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Background: Cancer-associated fibroblasts (CAFs) and interleukins (ILs) family play crucial roles in pancreatic carcinoma (PC)
immune response. However, the correlation between the IL family, CAFs infiltration, and PC prognosis remains uninvestigated.
Methods: An IL family expression pattern for prognosis was constructed using a stepwise Cox proportional hazards regression model
using TCGA data. Clinical data and validations from seven independent public cohort datasets were conducted to confirm the
performance of the model. CAFs infiltrating abundance and spatial distribution in PC, and their correlation with patient prognosis
were detected. Correlation between IL expression pattern, CAF infiltration, and immunotherapy response was evaluated using clinical
tissue samples.

Results: This study constructed the first IL family expression pattern to predict CAFs infiltration and prognosis in PC. The model was
validated using clinical data and a meta-analysis of seven public PC datasets (HR= 1.27). IL high-risk patients had shorter survival,
advanced tumors and lymph node metastasis compared to low-risk patients. Patients with unfavorable immunotherapy response had
significantly higher IL risk scores (P=0.015). The IL expression pattern distinguished CAFs infiltration characteristics in PC, showing
greater infiltration of CAFs, antigen-presenting CAFs (apCAFs) and inflammatory CAFs in the high-risk group. IL high-risk group
also exhibited increased apCAF/tumor cell and apCAF/Tregs engagement, resulting in suppressed immune responses, crippled T-cell
function and B-cell function, and elevated levels of biomarkers associated with poor immune response.

Conclusion: This study constructed the first IL expression pattern related to CAFs infiltration, immunotherapy response, and
prognosis in PC patients. This might promote precise immunotherapy and facilitate treatment options for PC.
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Introduction
The incidence and mortality of pancreatic carcinoma (PC) are increasing annually.'* Immunotherapy, while crucial in
cancer treatment, is less effective for PC, showing higher resistance to immune checkpoint inhibitors(ICIs) compared to
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other tumors.? Clinical research shows that ICIs treatment does not improve the survival rates of patients with advanced
PC.* The mechanisms behind this poor response remain unclear.

Cancer associated fibroblasts (CAFs) are involved in intricate crosstalk with cancer cells and immune cells, playing
a critical role in PC progression.” CAFs exhibit significant functional heterogeneity within the PC tumor microenviron-
ment. Exploring the heterogeneity and spatial distribution of CAFs in the PC will provide important insights into the
complex and heterogeneous immune landscape associated with progression.

Predictive biomarker studies have achieved success in other solid tumors, but findings remain limited in PC.
A precision predictor is needed to forecast prognosis and match effective therapies to immune microenvironmental
characteristics. Interleukins (ILs), cytokines produced by a variety of tissue and blood cells, play significant roles in the
inflammatory response during various infectious diseases. They are also key cytokines that regulate immune cell
activation and tumor immune responses, playing a critical role in the development and progression of PC.® Different
IL members exert distinct regulatory effects on tumor immunity,” with some abnormally expressed in PC.* A better
understanding of the IL family profile and the clinical characteristics as well as immunological characteristics in PC
could optimize cancer treatment.

In the current study, an IL expression signature that is related to PC prognosis was established through comprehensive
analysis of prognostic data and IL family expression in clinical tissue samples and genomics data from databases such as
the Cancer Genome Atlas (TCGA). For the first time, the relationship between IL family expression and CAFs infiltration
and spatial distribution in PC were explored. Additionally, the potential predictive value of this IL expression signature
for immunotherapy response was evaluated.

Materials and Methods
Construction of IL Family-Based Signature and Prognostic Analysis in TCGA Dataset

Data of IL family mRNA expression, clinicopathological characteristics, and overall survival (OS) data of patients of
TCGA PAAD database were used (Supplementary Table S1). Univariate Cox proportional hazards regression analysis

was used to evaluate the relationship between IL family member gene expression and OS in PC patients. Variables with
a P-value< 0.05 were subsequently incorporated in the multivariate model. A stepwise Cox proportional hazards
regression model was performed to screen for the most predictive gene markers. The stepwise multivariable Cox
regression was performed using the ‘My.stepwise’ package for R. The selected genes formed a risk-assessment score
based on a linear combination of gene-expression levels.

