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Abstract

Purpose: The cytokine milieu in pancreatic ductal adenocarcinoma (PDAC) promotes tumor 

progression and immune suppression, contributing to the dismal prognosis of patients with PDAC. 

The roles of many of these cytokines, however, have not been thoroughly investigated in PDAC.

Experimental Design: PDAC microarray and The Cancer Genome Atlas datasets were 

analyzed to identify cytokines and cognate receptors overexpressed in PDAC and associated with 

survival. Pathway and CIBERSORT analyses were used to elucidate potential mechanisms of 

altered patient survival. Comparative analysis of cytokine expression in KPC (K-rasG12D; 

TP53R172H; Pdx-1cre) and KC (K-rasG12D; Pdx-1cre) PDAC models and multicolor 
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immunofluorescence (IF) staining of human PDAC–resected samples were used to validate these 

findings.

Results: CXCL9 and CXCL10 were among the most highly overexpressed cytokines by 

bioinformatics analyses, while their receptor, CXCR3, was significantly overexpressed by IHC 

analysis. Higher CXCR3 ligand expression was associated with shorter overall survival, while 

high CXCR3 expression was associated with better survival. The CXCR3 ligands, CXCL4, 9, and 

10, were overexpressed in KPC compared with KC mice. Pathway analysis of CXCR3- and 

CXCR3 ligand–associated genes showed that CXCR3 is a marker of antitumor immunity, while its 

ligands may promote immunosuppression. CIBERSORT and IF studies of PDAC tissues 

demonstrated that high CXCR3 expression was associated with increased CD8+ T-cell and naïve 

B-cell signatures and loss of plasma cell signatures. CXCR3 ligand expression was associated with 

increased CD8+ T-cell signatures and loss of natural killer–cell signatures.

Conclusions: CXCR3 ligands are overexpressed in PDAC and are associated with poor survival 

likely related to alterations in tumor immune infiltrate/activity.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is among the most aggressive human 

malignancies, with nearly 80% of patients being diagnosed with late-stage disease and a 5-

year overall survival (OS) rate of 9%. PDAC development is facilitated by an inflammatory 

microenvironment through NFATC1/2 (1, 2), NFκB (3), and WNT/β-catenin–mediated 

signaling. These pathways provide a survival advantage by preventing cancer cell apoptosis 

and senescence (4, 5), and increasing epithelial-to-mesenchymal transition (6). In addition, 

inflammation indirectly influences tumor progression by modulating tumor immune 

infiltrates, resulting in suppression of antitumor immunity. Mechanisms of reducing 

antitumor immunity include expansion of regulatory T cells (Treg; ref. 7), recruitment of 

immunosuppressive myeloid cells (8–10), as well as increased expression of immune 

checkpoint molecules (11), and promotion of ineffective Th2-mediated/humoral response 

(9).

Cytokines and chemokines serve as key regulators of cancer biology and inflammatory 

response. For instance, IL6 induces cancer cell invasion and sustains the proliferative 

potential of PDAC cells (12, 13), while it suppresses Th1 polarization in favor of Th17 (14, 

15). Similar dual roles have been reported for CXCR2 ligands (16, 17), CXCL12 (18, 19), 

and LIF (20, 21) in PDAC, suggesting that numerous cytokines play a critical role in cancer 

biology and immune response during cancer progression.

We used human PDAC microarray and The Cancer Genome Atlas (TCGA) datasets to 

determine the relative expression of 149 cytokines/chemokines in PDAC compared with the 

normal pancreas and confirmed expression of their cognate receptors. In combination, these 

analyses showed that CXCR3 ligands are among the most highly and consistently 

overexpressed cytokines in human PDAC, and CXCR3 is expressed in the epithelial and 

stromal compartments of PDAC tumors. We focused further analyses on CXCR3 and its 

ligands, as their functions are poorly defined in PDAC. CXCR3 is a G protein–coupled 

receptor of ELR-negative CXC-motif–containing chemokines CXCL9, CXCL10, CXCL11, 
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PF4 (CXCL4), and PF4V1 (CXCL4L1; refs. 22–24). Two splice variants of CXCR3, 

CXCR3A and CXCR3B, have differential expression in PDAC with markedly different 

biology. CXCR3A, primarily expressed on T cells, has a high affinity for CXCL9, 10, and 

11 and mainly signals through the activation of Gαi, leading to inhibition of adenylate 

cyclase (22, 25). In contrast, CXCR3B is expressed predominantly on endothelial cells and 

binds PF4 with high affinity. Importantly, CXCR3B activates Gαs and thereby, stimulates 

adenylate cyclase. In PDAC, PF4V1/CXCR3A signaling was associated with modestly 

increased invasion in subcutaneous implantation models of PDAC. In addition, CXCR3 and 

CXCL10 levels correlated with the expression of several T-cell–related genes in PDAC (26). 

While these studies provide some insight into the function of CXCR3 and its ligands in 

PDAC, no study has comprehensively addressed the expression and function of CXCR3 

splice variants and their ligands in PDAC.

