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ORIGINAL RESEARCH

Impaired CXCL12 signaling contributes to resistance of pancreatic cancer 
subpopulations to T cell-mediated cytotoxicity
Yuan-Na Lina, Marcel O. Schmidta, Ghada M. Sharifa, Eveline E. Vietscha,b, Amber J. Kilitia, Megan E. Barefoota, 
Anna T. Riegel a, and Anton Wellsteina

aLombardi Comprehensive Cancer Center, Georgetown University, Washington, DC, USA; bDepartment of Surgery, Erasmus Mc, University Medical 
Center Rotterdam, Rotterdam, The Netherlands

ABSTRACT
Pancreatic cancer remains largely unresponsive to immune modulatory therapy attributable in part to an 
immunosuppressive, desmoplastic tumor microenvironment. Here, we analyze mechanisms of cancer cell- 
autonomous resistance to T cells. We used a 3D co-culture model of cancer cell spheroids from the KPC 
(LSL-KrasG12D/+/LSL-Trp53R172H/+/p48-Cre) pancreatic ductal adenocarcinoma (PDAC) model, to examine 
interactions with tumor-educated T cells isolated from draining lymph nodes of PDAC-bearing mice. 
Subpopulations of cancer cells resistant to these tumor-educated T cells were isolated from the in vitro co- 
culture and their properties compared with sensitive cancer cells. In co-culture with resistant cancer cell 
subpopulations, tumor-educated T cells showed reduced effector T cell functionality, reduced infiltration 
into tumor cell spheroids and decreased induction of apoptosis. A combination of comparative transcrip-
tomic analyses, cytometric and immunohistochemistry techniques allowed us to dissect the role of 
differential gene expression and signaling pathways between sensitive and resistant cells. A decreased 
expression of the chemokine CXCL12 (SDF-1) was revealed as a common feature in the resistant cell 
subpopulations. Adding back CXCL12 reversed the resistant phenotype and was inhibited by the CXCR4 
inhibitor AMD3100 (plerixafor). We conclude that reduced CXCL12 signaling contributes to PDAC sub-
population resistance to T cell-mediated attack.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a deadly disease 
with a 5-y overall survival rate of 10%.1 PDAC has been 
described as an immune-privileged tumor due to its immune 
suppressed tumor microenvironment (TME) and prominent 
desmoplasia resulting in resistance to immunotherapy.2 Still, 
the PDAC microenvironment is replete with immune cells,3,4 

T cells being the most prevalent immune cell population in the 
majority of human PDACs.5,6 However, these T cells were not 
effective in killing autologous PDAC xenografts after ex vivo 
expansion5 or were located in the stroma at the invasive tumor 
margin and not infiltrating into the juxtatumoral compartment.3 

As one arm of the adaptive immune system, T cells play a crucial 
role in executing the cytotoxic response and it is puzzling how 
PDAC resistance to T cell-mediated killing is maintained. One 
unresolved question is whether PDAC cancer subpopulations 
drive T cell resistance, particularly in regard to impaired T cell 
functionality in spite of their abundance (see Table S2). Previous 
studies have reported the role of tumor cell-intrinsic factors in 
shaping the immune TME and immunotherapy response in 
PDAC and other types of cancer.7–10 Tumor cell-derived 
CXCL1 and ubiquitin-specific protease 22 (USP22) were 
shown to decrease T cell infiltration and response to immu-
notherapy in PDAC.7,8 Also, driver mutations and altered gene 
expression patterns of cancer cell subpopulations may contribute 

to antitumor immunity, treatment resistance and poor survival 
of patients.11,12 However, most studies use cancer cell lines and 
animal models of unknown heterogeneity making it difficult to 
pinpoint immune resistance mechanisms in a physiological 
environment in the context of complex interplay with the 
TME.7,8,13,14 To date, no studies have explored the cytotoxic 
effects of isolated T cells on PDAC cancer cell subpopulations. 
Such an approach could allow for a better understanding and 
unbiased selection of resistant cancer cell populations to T cell 
attack. We have recently established a 3D cancer spheroid/T cell 
co-culture model to probe cancer cell – T cell interactions and 
used this model to dissect mechanisms that mediate sensitivities 
of cancer cell subpopulations to T cell killing.15 To generate 
appropriately educated T cells, we implanted PDAC cells from 
KPC (LSL-KrasG12D/+/LSL-Trp53R172H/+/p48-Cre) mice16 into 
appropriate syngeneic hosts and harvested T cells from tumor- 
draining lymph nodes (TdLNs) of allograft-bearing mice. 
Clonally selected PDAC cell lines exposed to these tumor- 
educated T (edT) cells in 3D spheroid culture identified T cell- 
sensitive cancer cell clones and resulted in selection of resistant 
cancer cell populations. The comparative analysis of differen-
tially expressed genes revealed candidate pathways that have the 
potential to modulate responses of cancer cells to T cell attack, 
and we show that reduced CXCL12 signaling contributes to the 
resistance phenotype.
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Materials and methods

Cell lines

The primary KPC pancreatic tumor cell line KPC 5991 was 
derived from a 65-d-old male KPC mouse.16 KPC 5991 cancer 
cells at cell culture passage 24–26 were utilized for s.c. injec-
tions into mice. The clonal cell lines C5, C8, D10, G8, G9 and 
F5 were established via single-cell cloning from a different 
primary KPC pancreatic tumor.17 The paired parental/resistant 
cell lines C8/C8R and D10/D10R1/D10R2 at cell culture pas-
sage no. 24–26 were utilized for all assays. All cancer cell lines 
were maintained in DMEM supplemented with 10% fetal 
bovine serum. T cells for co-culture assays were freshly isolated 
from mice on the day of co-culture. Co-cultures including 
T cells were maintained in RPMI supplemented with 10% 
fetal bovine serum and 100 units/mL penicillin/streptomycin.