Model Validation in Public Databases

IL family mRNA expression levels and OS data in PC patients were obtained from the International Cancer Genome
Consortium (ICGC) database (80 patients) and Gene Expression Omnibus (GEO) datasets, including GSE21501 (102
patients), GSE57495 (63 patients), GSE62452 (66 patients), GSE71729 (125 patients), and GSE79668 (51 patients).
There are no significant differences in ethnicity, age distribution, or tumor subtype composition among the five GEO
databases. The overall hazard ratio (HR) was calculated using a random-effects model.

Clinical Samples and Immunohistochemistry
Surgically resected tumor tissues and adjacent normal tissues were collected from 90 patients with PC (Shanghai Outdo
Biotech, Shanghai, China). Patient characteristics are shown in Table 1.

Microarray chips of samples were stained with anti-IL1R2, anti-IL4, anti-IL8, anti-IL13RA2, anti-IL20RA, anti-
IL20RB, anti-IL27 (Abbkine, Wuhan, China), anti-IL1RN, anti-IL6R, and anti-IL18 (Affinity Biosciences, Cincinnati,
OH, USA USA) as previously described.'® The staining score was independently assessed by two researchers.

Microarray chips were stained with anti-Ki67 (Abbkine, Wuhan, China) and anti-P53 (Abcam, Cambridge, UK)
antibodies. The p53 status was determined by the percentage range of stained tumor cell nuclei as previously described.''
Specifically, cases with p53-stained nuclei exceeding 20% of total tumour cell or completely absent in tumour cells were
categorized as “p53-positive”.
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Table | Characteristics of the Clinical

PC Patients
Variable No. of Patients
Age, yr
Median 62
Range 34-83

Age group, no. (%)

<65 52(58)

265 38(42)

Sex, no(%)

Male 58(64)

Female 32(36)

Pathological grade, no. (%)

1 58(65)

1] 21(23)

v 11(12)

TNM Staging(T), no. (%)

TI 2(2)
T 72(80)
T3 16(18)

TNM Staging(N), no. (%)

NO 51(57)

NI 39(43)

TNM Staging(M), no. (%)

MO 89(99)

Ml 1(1)

Survival Analysis for Clinical PC Patients

Patients were divided into high- and low-risk groups according to the optimal cut-off value using the constructed risk-
prediction model. Survival analysis was conducted using Kaplan—Meier survival estimates. Univariate and multivariate
Cox regression analyses were performed for survival analysis of clinical characteristics of patients, including sex, age,
metastasis, pathological grade, and IL risk model.

Multiplex Fluorescent Immunohistochemistry Staining and Cell-to-Cell Distance
Analysis

Formalin-fixed, paraffin-embedded sections were dewaxed and dehydrated, then peroxide-blocked. The Opal seven-color
manual immunohistochemistry kit (PerkinElmer, Waltham, MA, USA) was used, following the manufacturer’s instruc-
tions. The slides were incubated with the primary antibody for 1 hour, followed by incubation with secondary antibody
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for 10 minutes. The slides were then incubated in Opal dye diluent (diluted 1:100) for 10 minutes. After each step, the
slides were thoroughly washed with TBST buffer. Microwave treatment was used to remove the primary and secondary
antibodies prior to counterstaining. These steps were repeated until all indicators were labeled. Finally, the slides were
incubated with the DAPI working solution for 5 minutes and mounted using a fluorescence anti-quenching medium.

The primary antibodies used are as follows: Cancer Associated Fibroblast Marker Antibody Sampler Kit, anti-PDPN,
anti-FoxP3 (Cell Signaling Technology, Danvers, MA, USA), and anti-KRTS8 (Abcarta, Suzhou, China). Slides were
scanned to obtain seven-colored, whole-slide images using TissueFAXS Spectra S (TissueGnostics GmbH, Vienna,
Austria). Image analysis was completed with TissueGnostics StrataQuest (TissueGnostics GmbH, Vienna, Austria). CAF
were defined as PDPN", antigen-presenting CAF (apCAF) were defined as PDPN' CD74", inflammatory CAFs (iCAFs)
were defined as PDPN" PDGFRA", and regulatory T-cells (Tregs) were defined as Foxp3", respectively. Multiplex
fluorescent composite images were reviewed by pathologists to confirm the accuracy of staining and phenotyping. The
distance between a cell and its nearest neighbors and the number of cells connected to other cells within a set radius were
calculated using R (R Foundation for Statistical Computing, Vienna, Austria).