We further utilized pathway, gene set enrichment (GSE), and CIBERSORT analyses, to 

provide insight into the mechanism through which the CXCR3 axis is associated with PDAC 

patient outcomes. In addition to demonstrating that CXCL9 and CXCL10 are consistently 

overexpressed in PDAC, we showed that CXCR3A and B ligands were independently 

associated with poor outcomes in PDAC. In contrast, expression of either CXCR3 splice 

variant was associated with improved overall survival (OS). Interestingly, pathway, GSE, 

and CIBERSORT analyses suggested that CXCR3 splice variants and CXCR3A ligands 

were associated with altered tumor immune infiltrates, and CXCR3A ligands were 

associated with gene signatures consistent with immunosuppression.

Materials and Methods

Ethics and rigor

The research presented here was conducted in accordance with the U.S. Common Rule. Use 

of animals was approved by the Institutional Animal Care and Use Committee at University 

of Nebraska Medical Center (Omaha, Nebraska). Randomization, blinding, and power 

analyses were not conducted given the retrospective nature of the study.

Microarray data

PDAC microarray datasets that contain tumor and normal (adjacent or otherwise) samples 

were queried and downloaded through NCBI Gene Expression Omnibus. The GSE15471 

(ref. 27; n = 36 paired samples), GSE16515 (ref. 28; n = 36 tumor and 16 normal samples), 

GSE18670 (ref. 29; n = 6 paired samples), GSE32676 (ref. 30; n = 25 tumor and 7 normal 

samples), GSE28735 (ref. 31; n = 45 paired samples), and GSE62452 (ref. 32; n = 24 tumor 

and 16 normal samples) were included in our analysis. In total, 172 tumors and 126 normal 

samples were compared across different microarray sets. The CEL files were Robust Multi-

array Average (RMA) normalized and aggregated using Bioconductor AFFY package and R 

3.6.1. The fold change (FC) was calculated for each tumor sample for all cytokines in each 

microarray dataset independently using the following equation:

FCXiy = 2XTi − XN
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where, FCXiy is the FC of gene X in the ith tumor sample in the yth dataset, XTi is the 

expression of X in the ith tumor sample, and XN is the mean expression of X in normal 

samples. Concordantly, reported mean FC values are given by the following equation:

FCXy =
∑i = 1

n FCXiy
n

where, FCXy is the mean FC of gene X in the yth dataset, and n is the number of tumor 

samples. Heatmaps of cytokine/chemokine gene expression were constructed using the 

Bioconductor Complex-Heatmap package. For visual clarity, genes with mean FCs greater 

than 1.5 or less than 0.75, across arrays of a single platform type, were included in 

heatmaps.

TCGA dataset

The PAAD TCGA raw RNA-sequencing (RNA-seq) dataset was downloaded from TCGA 

website and normalized using the transcripts per million (TPM) method (33). For CXCR3 
splice variant quantification, BAM files were reverted to fastq format and remapped to the 

human reference genome (Ensembl 94, cDNA library) using Salmon with default 

parameters, allowing virtual recreation of full transcripts and thus, discrimination between 

CXCR3A and B variants (34, 35). Of the 182 patient samples in the PDAC dataset, only 140 

patient samples with primary PDAC diagnosis and greater than 1% malignant cellularity 

were included in our analysis.

Columbia University Medical Center micro-dissected PDAC dataset

A total of 123 samples from patients who underwent surgery at Columbia Pancreas Center 

were acquired with appropriate consent (36). The cryosections of each sample were prepared 

and stained with Cresyl violate acetate. Stained sections were micro-dissected to acquire at 

least 1,000 cells per compartment. Paired micro-dissected PDAC epithelial and stromal 

samples were analyzed by RNA-seq performed at Columbia University Medical Center 

(CUMC; New York, NY). Reads were mapped to the human genome, and expression data 

were TPM normalized (36). These data were queried for expression of CXCR3 and CXCR3 

ligands in stromal and epithelial compartments.

Survival analysis

Kaplan–Meier survival analysis was implemented in JMPpro 14 for CXCR3 splice variants, 

CXCR3A ligands, PF4, and PF4V1. Multiple points of stratification were used for each 

gene. For the initial stratification, high and low expression groups were defined by the 

median expression of the gene/gene set. In the second round, very high expression (≥75th 

percentile) was compared with low expression (≤75th and 50th percentile). In the third 

round, high expression (≥50th percentile) was compared with very low expression (≤25th 

percentile). The lowest calculated P value is depicted for genes with insignificant 

comparisons for all stratification points. Because of its potential importance in both cancer 

cells as well as stromal cells, we stratified patients by median CXCR3A expression and 
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cellularity. Subsequently, we analyzed survival associations in high- and low-cellularity 

groups.

