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ARTICLE INFO ABSTRACT

Keywords: Background: FOLFIRINOX chemotherapy has improved outcomes for pancreatic cancer patients, but poor long-
B!OOd proteins term survival outcomes and high toxicity remain challenges. This study investigates the impact of FOLFIR-
Biomarkers INOX on plasma proteins and peripheral immune cells to guide immune-based combination therapies and,
FOLFIRINOX . ideally, to identify a potential biomarker to predict early disease progression during FOLFIRINOX.
Immunomodulation

Methods: Blood samples were collected from 86 pancreatic cancer patients before and two weeks after the first
FOLFIRINOX cycle and subjected to comprehensive immune cell and proteome profiling. Principal Component
Analysis and Linear Mixed Effect Regression models were used for data analysis. FOLFIRINOX efficacy was
radiologically evaluated after the fourth cycle.

Results: One cycle of FOLFIRINOX diminished tumour-cell-related pathways and enhanced pathways related to
immune activation, illustrated by an increase in pro-inflammatory IL-18, IL-15, and TNFRSF4. Similarly,
FOLFIRINOX promoted the activation of CD4 + and CD8 + T cells, the proliferation of NK(T), and the activation
of antigen-presenting cells. Furthermore, high pre-treatment levels of VEGFA and PRDX3 and an elevation in

Pancreatic neoplasms
Combined modality therapy

Abbreviations: ANGPT1, Angiopoietin 1; ALAT, Alanine Aminotransferase; ASAT, Aspartate Aminotransferase; BACH1, Transcription regulator protein BTB
domain and CNC homolog 1; BMI, Body Mass Index; BH, Benjamini-Hochberg; CA19-9, Cancer Antigen 19-9; CD, Cluster of Differentiation; ¢cDC, Conventional
Dendritic Cells; CEA, Carcinoembryonic Antigen; CRP, C-Reactive Protein; CI, Confidence Interval; CT, Computed Tomography; CTLA-4, Cytotoxic T Lymphocyte
Associated Protein 4; EPCAM, Epithelial Cell Adhesion Molecule; FACS, Fluorescence-Activated Sorting; FDR, False-discovery rate; FOC, Fold Of Change; FOLFIR-
INOX, Chemotherapeutic regimen of 5-fluorouracil, folinic acid,irinotecan, and oxaliplatin FUMA GWAS, Functional Mapping and Annotation of the Genome-Wide
Association Studies; GAL, Galanin; G-CSF, Granulocyte-Colony Stimulating Factor; GFR, Glomerular Filtration Rate; ICOS, Inducible T cell Stimulator; IL, Interleukin;
ITGB6, Integrin avp6; LAG-3, Lymphocyte Activating Gene 3; LAPC, Locally Advanced Pancreatic Cancer; Lipegfilgrastim, glycoPEGylated human N-methionyl
granulocyte-colony stimulating factor; LMER, Linear Mixed Effects Regression Models; MSigDB, The Human Molecular Signature Database; MYO9B, Myosin IXB; NK
cells, Natural Killer cells; NKT cells, Natural Killer T cells; NLR, Neutrophil-To-Lymphocyte ratio; NPX, Normalized Protein Expression; OS, Overall Survival; PBMC,
Peripheral Blood Mononuclear Cell; PCA, Principle Component Analysis; PD, Progressive Disease; PDAC, Pancreatic Ductal Adenocarcinoma; pDC, plasmacytoid
Dendritic Cell; PDGFB, Platelet Derived Growth Factor subunit B; PD-1, Programmed cell Death 1; PD-L1, Programmed cell Death Ligand 1; PEA, Proximity Extension
Assays; PFS, Progression-Free Survival; PR, Partial Response; PRDX3, Peroxiredoxin 3; R2, Correlation Coefficient; P.adj, P values adjusted for multiple comparisons
with the Benjamin-Hochberg correction; RECIST, Response Evaluation Criteria In Solid Tumours; RCT, Randomized Controlled Trial; SII, Systemic Immune-
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FCRL3 levels after one cycle predicted early progression under FOLFIRINOX. Finally, patients with progressive
disease exhibited high levels of inhibitory markers on B cells and CD8 + T cells, while responding patients
exhibited high levels of activation markers on CD4 + and CD8 + T cell subsets.

Conclusion: FOLFIRINOX has immunomodulatory effects, providing a foundation for clinical trials exploring
immune-based combination therapies that harness the immune system to treat pancreatic cancer. In addition,
several plasma proteins hold potential as circulating predictive biomarkers for early prediction of FOLFIRINOX
response in patients with pancreatic cancer.