2

Immunofluorescence staining of tissue sections was performed as described before,'? antibody against anti—pro-

grammed death-ligand 1 (PD-L1) (Gene Company Ltd., Hong Kong) was used.

IL Expression Pattern and Immune Cell Infiltration Evaluation in PC Patients with
Different Immunotherapy Response

Formalin- fixed, paraffin-embedded (FFPE) blocks were collected from five patients with favorable PD-1 antibody
therapy effect and five patients with unfavorable PD-1 antibody therapy effect at the Nanfang Hospital, between

January 1, 2019 and January 31, 2023.
IHC for IL family and multiplex fluorescent immunohistochemistry staining for indicated proteins were performed.

Immune Cell-Infiltration Analysis

The pattern of immune cell infiltration between the high- and low-risk groups was estimated by CIBERSORT, a novel
method widely used for characterizing the infiltrating immune cell composition in tumors.'> The LM22 signature
algorithm, which contains 547 genes to distinguish 22 immune cell subtypes was used.

Biological Process and Pathway Enrichment Analysis
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were
applied using DAVID to explore the biological functions and pathways of the related genes.

Quantification of the Immune Response Predictor
The numbers of neo-antigens, clonal and subclonal neo-antigens in PC patients in the TCGA dataset were obtained

through The Cancer Immunome Atlas (https:/tcia.at/home).'* A reverse-phase protein array analysis was performed to

quantify the expression of PD-L1 from the TCGA dataset, which was retrieved from the cBio Cancer Genomics Portal
(http://www.cbioportal.org). The Tumor Immune Dysfunction and Exclusion (TIDE) platform integrates T-cell dysfunc-

. . . . . . . . . e 14
tion and exclusion signatures to evaluate tumor immune evasion and predict the immune checkpoint inhibitor response.

Statistical Analysis

Statistical analyses were performed with GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA, USA). The
STATA software program (StataCorp LLC, College Station, TX, USA) was used for prognostic meta-analysis. An
unpaired test was performed to detect differences between two groups. Random Forest Survival Analysis (RFSA) from
machine learning was employed to validate the importance of the risk score genes using R (version 4.4.0) with package
“random Forest SRC” and “survival”. The survminer package in R was utilized to determine the optimal cut-off value.
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Results
Construction of the IL Family-Based Signature and Its Correlation with Clinical
Features

We intended to explore the correlation between IL family expression characteristics and PC prognosis. We analyzed 43
IL family genes, focusing on their association with OS of 178 patients in the TCGA PAAD cohort using univariate
analyses. Ten genes were significantly associated with OS (Table 2): Seven were risk factors (IL27, ILIRN, ILIR2, IL18,
IL20RB, IL8, and IL20RA) and three were protective factors (/L4, ILI3RA2, and IL6R). The 10 selected genes were used
to build a risk-prediction model for PC prognosis. The risk score is as follows: — 0.0697*ILI3RA2 + 0.2527*IL18 +

Table 2 Univariate Analyses of IL Family
Members with OS in the TCGA PAAD Cohort

Gene HR 95% CI p Value
CD4 1.027 | 0.864-1.22 0.766
ILI0 1.022 | 0.672-1.552 0.92
ILIORA | 0.896 | 0.739-1.087 0.266
ILIORB 1.387 | 0.978-1.967 0.066
ILI2RBI | .13 0.861-1.484 0.379
ILI2RB2 | 1.375 | 0.837-2.259 0.208
ILI3 0.183 | 0.028-1.182 0.074
ILI3RAI | 1.104 | 0.788-1.545 0.566
ILI3RA2 | 0.724 | 0.562-0.933 0.013
ILI6 0.951 0.807-1.119 0.543