Cytokine PCR array

KC (K-rasG12D; Pdx-1cre) and KPC (K-rasG12D; TP53R172H; Pdx-1cre) mice and their 

respective wild-type (WT) littermates (n = 6 for each group) were profiled for cytokine 

expression at histologically matched 25–30 and 10–15 weeks of age, respectively 

(Supplementary Fig. S1). RNA was isolated from the pancreas of each mouse, pooled, and 

used as a template (1 μg) for the first-strand synthesis. The Qiagen qRT-PCR Array 

(PAMM150Z, SA Bioscience) was performed in triplicate according to the manufacturer’s 

instructions. Data were normalized to a panel of house-keeping genes, and differential gene 

expression, relative to WT littermates, was calculated using the Qiagen webserver. The FC 

values returned by the Qiagen webserver were subsequently compared between KC and 

KPC animals.

Pathway analysis

Spearman ρ correlation coefficients and corresponding P values between CXCR3A total and 

high- and low-cellularity subgroups; CXCR3B; the linear combination of CXCL9, 10, 11; 
PF4; PF4V1; and each gene in the previously described subset of the PDAC TCGA samples 

were calculated. Correlations with P values less than 0.001 were included for further 

analysis. Significant correlations for each gene were divided into positive and negative sets 

based on the sign of ρ. The genes in each set were analyzed using ingenuity pathway 

analysis (IPA; ref. 37) and the top 10 significant pathways by IPA were considered for each 

gene/set of genes analyzed.

Splenocyte isolation, activation, and qPCR for markers of T-cell exhaustion

Splenocytes harvested from male and female, 8- to 10-week-old C57/BL6 mice were plated 

(2 × 106) in a 24-well plate in 1 mL of media. To activate the T cells, splenocytes were 

treated with anti-CD3e antibody (1.5 μL/mL, Invitrogen, Clone 145–2C11), anti-CD28 

antibody (2.0 μL/mL, Invitrogen, Clone 37.51), murine IL2 (200 U/mL, PeproTech), and 

TGFβ1 (3 ng/mL, PeproTech). Activation state was confirmed by flow cytometry for CD25+ 

cells (Supplementary Fig. S2). Cells were subsequently treated with vehicle control (water 

with 1% BSA) or 100 ng/mL of Cxcl10 (PeproTech). After 96 hours, cells were harvested, 

lysed, and RNA was extracted. The cDNA was synthesized using 0.5 μg of RNA along with 

iScript first-strand synthesis kits and qRT-PCR for LAG3, CTLA4, and CD274 (PD-L1), 

markers of T-cell exhaustion highlighted by IPA, was performed.

CIBERSORT analysis

Quantification of relative immune cell gene expression signatures for 22 immune cell types 

in the 140 primary PDAC samples in the PAAD TCGA dataset was calculated using 

CIBERSORT and the LM22 signature matrix (38). The LM22 matrix is a gene signature 

matrix composed of the gene signatures of 22 immune cell types derived from microarray 

analysis of flow cytometry–sorted or cell culture–differentiated cell populations. Samples 

were subsequently stratified by median expression for CXCR3A and B and the sum of 
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CXCL9, 10, and 11, as in survival analysis. In addition, for the analysis of CXCR3A, 

samples were stratified by cellularity and CXCR3A expression (as in survival analysis). 

Mann–Whitney U tests were used to compare the distributions of immune cell infiltrate 

scores of high- and low-expression groups for CXCR3 splice variants and CXCR3A ligands, 

with a P value less than 0.05 being significant.

IHC and immunofluorescence analysis

For IHC, deidentified primary PDAC (n = 40 Whipple and n = 21 Rapid autopsy) tissue 

sections [institutional review board exempted under 45CFR46.102(f), Office of Regulatory 

Affairs] were stained with anti-CXCR3 antibody (1:200 mab160, R&D Systems) as 

described previously (39). Briefly, tissues were hydrated, incubated for 1 hour in 0.3% 

hydrogen peroxide, followed by antigen retrieval in 10 mmol/L sodium citrate, pH 6.0 for 15 

minutes. The sections were blocked in 2.5% Horse Serum (Vector Laboratories) for 1 hour 

at room temperature and incubated with primary antibody overnight at 4°C. Universal 

secondary antibody (Vector Laboratories) was incubated on the slide for 1 hour at room 

temperature and developed for 2 minutes with the DAB Substrate (Vector Laboratories). 

Slides were counterstained with hematoxylin and mounted in Permount.

For immunofluorescence (IF) staining, primary PDAC samples (n = 23) were stained with 

anti-CXCR3 (1:200, mab160, R&D Systems), anti-CD8 (1:100, AMC908, Thermo Fisher 

Scientific), CD20 (1:100, D-10, Santa Cruz Biotechnology), and CD138 (1:100, PA5–

16918, Thermo Fisher Scientific). Specimens were blocked with 10% normal goat serum 