1. Introduction tumours are resectable at diagnosis because most patients present with
advanced disease [2-4]. Despite the limited success of novel therapies in
Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive and recent years, the multi-drug chemotherapeutic regimens of 5-fluoro-

lethal malignancy with an alarming five-year overall survival (OS) of uracil, folinic acid, irinotecan, and oxaliplatin (FOLFIRINOX) and
around 9% across all stages of the disease [1]. The sole potential curative gemcitabine/nab-paclitaxel (Gem/Nab) have emerged as a cornerstone
treatment option is surgical resection. However, only 10-20% of for treating all stages of PDAC.
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Fig. 1. Schematic methodological overview of the clinical procedure and data analyses.
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Compared to gemcitabine monotherapy, both chemotherapeutic
regimens have demonstrated increased but limited efficacy in all stages
of PDAC [5-7]. Patients are also increasingly treated with neoadjuvant
FOLFIRINOX or Gem/Nab since previous studies have shown that this
improves survival, although results from large randomised controlled
trials (RCTs) are lacking [8-12]. A systemic review and patient-level
meta-analysis including 315 patients with locally advanced pancreatic
cancer (LAPC) reported improved median OS after first-line FOLFIR-
INOX (24 months vs. 6-13 months) [13], and a recent study demon-
strated that patients receiving neoadjuvant FOLFIRINOX had a better
pathologic response than neoadjuvant Gem/Nab [14].

Despite these promising results, survival outcomes remain far from
optimal, highlighting the need for multimodal therapies to improve
survival outcomes. One possible approach is combining chemotherapy
with immunotherapy. First, chemotherapeutic efficacy is often influ-
enced by the immune cell composition in the tumour microenvironment
(TME) [15,16]. Second, chemotherapeutic agents may restore the im-
mune cell-mediated anti-tumour response in addition to their direct
cytotoxic effects [15,17], which may help to overcome the immuno-
suppressive TME in PDAC that has hindered the success of immuno-
therapy compared to other cancer types [18,19]. Undoubtedly,
FOLFIRINOX modulates the peripheral [20,21] and intra-tumoral im-
mune landscape in PDAC [22-24]. The administration of multiple (at
least three cycles with a mean of 6.5 cycles) of neoadjuvant FOLFIRINOX
has even been associated with the expansion of effector T cells and
concomitant reduction in regulatory T cells (Tregs) [21]. Furthermore,
oxaliplatin, a component of FOLFIRINOX, induced immunogenic cancer
cell death and enhanced the adaptive and systemic immune response in
other cancer types [25,26]. Leveraging these favourable immunological
properties by combining FOLFIRINOX with immunotherapy could shift
the balance from a pro-tumoral to an anti-tumoral TME, ultimately
improving treatment outcomes. A recent paper by Rojas et al (2023)
demonstrates that personalised mRNA neoantigen vaccination in com-
bination with anti-PD-L1 and FOLFIRINOX in patients with resectable
PDAC led to neoantigen-specific T cells and that high abundance
correlated with delayed recurrence [27], highlighting the potential of
combining chemotherapy with immunotherapy.

Another challenge is predicting response to FOLFIRINOX because
toxicity occurs in 60-70% of patients [5,13,28,29]. Currently, treatment
response is only evaluated after four cycles through computed tomog-
raphy (CT) imaging, and Carbohydrate Antigen 19-9 (CA19-9) showed
not to be predictive of FOLFIRINOX response early on [20] but only after
multiple cycles [30]. Furthermore, approximately 20% of the population
cannot synthesise CA19-9, limiting its clinical utility [31]. This belated
response evaluation leads to ineffective but toxic treatment that reduces
a patient’s quality of life and delays alternative therapies that are
potentially more effective. Identifying patients benefiting from FOL-
FIRINOX treatment as early as possible is essential to address this issue.
Liquid biopsies are promising in this regard, and we have previously
demonstrated the potential of circulating biomarkers [20,32]. In addi-
tion, liquid biopsies have several advantages, including no need for
invasive tumour biopsies or resections, and they can be easily repeatedly
measured [33]. Furthermore, they probably better represent tumour
heterogeneity of the primary tumour and metastatic site [34].

This study aimed to investigate if the immunological effects of one
cycle of FOLFIRINOX could guide the development of more effective
immuno-based combinational therapies and to identify a potential early
easy-to-use circulating biomarker predictive of early progression under
FOLFIRINOX chemotherapy. To address these issues, we analysed the
immune cell and proteome repertoire in baseline and early on-treatment
samples.
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2. Methods
2.1. Patient population

Patients with histologically confirmed PDAC treated with FOLFIR-
INOX in a tertiary referral centre (Erasmus University Medical Centre)
were enrolled in this study. The inclusion criteria included adults aged
18 years or older who had not undergone prior chemotherapy.
(Borderline) resectable patients originated from the randomised clinical
PREOPANC-2 trial (Dutch trial register NL7094), and patients with
advanced disease (LAPC or metastatic disease) originated from the
prospective iKnowIT cohort (Dutch trial register NL7522). These studies
were approved by the medical ethical committee of Erasmus University
Medical Centre (MEC—2018-004, MEC—2018-087).