ILI7A 0.857 | 0.007-108.723 0.95

ILI7F 0.243 0.002-25.17 0.55
ILI7RA I.155 0.75-1.778 0.512
ILI7ZRC | 0.826 | 0.572-1.192 0.307
ILI8 1.562 1.228-1.988 < 0.001
IL18RI 0913 0.688-1.211 0.526
ILISRAP | 0.878 | 0.566—1.363 0.563
ILI9 1.141 0.631-2.064 0.662
ILT1A 1.08 0.871-1.34 0.483
ILIB 1.027 | 0.842-1.254 0.79

ILIF10 32418 | 0.024-43,287.451 | 0.343

ILIRI 1.178 0.985-1.408 0.072
ILIR2 1.236 1.083-1.41 0.002
ILIRN 1.32 1.142-1.526 < 0.001
IL2 0.395 0.112-1.391 0.148
(Continued)
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Table 2 (Continued).

Gene HR 95% CI p Value
IL20RA 1.358 1.037-1.778 0.026
IL20RB 1.358 1.191-1.549 < 0.001
IL21 0.483 | 0.022-10.706 0.646
IL2IR 1.042 | 0.804-1.35 0.755
IL23A 1.187 | 0.945-1.492 0.141
IL23R 0.508 | 0.092-2.8 0.437
IL26 0.488 | 0.026-9.127 0.631
L27 4.258 1.265-14.333 0.019
IL27RA | 0.996 | 0.751-1.322 0.979
IL2RA 1.137 | 0.949-1.363 0.164
L4 0.075 | 0.011-0.522 0.009
IL4R 1.281 1-1.641 0.05
IL6 1.077 | 0.95-1.22 0.249
IL6R 0.773 | 0.624-0.956 0.018
IL6ST 1.023 | 0.812-1.29 0.847
IL8 1.153 1.025-1.295 0.017
CXCRI 1.089 | 0.8-1.483 0.587
CXCR2 | 1.079 | 0.806—1.445 0.609

Abbreviations: HR, hazard ratio; Cl, confidence interval.

0.1663*ILIR2 — 0.04*ILIRN + 0.2286*IL20RA + 0.2153*[L20RB + 0.9383*[L27 — 2.5173*IL4 — 0.1782*IL6R —
0.0177*IL8. Supplementary Figure S1 showed that the results of the RFSA indicate that these 10 genes are important
for predicting patient survival outcomes (variable importance greater than 0 indicated by a blue bar). The Supplementary

Figure S2 showed that both models perform similarly and both are close to the reference line.

The distributions of risk score, survival status, and gene-expression panel are shown in Figure 1A and B. Patients in
the TCGA dataset were divided into high-risk (n = 35) and low-risk (n = 143) groups based on the optimal cutoff value.
High-risk patients had significantly shorter OS compared to low-risk patients (Supplementary Figure S3A). This trend

was consistent across early-stage (stages I and II) and late-stage (stages III and IV) subgroups (Supplementary Figure

S3B and C). This indicates that the risk score effectively distinguished between improved and poor prognoses. Cox
regression analyses indicated that the IL family—based signature independently correlates with OS in PC patients
(Table 3).

The predictive ability of the IL family signature was evaluated in clinical PC patients. Expression levels of the
indicated IL family members in tumor and normal tissues are shown in Figure 1C. Clinical PC patients were divided into
high- and low-risk groups based on their formula scores. The low-risk group contained a greater proportion of patients
with low pathological grades, while the high-risk group had more patients with high pathological grades (Figure 1D).
Moreover, the high-risk group had significantly more lymph node metastases (Figure 1E) and shorter OS times
(Figure 1F). High-risk patients also exhibited greater tumor-proliferation ability, as indicated by Ki67 expression
(Figure 1G), a higher proportion of p53 mutations (Figure 1H), and a greater percentage of PD-L1-—positive cells
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Table 3 Univariate

and Multivariate

Analyses  of

Risk Score and

Clinicopathological Characteristics with OS in the TCGA PAAD Cohort

Characteristics | HR (95% CI) p Value | HR (95% CI) p Value
IL risk score 1.584 (1.406—1.785) | <0.001 1.542 (1.358-1.75) | <0.001
Age 1.028 (1.007-1.049) | 0.01 1.024 (1.003-1.045) | 0.026
Gender 0.813 (0.541-1.222) | 0.319

Pathological grade | 1.532 (0.993-2.363) | 0.054

Stage 0.402 (0.127-1.273) | 0.121

Pathologic_T 2.035 (1.079-3.838) | 0.028 1.256 (0.634-2.485) | 0.513
Pathologic_M 0.773 (0.185-3.227) | 0.724

Pathologic_N 2.161 (1.287-3.627) | 0.004 1.727 (0.986-3.024) | 0.056

Abbreviations: Cl, confidence interval; HR, hazard ratio; IL, interleukin.

