanner (Hamamatsu) then
delineation of the tumour area was performed by CB followed by
experimented specialised pathologists (LV and PDM) verification. Quanti-
fication was performed with the Visiopharm® software.

Multiplex immunohistochemistry (mIHC)

FFPE tissue sections (4 um) were processed manually for mIHC using Opal
reagents (Akoya Biosciences) for illustration purposes in four representa-
tive samples (No_NAT and FFX + SBRT groups). Briefly, slides were heated
at 37 °C overnight before deparaffinization. Heat-induced antigen retrieval
was achieved in Antigen Retrieval (AR) 9 buffer (Akoya Biosciences) using a
microwave (Panasonic with Inverter technology). Slides were labelled for
CD20, CD4, CD8, CD68, CCR2, pan-cytokeratin and DAPI according to the
manufacturer’s instructions (Opal 6-Plex Manual Detection Kit - for Whole
Slide Imaging, NEL861001KT, Akoya Biosciences) (Table S3). Slides were
mounted with Prolong Diamond Antifade Mountant (Life Technologies
Europe BV) and scanned with Phenolmager HT (Akoya Biosciences). Tonsil
tissue was used as positive control. Region of interests (ROIs) were selected
in PhenoChart Whole Slide Viewer by an experimented gastrointestinal
pathologist (LV). ROIs were unmixed using the synthetic spectral
library and the tissue autofluorescence extracted from an unstained PDAC
was removed in inForm Tissue Analysis Software (V.2.6.0, Akoya
Biosciences).

Multiplex immunoFluorescence (mlIF)

FFPE tissue sections (4 um) were stained using the OmniVUE 8plex kit
(Ultivue, Cambridge, MA, USA) according to the manufacturer protocol in
twelve samples representing 4 patients per the main treatment groups
(No_NAT, FFX and FFX + SBRT groups). Slides were scanned using the Zeiss
AXIOSCAN Z.1 system, with Z-stack imaging (7-11 pm) employed to
capture tissue depth, followed by Extended Depth of Field (EDF)
computation. The resulting images were compressed using JpgXR and
saved in TIFF format. Image sharpening was carried out in Zen Black
software, while signal quantification of immune phenotypes (CD3*CD4*,
CD3*CD8*, CD68*, FOXP3*) located within 15 um of PanCK* tumour cells in
annotated tumour regions was performed using the HALO’s™ multiplex-IF
module (Indica Labs).
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Statistical analysis

Statistical analyses were conducted using Stata 14 and R. Data normality
was assessed using histograms, boxplots and quantile-quantile plots, and
the equality of variances was checked using the Levene's test.

Categorical data were presented as percentages and numbers, while
continuous data were described using median and P25-P75, and due to
asymmetric distribution, analysed with nonparametric tests such as the
Kruskal-Wallis rank test for group differences. Chi* tests were employed for
categorical data. Bonferroni corrections were applied following multiple
comparisons between the different groups.

Survival was analysed using the survival v3.5-3 and survminer v0.4.9
packages. Log-rank test was used to calculate the differences in Kaplan-
Meier curves and p-values <0.05 were considered as statistically sig-
nificant. Multivariate Cox proportional hazard regression models were
applied for survival with a 95% confidence interval. OS was defined as the
time in months from diagnosis to death due to cancer recurrence. DFS was
defined as the time from diagnosis to the first documentation of recurrent
disease. Loco-regional DFS (LR-DFS) was defined as the time from
diagnosis to the first documentation of loco-regional recurrence.

Non-parametric Wilcoxon test in R v4.2.3 and RStudio v2023.3.0.386
environments was used for RNAseq data analysis, assessing significant
differences in treatments in PAMG, Puleo components projections, and
xCell immune deconvolution outputs with p < 0.05 considered statistically
significant.

For mlIH, GraphPad Prism8.0 software was used. For multi-region
analysis, we performed 2-way ANOVA for repeated measures. Figure
legends show the number of independent experiments (N), and results as
medians. Significance was accepted when p < 0,05.

Ethics approval and consent to participate

This study was approved by the Institutional Review Board of Erasme
University Hospital and Pitié Salpétriére hospital under the approval
numbers P2018/392—A2020-115 and 2014/58NICB respectively. This study
was performed in accordance with the Declaration of Helsinki and
informed consent.
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