2.2. Clinical procedure

Patients were treated with first-line FOLFIRINOX chemotherapy
between February 2015 and October 2019. Twenty-four hours after
every FOLFIRINOX cycle, patients were prophylactically treated with
the long-acting granulocyte-colony stimulating factor (G-CSF) lipegfil-
grastim (Lonquex; Teva Ltd, Petach Tikva, Israel), to reduce
FOLFIRINOX-induced neutropenia [35]. Peripheral venous blood sam-
ples were collected from each patient at two time points: at baseline
(immediately before the first cycle) and after the first FOLFIRINOX cycle
(just before the second cycle, approximately two weeks later) (Fig. 1).
The collected samples were stored in 10 mL plasma EDTA tubes (Becton
Dickinson, Franklin Lakes, NJ, USA) and underwent density gradient
centrifugation for 10 min at room temperature to isolate plasma and
peripheral blood mononuclear cells (PBMCs). The samples were then
cryopreserved in aliquots at —80 °C (plasma) or in 10% DMSO in liquid
nitrogen until further analysis.

The radiological response to FOLFIRINOX was evaluated by
comparing CT scans made at baseline and after the fourth cycle,
following the Response Evaluation Criteria in Solid Tumours (RECIST)
1.1 criteria. Patients who showed stable disease, partial response (PR),
or complete response were defined as having “disease control” (DC),
while patients showing disease progression were defined as having
“progressive disease” (PD).

2.3. Plasma proteome profiling

Proteomic analysis was performed on cryopreserved peripheral
plasma samples. Plasma concentrations of 368 immune-related proteins
were quantified using the Olink Explore Inflammation panel (Supple-
mentary Table S1), following the manufacturer’s protocol. Olink Pro-
teomics (Uppsala, Sweden) uses the Proximity extension assay (PEA)
technology [36], which detects nucleotide-labelled antibody probe pairs
to individualise proteins by a real-time PCR as previously described
[37].

Protein data was normalised, standardised, and assessed for patient-
level and protein-level quality using the standard pipeline of Olink
Proteomics [38]. Final protein quantities were presented as normalised
protein expression (NPX) values. Patient samples that deviated less than
0.3 NPX from the median of their internal control passed the quality
assessment. Only proteins detected in more than 75% of patient samples
and with less than 25% of values below the reported limit of detection
were statistically analysed. When values were below the detection limit,
actual NPX values were used to impute best-guess values. Possible
sample outliers were identified using principal component analyses
(PCAs) and excluded if necessary.

2.4. Immune cell profiling

To enhance the validity of our immune proteomic analysis, we per-
formed flow cytometry staining on PBMCs. We selectively utilised
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PBMCs from patients who exhibited either partial response or progres-
sive disease. By targeting patients at opposite ends of the disease spec-
trum, we aimed to optimise the detectability of immune-related
alterations, ultimately enhancing the reliability and validity of our
research findings. Four panels were designed to characterise T cells (co-
stimulatory and co-inhibitory), B cells, and myeloid or dendritic cells
(Supplementary Tables S2, S3, and Supplementary Fig. S1). Cells were
surface stained at 4 °C for 30 min, followed by incubation with Fixable
Viability Dye (eBioscience, ThermoFisher, Waltham, MA, USA) for
15 min. Subsequently, the cells were fixed and permeabilised using the
FoxP3 Transcription Factor Staining Buffer set (eBioscience) and stained
intracellularly for 60 min. The acquisition was performed on a FAC-
Symphony A5 (BD Biosciences) using BD FACSDiva Software (BD
Biosciences).

2.5. Data visualisation and statistical analyses

Data visualisation and statistical analysis were performed with R
Statistical Software (v.4.1.2) using the EnhancedVolcano (v1.11.3),
‘ggplot2’ (v3.4.2), ‘OlinkAnalyze’ (v3.3.1), ‘Rtsne’ (v0.16), and ‘sur-
vival’ (3.5-5) packages. All analyses were stratified based on two
groups: the timing of blood sample collection (baseline vs. after one
cycle) and response to FOLFIRINOX treatment. P values were considered
statistically significant if adjusted for multiple comparisons with the
Benjamini-Hochberg correction (P.adj) and below 0.05. Statistical sig-
nificance was indicated as follows: *P.adj < 0.05, **P.adj < 0.01, ***P.
adj < 0.001, and ****P.adj < 0.0001. Clinical characteristics were sta-
tistically analysed using Fisher’s exact test for categorical variables and
Mann-Whitney U test for continuous variables and were considered
statistically significant if the uncorrected P value was below 0.05. The
effect of protein levels on OS and progression-free survival (PFS) was
predicted using multivariate Cox proportional hazards models, which
corrected potential confounders as identified by univariate analysis (the
disease stage and the total number of FOLFIRINOX cycles).

2.6. Principle component analyses

PCA was performed for the flow cytometry and the proteome data-
sets. To facilitate PCA, missing data were imputed and assessed for ac-
curacy, after which the values were log;o (flow cytometry percentages)
or logy (NPX) transformed. PCA dimensions capable of separating be-
tween subgroups were identified by calculating Pearson R? and statis-
tical evaluation of the PCA dimension coordinates. Wilcoxon tests with
Benjamini-Hochberg correction were used for statistical comparison of
the coordinates. The top ten flow cytometry variables or plasma proteins
with the highest contribution to each PCA dimension were considered to
drive the dimension.