Table 4 Univariate and Multivariate Analyses of Factors Associated
with OS in Clinical Samples

Variables Univariate | Multivariate

p Value HR (95% CI) p Value

Pathological grade (I-I/IlI-1V) | 0.006 2.17 (1.28-3.67) | 0.003

Gender (female/male) 0.556 1.04 (0.61-1.77) | 0.893
Metastasis (no/yes) 0.824 1.01 (0.56-1.82) | 0.982
Age, years (£60/>60) 0.532 1.18 (0.71-1.96) | 0.516
IL score (low/high) 0.007 2.08 (1.23-3.51) | 0.006

Abbreviations: Cl, confidence interval; HR, hazard ratio; IL, interleukin.

(Figure 11). Subgroup analysis showed that stage I or II high-risk patients had significantly shorter OS (Figure 1J and K).
Multivariate analysis showed that the IL family risk score is an independent predictor of prognosis in clinical PC patients
(Figure 1L and Table 4). These results indicated that the IL family—based signature can effectively differentiate high- and

low-risk PC patients and predict their prognosis.

Validation of the IL Family-Based Signature Using Multiple Independent Cohorts

We further validated the reproducibility of the prognostic value of the IL family—based signature in PC patients in five
independent GEO data sets and one ICGC cohort. Patients in each cohort were divided into high- and low-risk groups
according to the formula score based on the optimal risk value cutoff point. Kaplan—Meier analyses showed that the high-
risk group had significantly lower OS compared to the low-risk group in GSE21501 (Figure 2A), GSE57495 (Figure 2B),
and PACA (Figure 2C). Conversely, the high-risk group had significantly longer OS times in GSE71729 (Figure 2D). No
significant difference in OS existed between the two groups in GSE62452 or GSE79668 (Figure 2E and F). Furthermore,
a meta-analysis was conducted to evaluate the prognostic significance of the IL family—based signature in the seven
public cohorts from the TCGA, GEO, and ICGC datasets (n = 665). Our results confirmed that the IL family—based
signature is a risk factor for patients with PC (combined HR, 1.27; 95% confidence interval, 1.05—1.55; meta-analysis p =
0.016) (Figure 2G).
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Infiltration Characteristics of CAFs in PC Correlate with Prognosis

We explored the correlation between the CAFs characteristics in the tumor immune microenvironment and PC prognosis.
The infiltration of CAFs, apCAF, inflammatory CAF (iCAF), and Tregs in PC tissue (n = 90) was explored using a novel
tyramide signal amplification (TSA) multiplex fluorescent immunohistochemistry staining approach. We simultaneously
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Figure 3 Infiltration abundance and spatial distribution of immune cells in tumor tissue and prognosis of clinical PC patients. (A) Multiplex fluorescent immunohistochem-
istry of PC patients in the clinical cohort (n = 90). Typical composite images are presented. Case |, poor prognosis (OS, || months). Case 2, favorable prognosis (OS, 58
months). (B) Survival curves of patients with high/low CAFs, iCAFs (C), and apCAFs (D) in tumor tissue. (E) Correlation between CAFs and apCAFs infiltration. (F)
Correlation between apCAFs and Tregs infiltration. (G) Schematic of engaged and non-engaged cells based within a |5 um radius from the nucleus center. (H) Survival
curves of PC patients with high/low apCAF engagement with tumor cells and Tregs (I). TC, epithelial tumor cells.

evaluate seven cell surface markers in 90 PC tissue samples (Figure 3A). High infiltration of CAFs, apCAFs, and iCAFs
correlated with poor patient prognosis (Figure 3B—D). CAF levels positively correlated with apCAF levels (Figure 3E,
R?=0.31, p<0.001), and Treg proportions positively correlated with apCAF levels (Figure 3F, R*=0.44, p<0.001).