(NGS) in TBS-TX for 1 hour at room temperature and incubated with CXCR3 and CD138 

antibodies in 10% NGS overnight at 4°C. Slides were incubated with AlexaFluor-405 anti-

mouse IgG and AF-568 anti-rabbit IgG antibodies at a 1:400 dilution in 10% NGS for 1 

hour at room temperature, washed three times for 10 minutes each, and reblocked for 20 

minutes in 10% NGS. Following the second blocking, slides were stained with fluorophore-

conjugated primary antibodies against CD8 (AlexaFluor-488) and CD20 (AlexaFluor-647) 

in 10% NGS for 6 hours and washed three times for 10 minutes each in TBS-TX. Slides 

were incubated briefly with Tru Black (autofluorescence quenching agent, Biotium) for 1 

minute followed by mounting in an aqueous mounting medium. Stained slides were imaged 

on a Zeiss LSM 800 Confocal Microscope at 400× magnification, and images of 10 high-

power fields were acquired per specimen and processed using Zen Blue Software (Zeiss) to 

produce negative staining in normal human cerebral cortex and positive staining in 

secondary lymphoid organs. For CXCR3, CD8, and CD138 staining, individual cells with 

signal exceeding the level of background correction that were not of obvious epithelial 

origin were manually counted as positive for that marker. Cellular immunophenotypes 

(CD8+CXCR3+, CD8+CXCR3−, CXCR3+CD8−, and CD138+) were recorded. Specific 

CD20 staining was strongly associated with lymphoid aggregates, therefore, we quantified 

lymphoid aggregates using ImageJ. Briefly, for each section, 100× images encompassing the 

entirety of each lymphoid aggregate were captured and pixel area was quantified using 

ImageJ. Samples were stratified on the basis of the median number of CXCR3+ cells per 

field, and number of CD8+ and CD138+ cells, as well as the lymphoid aggregate area, were 

compared across CXCR3 high and low groups using Mann–Whitney U tests.
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Results

Analysis of cytokine expression in PDAC

Using four GPL570 and two GPL6244 PDAC microarray datasets (172 tumor and 126 

normal tissues), we analyzed the relative expression of 149 cytokines/chemokines genes. In 

GPL570 arrays, 40 cytokines were identified as having a mean FC greater than 1.5 or less 

than 0.75 (Fig. 1A). Furthermore, results with probes measuring the expression of the same 

cytokine strongly agreed, suggesting accurate quantification of expression. In addition to 

confirming upregulation of CXCR1/2 ligands CXCL1, CXCL3, CXCL5, and CXCL8 (IL8); 
LIF; and CXCL13, we also demonstrated that CXCR3 ligands CXCL9 (mean FC, 2.30; P 
values for four microarrays, 6.8 × 10−5, 0.14, 0.388, and 0.68), CXCL10 (mean FC, 3.2; P = 

2.3 × 10−5, 3.6 × 10−4, 0.0877, and 0.5), and CXCL11 (mean FC, 2.35; P = 0.066, 0.955, 

0.18, and 0.12), were consistently overexpressed in GPL570 microarrays. TNFSF8, 
CXCL12, and CSF3 were the only cytokines consistently downregulated in PDAC tissues. 

Two additional arrays from the GPL6244 platform, GSE28735 and GSE62452, showed 21 

cytokines differentially regulated between tumor and normal. Of these 21 genes, 20 genes 

were common between GPL570 and GPL6244 arrays including CXCL5, CXCL8, CXCL12, 

and LIF (Fig. 1B and C). Importantly, CXCL9 (mean FC, 1.90; P values for both arrays, 

0.015 and 0.004) and CXCL10 (mean FC, 2.96; P = 0.001 and 0.001) were significantly 

upregulated in both arrays, further highlighting the potential importance of these CXCR3 

ligands in PDAC (Fig. 1B).

We next determined the CXCR3 ligand expression profile in PDAC tissue in microarray and 

RNA-seq datasets (Fig. 1D–G). The pattern of CXCR3 ligand expression was highly 

consistent, with PF4V1 having substantially lower expression than the other four ligands (P 
= 2.2 × 10−16 PF4 vs. PF4V1 in TCGA), while CXCL9 and CXCL10 showed the highest 

expression. Importantly, this pattern was consistent across two microarray platforms and 

RNA-seq datasets. Next, we examined the cellular origin of CXCR3 ligands using micro-

dissected RNA-seq data from 123 paired epithelial and stromal samples from patients with 

PDAC (Fig. 1H and I). CXCL9 and 10 were largely derived from the stromal compartment 

(P = 5.0 × 10−10 and 9.5 × 10−10, respectively), while CXCL11 was derived nearly equally 

from epithelium and stroma. PF4 and PF4V1 were expressed to a slightly greater extent in 

epithelial samples. In TCGA, CXCL9 and 10 had significantly higher expression in low-

cellularity samples, supporting the results from the CUMC dataset (Supplementary Fig. S3).

Assessment of CXCR3 expression in PDAC

We used microarray and RNA-seq resources to assess CXCR3 expression in PDAC. CXCR3 
was expressed in all samples analyzed by microarray, and expression was higher in the four 

GPL570 arrays (Fig. 2A) compared with the GPL6244 arrays (Fig. 2B). Because the biology 

of CXCR3 signaling is dependent on its splice variants, we used TCGA RNA-seq data to 

quantify the expression of CXCR3 splice variants by a stringent mapping of reads to 

generate virtual recreations of full transcripts (Fig. 2C). As in the microarray data, CXCR3 
was expressed in the majority of PDAC samples, and CXCR3A was the predominant splice 

variant (P = 2.2 × 10−16). To delineate the cellular origin of CXCR3 transcripts, we queried 

CUMC RNA-seq data (Fig. 2D) and found that CXCR3 was expressed in the majority of 
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samples (108/123) in both epithelial (73/123) and stromal (94/123) compartments. 