2.7. Linear Mixed Effects Regression models and pathway
overrepresentation analysis

To correct for the confounding factors of sex and disease stage,
Linear Mixed Effects Regression models (LMERs) were fitted to the
datasets. In addition, plasma proteins that were differentially expressed
(P.adj < 0.05) between baseline and after the first FOLFIRINOX cycle
samples were subjected to functional pathway overrepresentation
analysis using the Functional Mapping and Annotation of the Genome-
Wide Association Studies (FUMA GWAS) platform [39]. The over-
representation analysis analysed the canonical pathway collections C2
(BioCarta, KEGG, PID, and Reactome) and C5 (ontology gene sets) of the
Human Molecular Signature Database (MSigDB). The FUMA GWAS
platform automatically analysed the results, and pathways were found
to be differentially altered if P.adj < 0.01.
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Table 1
Clinical characteristics of the PDAC patient cohort.
Characteristics Disease Progressive P Overall
control disease value (n = 86)
(n = 65) (n=21)
Age, median years 63 (46-83) 60 (47-78) 0.13 62 (46-83)
(range)”
BMI, median kg/m2 25 (16-36) 25 (19-36) 0.62 25 (16-36)
(range)
Diabetes mellitus, n (%)
No 50 (77) 17 (81) 1.0 67 (78)
Yes 15 (23) 4(19) 19 (22)
Disease stage, n (%)
(Borderline) 30 (46) 7 (33) 0.56 37 (43)
resectable disease
LAPC 21 (32) 9 (43) 30 (35)
Metastatic disease 14 (22) 5(24) 19 (22)
Family history for PDAC,
n (%)
No 59 (91) 18 (86) 0.68 77 (90)
Yes 6 (9) 3(14) 9 (10)
History of malignancy, n
(%)
No 55 (85) 18 (86) 1.0 73 (85)
Yes 10 (15) 3014 13 (15)
History of pancreatitis, n
(%)
No 63 (97) 20 (95) 1.0 83 (96)
Yes 2(3) 1(5) 34
Sex, n (%)
Female 28 (43) 10 (48) 0.80 38 (44)
Male 37 (57) 11 (52) 48 (56)
Alcohol use, n (%)
Current/former 40 (62) 14 (67) 0.89 54 (63)
Never 25 (38) 7 (33) 32(37)
Smoking status, n (%)
Current/former 35 (54) 15 (71) 0.36 50 (58)
Never 30 (46) 6 (29) 36 (42)
Baseline clinical
parameters, median
(range)
ALAT (U/L) 28 (9 - 27 (14 - 636) 0.42 28 (9 -
1240) 1240)
ASAT (U/L) 26 (10 - 26 (15 - 285) 0.83 26 (10 -
1100) 1100)
Albumin (g/L) 40 (23-48) 40 (28-49) 0.68 40 (23-49)
Bilirubin (umol/L) 10 (3-45) 15 (4-83) 0.24 13 (3-83)
CA19-9 (U/mL) 286 (0 - 388 (4 - 0.10 294 (0 -
26500) 83300) 83300)
CEA (ng/L) 4(1-119) 4 (1-226) 0.35 4 (1-226)
Creatinine (umol/L) 69 (33 - 61 (47 -1103) 0.20 69 (33 -
149) 149)
CRP (mg/L) 6(0-91) 6 (1-88) 0.21 6(0-91)
GFR (mL/min) 89 (39 - 90 (55 - 126) 0.15 90 (39 -
124) 126)
Leukocytes (x1079/L) 8 (3-14) 8 (5-15) 0.27 8(3-145
NLR"” 4 (1-20) 3(1-7) 0.88 3 (1-20)
i 839 (264 — 1010 (201 - 0.52 869 (201 —
7250) 2380) 7250)
FOLFIRINOX cycles, 8 (4-12) 4 (4-8) < 8 (4-12)
median (range) 0.001
Survival status, n (%)
Alive 35 (54) 2(10) < 37 (43)
0.001
Diseased 30 (46) 19 (90) 49 (57)
0S, median months 24 (6-54) 5 (1-30) < 17 (1-54)
(range)" 0.001
Progression status, n (%)
No progression 35 (54) 0 (0) < 35(35)
0.001
Progression 30 (46) 21 (100) 51 (65)
PFS, median months 23 (4-52) 3 (1-20) < 15 (1-52)
(range)" 0.001
Type of profiling, n (%)
Immune cells 3(5) 7 (33) < 10 (12)
0.001
Serum proteins 52 (80) 9 (43) 61 (71)

(continued on next page)
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Table 1 (continued)

Characteristics Disease Progressive P Overall
control disease value (n=86)
(n=65) (n=21)
Serum proteins and 10 (15) 5(24) 15 (17)
Immune cells
RECIST1.1 after four
cycles, n (%)°
Partial response (PR) 18 (28) 0 (0) < 18 (21)
0.001
Stable disease (SD) 47 (72) 0 (0) 47 (55)
Progressive disease 0 (0) 21 (100) 21 (24)

(PD)

@ Age was calculated from the date of birth until the date of initiation of
FOLFIRINOX.