To investigate the spatial distribution characteristics of CAFs in PC tissue, the distances between CAFs and tumor
cells/ Tregs were measured. Cells with a distance of less than 15 pm from the nucleus to neighboring cells were

considered to be engaged, while those over 15 pum apart were non-engaged'> (Figure 3G). Figure 3H-I showed that
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patients with lower engagement between apCAFs and tumor cells or Tregs had better prognosis. The results suggest that
CAF infiltration and spatial distribution can serve as prognostic predictors.

The IL Family-Based Signature Distinguishes CAFs Infiltration and Spatial Distribution

in the PC Microenvironment
The association between IL risk score and CAFs characteristics in clinical PC samples was explored. Multiplex
fluorescent immunohistochemistry staining showed that patients in the low-risk group had significantly fewer CAFs,
iCAF, and apCAFs in the tumor samples compared to the high-risk group (Figure 4A—D). Moreover, the low-risk patients
had significantly lower Treg infiltration (Figure 4E). These results confirm the IL signature could effectively distinguish
CAFs and Tregs infiltration in PC, supporting its prognostic value.

The value of the IL-based signature in distinguishing the spatial distribution characteristics of CAFs in PC tissues was
detected. Our study showed higher apCAF and tumor cell engagement in the high-risk group (Figure 4F), as well as
higher apCAF and Treg engagement in the tumor microenvironment of the high-risk group (Figure 4G). These results
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Figure 4 IL family—based signature associated with the abundance and spatial distribution of infiltrated immune cells. (A) Typical composite images from multiplex
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suggest that the IL family—based signature is associated with apCAFs and tumor cells/Tregs engagement, serving as
a prognostic indicator.

IL Expression Pattern and CAFS Infiltration Signature in PC Patients with Favorable

Immunotherapy Response

We identified a cohort of PC patients who received immune checkpoint blockade (ICB), and had evaluable imaging at
our institution. Through radiographic quantitation of tumor burden, we categorized patients into favorable responders and
unfavorable responders. To confirm the predictive efficacy of IL risk score in immunotherapy, we evaluated IL risk score
between five favorable responders and unfavorable responders with available tissues. While single interleukin expression
showed no significant (Figure SA and B, Supplementary Figure S4), the IL risk score clearly distinguished the two

groups. Favorable responders exhibited significantly lower scores while unfavorable responders had higher scores
(Figure 5C). Additionally, favorable responders exhibited significantly reduced CAFs and apCAFs infiltration in tumor
tissue compared to unfavorable responders (Figure 5D). Lower engagement of apCAF with tumor cells and Tregs was
also observed in favorable responders (Figure 5E). These results suggest that the IL —based signature can immunotherapy
response in PC.

Immune Profile and Immunotherapy Response Markers Related to the IL Family-Based

Signature

To elucidate the IL family—based signature—related biological role, genes closely related to IL risk scores in the TCGA
cohort were identified (Pearson |r| > 0.4). GO and KEGG analyses revealed enrichment in focal adhesion, pS53 signaling,
and PI3K/Akt signaling pathways (Figure 6A and B). The relationship between the IL family—based signature and tumor
infiltration of 22 immune cell types was estimated using CIBERSORT (Figure 6C). The high-risk group had significantly
fewer monocytes and more M0 macrophages compared to the low-risk group (Figure 6D—F).

Immune system—related metagene clusters may predict prognosis in cancers.'® To better understand the risk score—
related immune response, the association between risk score and immune system-related metagene clusters was
explored. The heatmap for the expression of these metagenes in the TCGA PAAD cohort is shown in Figure 6G.
Gene set variation analysis was used to detect the correlation between changes in the seven metagene clusters and the risk
score.'” Our results showed that the risk score was negatively related to immunoglobulin G and LCK (Figure 6H)
indicating suppressed T-cell function and B-cell function in high-risk patients.

The correlation between the risk score and various immune biomarkers was analyzed.'®'® High-risk patients had
significantly greater levels of subclonal neo-antigens, suggesting a lower likelihood of responding to immunotherapy
(Figure 6I). Signatures of the T-cell dysfunction, exclusion, and TIDE score that integrate T-cell dysfunction and
exclusion'® were also evaluated. As expected, the high-risk group had significantly higher T-cell exclusion and TIDE
scores (Figure 6J), suggesting crippled T-cell function. These results suggest that the IL—based signature is a potential
candidate for immunotherapy, and the high-risk group may respond poorly to it.