Expression of CXCR3 was substantially higher in the stromal compartment (median TPM 

all, 0.543 vs. 2.6; median TPM CXCR3+, 2.76 vs. 5.98 for epithelial and stromal expression, 

respectively). These findings are consistent with the association of higher CXCR3 
expression in low-cellularity samples (Supplementary Fig. S4). Interestingly, few tumors 

showed balanced CXCR3 expression (P < 0.004) in both epithelial and stromal 

compartments (Fig. 2E).

To validate our findings in microarray and RNA-seq datasets, we stained human and murine 

PDAC tissues for CXCR3. CXCR3 expression was minimal in the pancreata of 7- and 25-

week-old WT mice. In KPC mice, robust CXCR3 expression was observed in both 

compartments by 25 weeks (Fig. 2F), suggesting that CXCR3 expression increases with 

disease progression. Similarly, in human samples (n = 21), the normal pancreas expressed 

little to no CXCR3, but PDAC tissue showed robust CXCR3 expression (composite score = 

11.3) in the malignant epithelium and associated stroma (Fig. 2G).

CXCR3 and CXCR3 ligand expression on OS in PDAC

To understand the role of CXCR3 ligands in PDAC outcomes, we performed Kaplan–Meier 

survival analyses in TCGA data stratified by the sum of CXCR3A ligand (CXCL9, 
CXCL10, and CXCL11), PF4, and PF4V1 expression (Fig. 3A–C). The patients with high 

(stratified by median) CXCR3A ligand expression were associated with significantly worse 

survival (Fig. 3A). While stratification by median PF4 expression was not significant, the 

top 25% expressers had significantly poorer survival compared with the lowest 50% and 

75% expressers (Fig. 3B and C; Supplementary Fig. S5).

Similarly, we conducted a survival analysis on the high and low expression of CXCR3 splice 

variants. When stratified by the median, high CXCR3B-expressing patients had significantly 

better OS, while CXCR3A expression did not reach significance (Fig. 3D and E). Because 

CXCR3A can be expressed in different tumor compartments, we assessed CXCR3A 
expression in PDAC samples stratified by median cellularity and CXCR3A expression. 

Importantly, in the high epithelial cellularity group, high CXCR3A expression trended 

toward worse OS; however, in the low-cellularity group, high CXCR3A expression 

correlated with improved OS, suggesting that CXCR3A has different prognostic importance 

depending on compartment-specific expression (Fig. 3F and G).

Finally, we performed a cytokine qRT-PCR array in two murine models of PDAC with 

markedly different phenotypes at histologically matched timepoints. The KPC represents a 

highly aggressive model, while the KC represents a disease that is more indolent with lower 

penetrance. In comparing the cytokines that were differentially expressed at a histologically 

similar stage (Supplementary Fig. S1), in each of these models relative to WT littermates, 

Cxcl10 and Pf4 were upregulated specifically in the more aggressive KPC model (Fig. 3H). 

Notably, Cxcl9 also had higher expression in KPC tumors relative to KC tumors (Fig. 3H). 

In sum, these results suggest that the CXCR3 axis is upregulated specifically in the more 

aggressive model and may contribute to this aggressive phenotype.
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Pathway analysis of CXCR3- and CXCR3 ligand–correlated genes

We used Spearman correlations to generate sets of genes significantly correlated with the 

expression of CXCR3A ligands, PF4 and PF4V1, and CXCR3 splice variants in TCGA 

dataset. These gene sets were analyzed via IPA. First, gene sets associated with CXCR3A 
and B expression were most enriched for T-cell–related pathways (Fig. 4A and B). In 

addition, T-cell–related pathways were more prominently enriched in low-cellularity 

samples as compared with high-cellularity samples (Fig. 4C and D). T-cell–related genes 

were also prominently correlated with CXCL9, 10, and 11 expressions (Fig. 4E). Notably, T-

cell exhaustion, PD-1, and PD-L1 pathways appeared as top hits only for the gene set 

correlated with CXCL9, 10, and 11 expression (Fig. 4E). These findings were supported by 

identical analyses conducted using microarray data and were consistent using different P-

value cutoffs for inclusion and exclusion of correlations (Supplementary Data S1). Finally, 

the pathways associated with PF4 and PF4V1 expression were very distinct from each other 

and those associated with the receptors and CXCR3A ligands (Fig. 4F and G). Consistent 

with these findings, we found that ex vivo treatment of murine splenocytes with CXCL10 

augmented the expression of immunosuppressive markers LAG3, CTLA4, and CD274, 

which were also highlighted in the IPA analysis (Fig. 4H). Using GSEA (40) on TCGA data, 

high expression of CXCR3A and CXCL9, 10, and 11 were both significantly associated 

with immune-related gene sets and consistent with IPA; CXCL9, 10, and 11 associated more 

closely with immunosuppressive gene sets than CXCR3A (Supplementary Fig. S6).