Y NLR and SII values were missing for a total of 9 patients.

¢ Overall and progression-free survival outcomes were calculated from the
date of initiation of FOLFIRINOX until the date of death or disease progression.

4 Detailed description of the RECIST1.1 definitions, in which patients with
disease control are divided into those with stable disease and progressive
disease.
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3. Results
3.1. Patient and sample characteristics

A total of 202 peripheral blood samples from 101 PDAC patients
were collected at baseline and after the first cycle of FOLFIRINOX
chemotherapy (on treatment sample). After quality control, immune cell
profiling using flow cytometry was performed on 50 samples, and
plasma protein profiling using Olink Proteomics was performed on 146
samples. These samples correspond to 86 PDAC patients whose clinical
characteristics are summarised in Table 1. This seemingly incoherent
number of patients was due to a partial overlap between the two
profiling methods (n = 10) and the selective exclusion of a patient’s
baseline or on-treatment sample during the quality control. The clinical
characteristics stratified by profiling type can be found in Supplemen-
tary Table S4.

3.2. FOLFIRINOX treatment is associated with systemic immune
activation

To investigate the immunological effects of FOLFIRINOX, we con-
ducted plasma protein and immune cell validation profiling of
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Fig. 2. Analyses of 368 plasma proteins in baseline and on-treatment blood samples. A PCA biplot that shows time-point-based clustering based on blood sample
similarity in dimensions 2 (x-axis) and 4 (y-axis). The percentage indicates the variance that is explained by the dimension. B Balloon plot that highlights the ten most
contributing proteins to dimensions 2 and 4. The size of the circle indicates the total contribution percentage. C Volcano plot that depicts the FOC (log2 NPX) of all
proteins between the two blood sample time points. D-F Visual representations of the pathway overrepresentation analysis using significantly overexpressed proteins
in baseline (D) and on-treatment (F) samples. The y-axis displays the pathway names, the x-axis displays on the left the percentage of overlapping genes included in
these pathways, and the -log10 adjusted P values on the right. E-G Point-range plots that depict the expression (log2 NPX, 95% CI) of three highlighted proteins in

baseline (E) and on-treatment (G) samples. *P.adj < 0.05, **P.adj < 0.01, ***P.adj < 0.001, and *

P.adj < 0.0001.
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peripheral blood samples. Dimension reduction was performed for both
datasets using PCA, and to identify variables that were confidently
associated with treatment-induced changes, we fitted LMERs that cor-
rected for the covariates of disease stage and sex.

Unsupervised PCA of proteome data (368 proteins) showed clus-
tering of baseline and on-treatment samples based on the second (R? =
0.04, P.adj < 0.05) and fourth (R? = 0.59, P.adj < 0.001) dimension
(Figs 2A,2B). LMERs revealed 89 enriched plasma proteins at baseline
(P.adj < 0.01) against 103 on-treatment (P.adj < 0.01) (Fig. 2C).
Pathway overrepresentation analysis (Supplementary Table S5) of these
plasma proteins revealed baseline enrichment of tumour-cell-related
pathways such as positive regulation of vasculature development, tis-
sue remodelling, and locomotion (Fig. 2D), illustrated by high expres-
sion of PDGFB, EPCAM, and ANGPT1 (Fig. 2E). Following one cycle of
FOLFIRINOX, pathways of the adaptive immune response, activation,
proliferation, differentiation of T cells, and immunoglobulin production
were highly enriched (Fig. 2F). Subsequent LMER analyses revealed
interleukin (IL)—18, IL—15, and TNFRSF4 as significant regulators of
these pathways (Fig. 2G).

Similarly, unsupervised PCA of flow cytometry data (218 variables)
showed clustering of baseline and on-treatment samples based on the
fourth dimension (R? = 0.18, P.adj < 0.001) (Fig. 3A). This dimension
was primarily driven by the increased proliferation and activation of B
cell subsets following FOLFIRINOX treatment (Fig. 3B). LMERs revealed
six enhanced variables at baseline (P.adj < 0.05) against 19 enhanced
variables on-treatment (P.adj < 0.05) (Fig. 3C). Specifically, we
observed increased expression of markers in T cell activation (i.e.,
CD137 and PD-1) upon treatment (Fig. 3D). Moreover, the frequency of
proliferating natural killer (NK) and NKT cells increased upon treat-
ment, indicating systemic lymphocyte activation (Fig. 3E). Finally, we
observed activation signals of antigen-presenting cells upon treatment,

as illustrated by increased CD40 expression on B cells and a higher
abundance of specialised antigen-presenting intermediate monocytes
(Fig. 3F).