Discussion

The correlation between the IL family and CAFs infiltration and prognosis in PC has not been studied yet. This study
systematically analyzed the relationship between IL family expression, CAFs infiltration and PC prognosis for the first
time. We demonstrated that increased CAFs and apCAFs correlate with IL family expression patterns. The first IL family
expression pattern for predicting CAFs infiltration, spatial distribution, immunotherapy response and PC patient prog-
nosis was constructed.

CAFs are the main non-tumor component of the tumor microenvironment in PC and have been reported to contribute
to cancer progression and poor immunotherapy responses.”’ CAFs prevent CD8 T-cell infiltration in tumors,”' and recruit
immunosuppressive cells including myeloid-derived suppressor cells and neutrophils. ApCAF enhances Treg-mediated
immunosuppression while iCAF with an inflammatory phenotype secrete tumor-promoting cytokines.*>** The infiltration
level of apCAFs can serve as a predictor of the immune therapy response, highlighting its significant value in clinical
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applications. Targeting specific CAF subtypes in combination with immunotherapy may emerge as a promising strategy
to enhance patient response.”*?>
Tumor heterogeneity leads to region-specific and cell type-dependent expression patterns of IL family members.

Metastatic foci often exhibit elevated expression levels of pro-metastatic and immunosuppressive interleukins.?¢ 2
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However, the current understanding of the dynamic regulatory network of the IL family within the tumor microenviron-
ment remains limited.

Members of the interleukin (IL) family (such as IL-8) may serve as potential predictive markers for immunotherapy
response. However, the predictive reliability is affected by cancer type, detection methods, and differences among patient
populations. In addition, the predictive ability of a single IL marker is usually limited and it is difficult to comprehen-
sively reflect the complex immune response mechanism.

There are complex interactions between the IL family and the activation and differentiation of cancer-associated
fibroblasts (CAFs). CAF activation is induced by various stimuli, including IL-6.® CAFs affect cytokine and chemokine
production, such as IL-1p, IL-6/8 and CXCL12.>'** The IL-1-induced signaling cascade leads to JAK/STAT activation,
promoting an iCAF state in PDAC.? Binding of IL-1B to ILIR1 on fibroblasts activates the NF-kB and JNK pathways,
inducing a transcriptional program that drives iCAF differentiation.*® Treg-derived IL1R2 inhibits IL-1 signaling in
CAFs, enhancing MHC-II expression and apCAF functionality.>*

IL-6 prevents CD8 T-cell infiltration in tumors,>> mediates crosstalk between CAFs and tumor cells by supporting
tumor growth and fibroblast activation.*® IL-6 also promotes immunosuppression via reprograms metabolism.>’

IL-17A-producing CD8" T cells promote PDAC by inducing inflammatory CAFs.*®

ILs also play a critical role in the development and progression of PC.® For the first time, the current study
systematically analyzed the relationship between IL family expression and the prognosis of PC.

A signature based on 10 IL(R)s including IL18, IL20RA, IL20RB, IL6R, ILIRN, ILIR2, CXCLS, IL4, IL27, and
ILI3RA2 was constructed using TCGA PAAD dataset. The signature effectively distinguished patient prognosis in
clinical samples. We also evaluated the IL risk signature and prognosis in GEO and ICGC datasets. Given the limitation
of relatively small sample sizes in individual databases, we employed a prognostic meta-analysis to further validate the
robustness of the IL risk signature model in predicting the prognosis of PDAC patients.

IL18 is associated with T-cell exhaustion.>® IL20RA, IL20RB, ILIRN, ILIR2, and CXCLS8 were reported to promote
carcinogenesis.*® 720 blockade promotes CD8+ T-cell infiltration and inhibits tumor growth in PC.*' ILIR2 and ILIRN
correlate positively with immune checkpoint gene expression. IL-4, IL-13, and IL-27, are pleiotropic cytokines with
diverse immune functions.*? Both pro- and anti-tumorigenic roles have been suggested for IL-4 and IL-27 in PC.***
Overexpression of the IL-13Ra2 profoundly inhibited PC tumor development in immunodeficient animals.*> Our study
suggested that /L27, ILIRN, ILIR2, IL18, IL20RB, IL20RA, and CXCLS$ are risk factors, while IL4, ILI3RA2, and IL6R
are protective factors for PC.