CIBERSORT of PDAC samples stratified by CXCR3 and CXCR3 ligand expression

We used CIBERSORT and the LM22 gene signature matrix to investigate the association of 

CXCR3 and its ligands with relative immune cell frequencies in the tumor. Within TCGA 

dataset, Mθ and M2 macrophages and CD4 memory T cells appeared to be the most 

abundant immune cells within the tumor (Fig. 5A). As with the survival analysis and GSEA, 

we stratified patients on the basis of the median expression of CXCR3 splice variants and 

the sum expression of CXCR3A ligands and analyzed differences in immune cell signatures 

between high- and low-expression groups. Mθ gene signatures were decreased, while CD8+ 

T cells were elevated in the groups expressing high CXCR3B (Fig. 5B), CXCR3A ligands 

(Fig. 5C), and CXCR3A (Fig. 6A). High expression of CXCR3A ligands was specifically 

associated with increased M1 gene signatures as well as the loss of natural killer (NK)-cell 

gene signatures compared with the low CXCR3A ligand expression (Fig. 5C; 

Supplementary Fig. S6). Importantly, these changes were consistent across microarray 

datasets (Supplementary Fig. S7). In high CXCR3A-expressing patients, we noted increased 

CD8+ T-cell and naïve B-cell signatures and decreased plasma cell gene signatures 

compared with the low-expressing group (Fig. 6). When samples were stratified on the basis 

of sample cellularity and CXCR3A expression, as in the survival analysis, only patients with 

high CXCR3A and low cellularity demonstrated significant differences in immune cell 

subsets (Fig. 6). IF staining for CXCR3, CD8, and CD138, and quantification of the 

lymphoid aggregate area in resected PDAC patient samples (Whipple, n = 23) showed that 

the number of CXCR3+ cells correlated significantly with CD8+ cells and aggregate 

lymphoid area, which is indicative of B-cell content (Fig. 6D–F).
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Discussion

The unbiased screen of relative expression of 149 cytokines in human microarray data 

elucidated numerous candidates of potential importance in the PDAC tumor 

microenvironment (TME). Among these, CXCR3 ligands, CXCL9 and CXCL10, were 

overexpressed in the PDAC microenvironment that is poorly investigated in PDAC biology. 

We found that CXCR3A ligands were predominately expressed by the stromal compartment, 

whereas PF4 and PF4V1 had higher expression in the epithelial compartment. Importantly, 

CXCR3 was also expressed in PDAC, both in the epithelial and stromal compartments, and 

CXC3A was the predominant variant. Previously, CXCR3 has been demonstrated to 

augment the expression of PD-L1 and PD-1, promote Treg polarization, drive B cell to 

plasma cell differentiation, and in several settings, support antitumor immune response (41–

44). In addition, in melanoma, breast, and colon cancer, CXCR3 has been associated with 

increased metastasis independent of the immune response (45). The expression patterns we 

observed suggest CXCR3 mediates tumor–stromal cross-talk as well as stromal-specific 

signaling, which is consistent with the dual roles of CXCR3 found in other cancers.

Surprisingly, both variants of CXCR3 and the CXCR3 ligands had opposing associations 

with survival. CXCR3A expression was not significantly associated with survival in 

unselected patients. Still, in low-cellularity patients, in which a higher proportion of CXCR3 
expression is expected to come from the stroma, the survival difference was significant. 

These findings are highly consistent with an immune cell–mediated survival benefit 

associated with CXCR3 expression. In contrast, in high-cellularity patients, the survival 

trend was reversed, however, not significantly. The pathway and GSE analyses further 

supported an immune-mediated survival benefit as high CXCR3A expression was associated 

with enrichment of immune-related gene sets. Furthermore, high CXCR3A expression 

correlated with increased populations of CD8 cells and B cells in CIBERSORT analysis. 

Previous reports have linked these immune cell types with increased survival both in 

CIBERSORT analyses of multiple cancers and through independent experimental 

quantification of immune cells in PDAC (46–48). Moreover, a recent study of immune 

infiltrates in hepatocellular carcinoma showed that plasma cell infiltrates were associated 

with suppressed antitumor immune response and more rapid tumor growth in mice (43). 

Here, we were able to validate the association of CXCR3 with the observed changes in all 

three immune cell populations using IF. Cumulatively, these studies support our hypothesis 

that CXCR3 expression is associated with altered immune cell infiltrates and that these 

alterations have biological and prognostic significance for patients with PDAC. The 

improved survival seen with high CXCR3 expression seems to conflict with the poorer 

survival observed in high ligand-expressing patients. Pathway analysis, GSEA, and 

CIBEROSRT suggest high CXCR3A ligand expression is associated with an immune 

suppressive environment and loss of NK-cell signatures. Interestingly, CXCR3B expression 

was also associated with T-cell–related pathways even though only CXCR3A has been 

demonstrated to have a substantial expression on immune cells.