3.3. Plasma proteins have the potential to predict early disease
progression before starting or on FOLFIRINOX treatment

To elucidate patterns of initial (immune) resistance to FOLFIRINOX,
we attempted to differentiate between patients with DC from PD by
analysing distinct immune cell and plasma protein profiles using unsu-
pervised PCA clustering. We also accounted for the potential covariates
of disease stage and sex by fitting LMERs.

To date, CA19-9 is commonly used to predict therapy response early
on treatment. However, as already indicated, CA19-9 can only be pre-
dictive after multiple cycles, which is in correspondence with our cohort
(Fig. 4A). Furthermore, neutrophil-lymphocyte ratio (NLR) and systemic
immune-inflammation index (SII) were not predictive of early treatment
response (Fig. 4A). Therefore, there is a need to identify an early
biomarker predictive for FOLFIRINOX response.

Our proteome dataset had an overrepresentation of samples from DC
patients compared to PD patients (n = 62 vs. n = 14). Nevertheless,
unsupervised PCA revealed clustering of samples corresponding to DC
and PD patients based on the first dimension [R? = 0.04, P < 0.01)
(Figs. 4B, 4C). LMERs revealed seven plasma proteins to be differentially
expressed between DC and PD patients at baseline (P.adj < 0.01). Pre-
treatment levels of VEGFA, ITGB6, PRDX3, MYO9B, SIT1, and BACH1
were elevated in PD patients, while pre-treatment levels of GAL were
elevated in DC patients (Figs. 4D, 4E). Notably, four of these proteins
remained differentially expressed in on-treatment samples (PRDX3,
MYO9B, SIT1, BACH1). Multivariate survival analyses revealed
FOLFIRINOX-independent baseline VEGFA and PRDXS3 levels to predict
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Fig. 4. Analyses of 368 plasma proteins in baseline and on-treatment blood samples stratified by the radiological response after four FOLFIRINOX cycles. A Point-
range plots that depict the expression (log2 NPX, 95% CI) of CA19-9, NLR, and SII at baseline and on-treatment stratified by treatment. B PCA biplot that shows
radiological response-based clustering based on sample similarity in dimension 1 (x-axis) but not in dimension 2 (y-axis). The percentage indicates the variance that
is explained by the dimension. C Balloon plot that highlights the ten most contributing proteins to dimension 1. The size of the circle indicates the total contribution
percentage. D-E Point-range plots that depict the overexpression (log2 NPX, 95% CI) of several proteins in baseline only (D) and baseline as well as on-treatment (E)
samples stratified by treatment. F-G Forest plots of the multivariate Cox regression hazards models that predict OS and PFS, corrected by disease stage and the total
number of FOLFIRINOX cycles, using continuous values (log2 NPX) for VEGFA (F) and PRDX3 (G). The baseline values of VEGFA and PRDX3 are independent
negative predictors for OS and PFS. H-I Point-range plots that depict the expression (log2 NPX, 95% CI) of FCRL3 (H) and the absolute FOC between the two blood
sample time points (I) stratified by the response. (J) Forest plots of the multivariate Cox regression hazards models that predict OS and PFS, corrected by disease stage
and the total number of FOLFIRINOX cycles, using continuous delta values (log2 NPX) for FCRL3. The delta values of FCRL3 are independent negative predictors for

OS and PFS. *P.adj < 0.05, **P.adj < 0.01, ***P.adj < 0.001, and ****P.adj < 0.0001.

early disease progression (Figs. 4F, 4G). High pre-treatment VEGFA
correlated with worse PFS (Fig. 4F). Similarly, elevated PRDX3 levels
indicated treatment unresponsiveness associated with PFS and OS
(Fig. 4G). Furthermore, an increase in FCRL3 during FOLFIRINOX
treatment was specific for patients with PD, with a fold change in plasma
levels of 1.74 vs 0.826 for PR (Figs. 4H, 4I). Finally, delta FCRL3
correlated borderline significant to PFS and significant to OS (Fig. 4J).
These analyses demonstrate the potential of plasma proteins to predict
early disease progression before the start of treatment or early on-
treatment.

3.4. Patients with disease control exhibit increased levels of T cell
activation markers, while patients with disease progression show high levels
of PD-L1 + B cells

Following proteome analyses, we aimed to validate these findings
with immune cell profiling to identify a signature indicative of the
response to FOLFIRINOX treatment. To enhance the robustness of our
results, we restricted our patient selection to those with PD or PR, rep-
resenting the two extreme ends of the disease spectrum. Unsupervised
PCA of flow cytometry data showed clustering of samples corresponding
to PR and PD patients based on the first (R? = 0.13, P < 0.01) and
second (R? = 0.63, P.adj < 0.001) dimension (Figs. 5A, 5B). Patients
with PD were enriched for inhibitory markers by B cells and CD4 + and
CD8 + T cells, compared to PR patients (Fig. 5B). Specifically, PD-L1
expression was increased on various B cell subsets. In contrast, T cells
in PD patients seemed less functional, based on the expression of CD39
and LAG-3. Conversely, activation markers on CD4 + and CD8 + T cells
were highly abundant in PR patients.