The clinical analysis revealed that IL signature is an independent prognosis-related risk factor for PC patients.
Patients in the IL high-risk group exhibit advanced tumors, lymph node metastasis, and increased tumor cell prolifera-
tion. Both p53 mutations and high PD-L1 expression are considered to be poor prognostic factors in PC.***" As
anticipated, patients in the high-risk group had significantly high rates of p53 mutations and elevated PD-L1 expression
in tumor tissues. The current study also showed that genes that are closely related to IL risk scores are enriched in focal
adhesion, p53, and PI3K/Akt pathway, which are important for proliferation, metastasis, and chemoresistance in PC.

Our study also evaluated the CAF component’s impact on PC prognosis. Here, we used TSA multiplex immuno-
phenotyping to assess the CAF infiltration in PC stroma. We found for the first time that increased CAFs and apCAFs
frequencies correlate with poorer prognosis in PC. Infiltration level of apCAFs also correlates with Tregs level.

Immune function relies on cell-to-cell contact and short-distance cytokine communication. The proximity of the
tumor to immune cells correlates with its aggressiveness and treatment response.**** However, the correlation between
the proximity of the tumor to CAFs or immune cells to CAFs has never been explored. For the first time, our research
reveals that the spatial distribution of apCAFs close to tumor cells is associated with shortened survival in PC. We further
showed for the first time that high engagement between apCAFs and Tregs in tumor tissues correlates with an
unfavorable PC prognosis.

In this study, patients in the IL-based high-risk group showed significantly higher infiltration rates of CAFs, apCAFs,
and iCAFs in tumor samples, indicating that the IL signature effectively distinguishes CAF infiltration. In our cohort, PC
patients with a favorable response to immunotherapy had significantly lower IL risk score than those with unfavorable
responses suggesting predictive power for immunotherapy response. Furthermore, the high-risk group exhibited
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significantly higher levels of apCAF / tumor cell, and apCAF /Tregs engagement in the tumor microenvironment, further
confirming the IL family signature can predict the immunotherapy response in PC.

The immune profile related to the IL family—based signature was explored. The high-risk group had significantly
fewer monocytes and more MO macrophages. Patients in the high-risk group featured suppressed T-cell function and
B-cell function, highlighting an immunosuppressive landscape in these patients. Recent studies emphasize the role of
innate immune cells like monocytes in tumor progression. Monocytes exert anti-tumor effects in PC by degrading tumor
fibrosis while tumor-associated macrophages promote tumor progression through immunosuppression.’’>' B-cells in
tertiary lymphatic structures are related to better immunotherapy responses.”*> Our results suggest that patients in the
high-risk group may experience immunosuppression and poorer immunotherapy outcomes.

The role of the IL family—based signature in immunotherapy response was further evaluated using widely adopted
biomarkers. TIDE score, a more accurate biomarker for ICB response than traditional ones,18 and subclonal neo-antigens,
which indicate lower likelihood of immunotherapy response when present in high proportions,> were analyzed. The
current study showed that the high-risk group had significantly higher TIDE scores and levels of subclonal neo-antigens,
suggesting the IL-based signature can predict immunotherapy response in PC.

In conclusion, the current study constructed the first IL family expression signature correlated with the prognosis of
PC patients, CAFs characteristics, and immune response. These novel findings suggest the potential of the IL family—
based signature as a related factor for prognosis and immunotherapy response in PC. To our knowledge, this is the first
and most comprehensive analysis of IL expression pattern related to CAFs infiltration, immunotherapy response, and
prognosis in PC patients, promoting precise immunotherapy application and treatment options. We will further evaluate
the role of IL risk score in prognostic evaluation and prediction of immunotherapy response within a larger clinical
cohort. A prospective study to analyze the relationship between the expression pattern of serum IL and prognosis in
patients is also warranted. Additionally, we will investigate the specific molecular mechanisms through which the IL
family regulate the immunotherapy response.
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