A study by Lunardi and colleagues found in vitro that coculture of PDAC cells with 

pancreatic stellate cells induced CXCL10 expression, primarily derived from pancreatic 

stellate cells. Our analysis of RNA-seq data from 123 micro-dissected PDAC samples 
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confirms a stromal origin of CXCL10 in human tumors. Lunardi and colleagues further 

showed that CXCL10 was overexpressed by 2.18-fold, and high CXCL10 expression was 

associated with poor prognosis, based on array data from 45 patients (26). The results from 

our study, in a much larger number of patients, support these findings with the addition that 

CXCL9 is also highly overexpressed in the majority of PDAC samples. Finally, Lunardi and 

colleagues’ study reported that several immune cell markers, including FOXP3, CTLA4, and 

CD39 correlated with CXCL10 and CXCR3 expression in 32 or 34 of the original 45 PDAC 

samples. While these positive correlations were present in our analyses, they were identified 

as minor players in the pathway and CIBERSORT analyses leading to the identification of 

different immunosuppressive pathways. Moreover, the analysis of single-marker genes 

independently does not accurately quantify Treg infiltrate, thereby necessitating the 

utilization of more sophisticated methodologies.

Another study by Quemener and colleagues reported that PF4V1 expression was higher 

compared with PF4 in PDAC samples based on the qRT-PCR analysis (49). Our results from 

multiple large-scale gene expression datasets differed from this report, but were consistent 

across the microarray and RNA-seq platforms used, providing strong evidence that the 

expression of PF4 is higher than that of PF4V1 in PDAC. Our results suggest that the 

functional consequences of PF4V1 expression in PDAC may be limited because of its low 

expression in the majority of samples. Furthermore, PF4 binds CXCR3B with greater 

affinity than PF4V1 (22), and CXCL9, 10, and 11 all bind CXCR3A with greater affinity 

than PF4V1 (23); thus, the contributions of PF4 and CXCL9, 10, and 11 to PDAC biology 

may be even more significant. Finally, a recent article on CXCR3 in PDAC reported that 

CXCL10 derived from dorsal route ganglion neurons was involved in the recruitment of 

cancer cells to nerves, consistent with the finding from Quemener and colleagues (50). 

Interestingly, this study also found that neutralization of CXCL10 was associated with 

improved pain scores in mice; however, they did not observe differences in immune cell 

infiltrate (50). These findings do not contradict our observations, due to the fact that the 

expression of CXCR3A ligands was not associated with a paucity of immune cells, rather 

with an immunosuppressive gene signature, and second, Hirth and colleagues employed an 

antibody to neutralize CXCL10, whereas CXCL9 and CXCL11 were still active in the TME.

Overall, these analyses strongly suggested that CXCL9 and 10 are among the most highly 

and consistently overexpressed cytokines in PDAC, and the expression of these cytokines is 

associated with poor outcomes in patients with PDAC, potentially due to modulation of the 

immune microenvironment and exhaustion of T cells. Furthermore, CXCR3, the receptor for 

these two ligands, is expressed in PDAC in a spatiotemporal manner and is associated with 

improved outcomes. While the pathways correlated with CXCR3 and CXCR3 ligand 

expression share some features, some associations were specific to each, potentially 

explaining how ligands and their receptor could have opposite associations with survival 

outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Immunotherapies have failed to produce meaningful improvements in the outcomes of 

patients with pancreatic ductal adenocarcinoma (PDAC), suggesting a multifaceted 

nature of immunosuppression in PDAC. Several cytokines and chemokines have a 

profound influence in both PDAC cell biology and immune response; therefore, we 

performed a screen to determine differentially expressed cytokine/chemokine genes in 

172 PDACs and 126 normal pancreas microarray, The Cancer Genome Atlas dataset, and 

micro-dissected RNA-sequencing samples. From this screen, CXCR3 ligands, CXCL9 
and CXCL10, emerged as highly and consistently overexpressed in PDAC samples. In-

depth analyses of this signaling pathway demonstrated that CXCL9 and 10 are strongly 

associated with poor overall survival in patients with PDAC, and associate with altered 

immune cell infiltrates, specifically, T-cell exhaustion gene signatures. Cumulatively, our 

findings suggest that activation of CXCR3 signaling is a novel immunosuppressive 

pathway in PDAC that is distinct from established checkpoint mechanisms.
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Figure 1. 
Expression profile of cytokines in PDAC. A and B, Heatmap of mean cytokine expression in 

PDAC relative to normal in GPL570 and GPL6244 arrays, respectively; cytokines with mean 

expression higher than 1.5-fold or less than 0.75-fold are depicted. C, Venn diagram 

depicting overlap in identified cytokines between GPL570 and GPL6244 arrays. D–G, 
Expression profiles of all CXCR3 ligands in GPL570 and GPL6244 microarray datasets, 