LMERs revealed 45 variables at baseline and 54 variables on-
treatment to be differentially expressed between PR and PD patients
(P.adj < 0.05). After accounting for potential covariates, we could still
delineate high expression of inhibitory PD-L1 on B cell(s) (subsets) and
conventional dendritic cells (cDC) in PD patients (Fig. 5C), illustrating
the robustness of our PCA. Likewise, activation markers were increased
on lymphocytes in PR patients, characterised by high ICOS, PD-1, and
TCF-1 expression (Fig. 5D). However, inhibitory TIM-3 and CTLA-4
were also expressed at significantly higher levels on T cells in PR patients
(Fig. 5E). Only LAG-3 was specifically enriched on naive CD8 + T cells,
as well as TOX on CD8 + central memory T (Tcm) cells in PD patients
(Fig. 5F). Finally, PD-1 expression of CD4 + Tcm cells was found to
increase in PD patients upon one cycle of FOLFIRINOX, which was
significantly opposite in PR patients (Figs. 5G, 5H), which may suggest
that PD-1 + CD4 + T cells restrain clonal expansion in PD patients.
Altogether, these data indicate that high levels of B and T cell inhibitory
markers might be partially related to FOLFIRINOX response. In contrast,
increased levels of activation markers seem to be most specific for PR
patients.

4. Discussion
This prospective multicentre study investigated the pre- and on-

treatment immune cell and proteome profiles of 86 PDAC patients.
Our findings reveal that only one cycle of FOLFIRINOX chemotherapy

promotes several facets of the anti-tumour response, namely increased
activation of T cells and antigen-presenting cells, which could be
leveraged by adding immunotherapy. Moreover, we identified seven
plasma proteins with the potential to predict progression under FOL-
FIRINOX before starting treatment and could serve as valuable targets
for combination therapy.

Combining FOLFIRINOX with immunotherapy is gaining interest
and leading to several studies investigating the immunological effects of
FOLFIRINOX alone. We further investigated this immune-modulating
effect after only one cycle of FOLFIRINOX. Comprehensive immune
profiling demonstrated that one cycle of FOLFIRINOX elicits systemic
immune activation and induces the proliferation of T, B, and NK(T) cells.
Indeed, FOLFIRINOX or its components have demonstrated immuno-
modulatory properties in PDAC [20,22,25,26,40]. Consistent with our
findings, previous research has shown that multiple (at least three cycles
with and a mean of 6.5 cycles) of neoadjuvant FOLFIRINOX enhances
anti-tumour immunity by decreasing the abundance of regulatory T cells
(Tregs) and increasing the abundance of effector T cells in the peripheral
blood of PDAC patients [21]. This demonstrates the robustness of this
response, which can be detected early on-treatment.

Simultaneously modulating the populations of immune cells, FOL-
FIRINOX markedly increased the plasma levels of pro-inflammatory
cytokines and regulators belonging to the TNF superfamily, including
TNFSF4, IL—18, and IL—15. TNFSF4 (CD134 or OX40) is a secondary co-
stimulatory immune checkpoint molecule vital in antigen-specific T cell
expansion and survival [41]. Furthermore, the intra-tumoral expression
of TNFSF4 on T cells is described as an independent prognostic factor for
favourable prognosis [42,43]. Likewise, IL—18 can induce IFN-y pro-
duction by T cells. However, IL—18 receptor signalling is also described
to regulate the exhaustion of tumour-reactive CD8 + T cells in a pre-
clinical PDAC mouse model [44]. Finally, IL—15 regulates T and NK cell
activation and proliferation without stimulating immune-suppressive
Tregs [45]. In addition, IL—15 can induce NK cell-mediated cytotox-
icity against pancreatic cell lines in vitro [46]. These early systemic
effects on-treatment have not been previously reported but emphasise
the potential of immune-based combinational therapies.