PDAC samples in the PAAD TCGA dataset, and total cytokine expression from CUMC 

RNA-seq dataset, respectively. H and I, Distributions of CXCR3 ligand expression in 

epithelial and stromal compartments from CUMC-paired micro-dissected samples. The P 
values were generated by the Mann–Whitney U test.
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Figure 2. 
CXCR3 is expressed in PDAC tissue. A and B, Expression of CXCR3 in GPL570 and 

GPL6244 arrays normalized with robust multi-array average. C, Expression of CXCR3 
splice variants, CXCR3A and B, based on transcript reconstruction from PDAC samples in 

TCGA data. D, Distribution of CXCR3 expression in epithelial and stromal compartments 

and total expression in CUMC data. The P values for A–C were generated by Mann–

Whitney U test. E, Jaccard plot of expression of CXCR3 expression in paired epithelial and 

stromal samples, and histogram of fractional expression of CXCR3 (P value generated by 
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10,000 iterations of data randomization and comparison of a number of randomized samples 

with a single-source expression of CXCR3 to that of the actual expression set). F, IHC of 

CXCR3 expression in the KPC progression model of PDAC at 7 and 25 weeks, with 

pancreas from WT littermates for controls. G, IHC of CXCR3 expression in human normal 

and PDAC samples.
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Figure 3. 
Expression levels of CXCR3 and its ligands are associated with OS in human and murine 

PDAC. A and B, Kaplan–Meier plots of OS of patients with PDAC in PAAD TCGA datasets 

stratified by median expression of combined CXCL9, CXCL10, and CXCL11 expression 

(A) and 75th percentile of PF4 expression compared with the bottom 50% of PF4 expressers 

(B). C, Kaplan–Meier plot of OS in patients stratified by 75th percentile of PF4V1 
expression compared with bottom 50% of expressers. D and E, Kaplan–Meier plots of OS in 

patients stratified by median CXCR3A and B expression, respectively. F and G, Kaplan–

Meier plots of OS in patients stratified by median CXCR3A expression in high- and low-

cellularity patient subgroups (defined by median cellularity). H, Heatmap depicting results 

of qRT-PCR array of cytokine expression in KC and KPC pancreas relative to expression in 

WT littermates; entries are ranked in descending order by the difference in FC between KC 

and KPC. The P values were generated by the Wilcoxon test.
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Figure 4. 
CXCR3 expression is correlated with a T-cell–related gene signature, while CXCL9, 10, and 

11 are correlated with T-cell– and T-cell exhaustion–related signatures. A and B, IPA results 

for genes highly correlated (rho > 0 and P < 0.001) with CXCR3A and B expression in 

TCGA data. C and D, IPA results for genes correlated with CXCR3A in low- and high-

cellularity samples, respectively. E–G, IPA results for genes highly correlated with CXCL9, 
10, and 11; PF4; and PF4V1 expression, respectively, in TCGA data. Gene sets selected on 

the basis of Spearman rho correlations; P values for IPA analysis were generated by IPA. H, 

Cannon et al. Page 20

Clin Cancer Res. Author manuscript; available in PMC 2021 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The qRT-PCR analysis of ex vivo murine splenocytes treated with vehicle control or Cxcl10 
for markers of immunosuppression.
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Figure 5. 
Expression of CXCR3 and CXCR3A ligands is associated with changes in CIBERSORT 

immune cell signatures. A, Heatmap depicting the distributions of immune cell expression 

signatures derived from the LM22 gene expression signature matrix in TCGA PDAC patient 

expression data. B, Box plots depicting the distribution of CD8 T cell, macrophage Mθ, 

resting NK cell, and macrophage M1 signatures in CXCR3B-high and -low groups (defined 

by median) in TCGA data. C, Box plots depicting the distribution of CD8 T cell, 

macrophage Mθ, resting NK cell, and macrophage M1 signatures in CXCL9, 10, and 11–
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high and –low groups (defined by median) in TCGA data. The P values were calculated by 

the Mann–Whitney U test.
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Figure 6. 
CIBERSORT changes were associated with CXCR3A expression only in the low-cellularity 

patient subset. A, Box plots depicting the distribution of CIBERSORT CD8 T-cell signature 

from TCGA data in CXCR3A-high and -low groups as defined by the median in the total 

population (top), the low-cellularity subgroup of samples (middle), and high-cellularity 

subgroup (bottom). B, Box plots depicting the distribution of CIBERSORT plasma cell 

signature from TCGA data in CXCR3A-high and -low groups as defined by the median in 

the total population (top), the low-cellularity subgroup of samples (middle), and the high-
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cellularity subgroup (bottom). C, Box plots depicting the distribution of CIBERSORT naïve 

B-cell signature from TCGA data in CXCR3A-high and -low groups as defined by the 

median in the total population (top), low-cellularity subgroup (middle), and high-cellularity 

subgroup (bottom). D, Representative images of IF staining for CXCR3 (red), CD8 (green), 

CD20 (magenta), and CD138 (cyan) of human controls and PDAC tissue samples. E, Box 

plots depicting the distribution of mean number of CD8+ and CD138+ cells per high power 

field and total lymphoid aggregate area in PDAC samples with high and low CXCR3 

expression. The P values were calculated by the Mann–Whitney U test.
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