Elevated pre-treatment plasma levels of VEGFA, ITGB6, PRDX3,
MYOQO9B, SIT1, and BACH1 and low pre-treatment plasma levels of GAL
were significantly associated with PDAC progression after four cycles of
FOLFIRINOX. These associations remained significant after one FOL-
FIRINOX cycle for PRDX3, MYO9B, SIT1, and BACH1. Most interest-
ingly, elevated VEGFA and PRDX3 pre-treatment levels correlated with
poor treatment response. Our results are consistent with previous
research on the roles of these proteins in cancer treatment and patho-
genesis. The transcription regulator protein BTB domain and CNC ho-
molog 1 (BACH1) and VEGFA promote the metastatic behaviour of
PDAC and positively correlate to a poor prognosis [47,48]. Likewise,
myosin IXB (MYO9B), a protein regulating cell migration, promotes
metastasis in several cancer types [49]. The integrin avp6 (ITGB6) has
been shown to drive PDAC progression through pro-tumoral and
TME-related mechanisms [50]. Peroxiredoxin 3 (PRDX3), a protein that
protects cells from oxidative stress, has a well-established tumour-pro-
moting role in various cancer types and induces chemotherapy resis-
tance [51]. Although the function of the signalling threshold regulating
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transmembrane adaptor 1 (SIT1) in cancer is still unknown, it may
regulate tumour immunity through its ability to inhibit T cell
receptor-mediated signalling [52]. Finally, galanin (GAL) has a contro-
versial role in the tumorigenesis of PDAC, but stimulating or inhibiting
GAL may be a promising therapeutic approach [53]. In addition to
VEGFA and PRDX3, FOLFIRINOX-induced FCRL3 significantly corre-
lated with poor treatment response. FCRL3 is a receptor expressed by
various lymphocytes and regulates the immune system. The elevated
expression has been described to increase susceptibility to autoimmu-
nity, and polymorphisms in the FCLR3 loci are associated with
numerous autoimmune diseases [54,55]. However, little information on
its role in cancer and therapy response is available.

In addition to elevated levels of tumour-promoting plasma proteins,
patients with PD were enriched for inhibitory markers by B cells and
CD8 + T cells, suggesting these cells are immune suppressive or less
functional. Contrarily, activation markers on CD4 + and CD8 + T cells
were highly abundant in PR patients, indicating that systemically acti-
vated T cells may contribute to the response to FOLFIRINOX, further
highlighting the potential of combination immunotherapy approaches.

A previous study of our group failed to identify serum proteins using
Luminex immunoassays that differed between DC and PD patients.
However, we did observe elevated levels of IL—1RA in patients with DC,
and IL-7, IL-18, and MIP—1p were correlated to OS [32]. Unsurpris-
ingly, the findings of the present study are different from the previous
study, which can be explained by the evaluation of plasma vs. serum
analyses, the correction for disease stage, the number of cycles of FOL-
FIRINOX, and using models with continuous protein values instead of
groups with arbitrary cut-off. More importantly, we now used a highly
sensitive and comprehensive technique for proteomic profiling, result-
ing in the detection of 368 plasma proteins, as opposed to 11 cytokines.

We acknowledge that this study has several limitations. Firstly, the
conclusions regarding the clinical applicability of our identified pre-
dictive protein are constrained by the uneven representation of DC and
PD PDAC patients in our proteome analysis, and therefore, external
validation is needed to accurately determine a cut-off protein value for
predicting early progression under FOLFIRINOX. Secondly, full valida-
tion that complies with the REMARK guidelines [56] is still needed to
determine if these proteins can serve as predictive biomarkers. Thirdly,
our results were not validated in a cohort of patients receiving no G-CSF,
or any other type of chemotherapy like Gemcitabine/Nab-Pa-CSF was
injected 24 h after every FOLFIRINOX cycle, which may affect the im-
mune cell and proteome profile by stimulating granulocyte production
in the bone marrow [20]. However, combining G-CSF and FOLFIRINOX
is standard practice in the Netherlands to reduce the risk of neutropenia,
and G-CSF maladministration could have negative consequences [35].
Therefore, withholding G-CSF administration is unethical. In addition,
G-CSF is suggested to have a minimal direct impact on lymphocytes, as
the G-CSF receptor is only expressed by myeloid cells. Nonetheless,
G-CSF administration may boost myeloid-derived suppressor cells that
may have inhibitory effects on T cell proliferation and activation and
may have impacted the expression of inhibitory or activating checkpoint
molecules on T cells in this study. Fourth, we used blood samples after
one cycle to explore the immunological effect of FOLFIRINOX. Although
this time point is optimal for early response prediction, longitudinal
on-treatment samples would have been preferable to investigate
whether FOLFIRINOX’s influence on systemic immunity remained
consistent or intensified during response evaluation. Furthermore, such
an approach would have provided enhanced insight into its predictive
influence and the sustained viability of plasma protein biomarkers for
long-term prognosis. Fifth, the effect of FOLFIRINOX on intra-tumoral
immune cells could not be evaluated due to the lack of tumour tissue
material. Establishing a correlation between our peripheral blood find-
ings and changes within the tumour microenvironment is crucial to
ensure that the chemotherapy does not hinder local immune cell acti-
vation. Finally, due to sample availability restrictions, not all patients
underwent both immune cell and proteome profiling, limiting our
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findings’ generalizability between both profiling methods.
5. Conclusion

This study provides evidence that a single cycle of FOLFIRINOX ex-
erts immunological effects that bolster the immune cell-mediated anti-
tumour response in PDAC patients. These findings provide a promising
foundation for developing immune-based combination therapies that
harness the beneficial immunological properties of FOLFIRINOX.
Furthermore, we identified five protein-based liquid biomarkers that
hold promise for early prediction of disease progression during FOL-
FIRINOX treatment. Future studies should validate and examine the
utility of these biomarkers in the clinical setting.
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