Animal models

All mice procedures were conducted in accordance with 
recommendations by the Georgetown University Institutional 
Animal Care and Use Committee. The animal study protocols 
for the procedures conducted in this study were approved by 
the Georgetown University InstitutionalAnimal Care and Use 
Committee. The transgenic KPC mouse model was originally 
described by Hingorani et al.16 For the allograft mouse model, 
2- to 4-month-old male wild-type mice (littermates of the KPC 
mice) were utilized to establish allograft tumors subcuta-
neously in both flanks. Subcutaneously implanted allografts 
form dedifferentiated, desmoplastic lesions that are typical for 
pancreatic adenocarcinoma and are histologically indistin-
guishable from orthotopically implanted allografts.18

KPC-derived pancreatic cancer cell line culture

Fresh mouse pancreatic tumor tissue was minced for 5 min-
utes and shaken at 150 rpm for 1 h at 37°C in a Dulbecco’s 
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/ 
F-12, Gibco Life) with 5% fetal bovine serum (FBS), 2 mg/ 
mL collagenase (Sigma-Aldrich), 4 mg/mL trypsin (Sigma- 
Aldrich), 50 µg/mL gentamicin (Gibco Life), and 1 IU/mL 
penicillin/streptomycin (Gibco Life). The cell pellet was 
washed and centrifuged at 600 g and 4°C in DMEM/F-12, 
four times. The cell pellet was suspended in primary cell 
culture media (F-12, 10% FBS, 16 µg/mL insulin (Gibco 
Life), 10 ng/mL epidermal growth factor, 1 µg/mL hydrocor-
tisone (Sigma-Aldrich), 4 ng/mL cholera toxin (Sigma- 
Aldrich), 50 µg/mL gentamicin, and 0.5 IU/mL penicillin/ 
streptomycin. The cells were placed in a 37°C, 5% CO2, 
humidified incubator on a collagen-1 coated 10 cm culture 
dish (Corning BioCoat) in primary cell culture media for 
60 minutes to let fibroblasts attach. Subsequently, the unat-
tached cancer cells were transferred to a regular 10 cm dish. 
Primary cell culture media was changed every 48 h. After 1 
week, the primary cancer cells were trypsinized and expanded 
to establish a cell line. After another week, the KPC 5991 cell 
line was grown in DMEM supplemented with 10% fetal 
bovine serum.

Tumor immunization of immunocompetent mice

KPC tumor-bearing mice show a spontaneous adaptive 
immune response to shared antigens across different PDAC 
tumors.19 We thus immunized mice with the above-described 
heterogeneous primary KPC PDAC cancer cell line (KPC 
5991). Two- to 4-month-old male wild-type C57BL/6 × 
SV129 mice (littermates of the KPC mice) were utilized for 
immunization with cancer cells. Mice were anesthetized via 
isoflurane inhalant anesthesia until lack of response to toe 
pinch. All hair at both flanks including the back was shaved, 
and surgical scrub was performed. Four million KPC 5991 
cells were suspended in 100 µL of serum-containing cell 
culture medium and injected subcutaneously into the right 
and left flank of each mouse. For each experiment, 2–6 mice 
were tumor immunized, dependent on the total amount of 
T cells needed for the respective experiment. On average, six 
to eight million T cells can be isolated from tumor-draining 
lymph nodes (TdLNs) of a tumor-immunized mouse. For 
in vivo studies, one million of KPC 5991 cells were suspended 
in 100 µl of serum-containing culture medium and injected 
subcutaneously into the right and left flank of each mouse. 
After 11 d, one million parental or resistant clonal PDAC cells 
were injected subcutaneously about 1 cm away from the KPC 
5991 tumors on either the left or right side of the flank. At the 
same time, parental and resistant cells were injected into 
naïve mice without KPC 5991 tumors as controls. Three to 
eight mice were used per group. Tumor growth was moni-
tored every third to fourth day by using a caliper. Tumors 
were harvested 8 or 12 d after tumor cell injections.

Lymph node/spleen excision and T cell isolation

Fourteen days after cancer cell injection, mice were euthanized 
using Carbon Dioxide-Standard Procedure followed by cervi-
cal dislocation. Longitudinal midline incision was performed 
to flip open the skin on both sides. Once the subcutaneous 
tumors with the adjacent inguinal and axillary lymph nodes 
were exposed (Suppl. Fig. S8A-C), tumors as well as draining 
lymph nodes were carefully removed. After opening the 
abdominal cavity via left transverse incision, the spleen was 
mobilized and carefully removed. In naïve mice, cervical lymph 
nodes were removed as well.

T cell isolation from lymph nodes and spleens was 
performed as negative selection using magnetic activated 
cell sorting (MACS) using Dynabeads™ Untouched™ 
Mouse T Cells Kit (# 11413D, Invitrogen), according to 
the manufacturer’s protocol. In brief, superparamagnetic 
beads (4.5 µm diameter) are coated with a secondary poly-
clonal antibody that binds rat IgGs. The antibody mix 
contains a cocktail of rat IgGs that bind mouse B cells, 
NK cells, monocytes/macrophages, dendritic cells, erythro-
cytes and granulocytes. After adding the antibody mix to 
the sample to bind unwanted non-T cells, the beads are 
then added. After a short incubation, the bead-bound cells 
are separated using a magnet. The purified T cells in the 
supernatant were transferred for subsequent co-culture 
assays. Overall, a purification of 85–99% CD3+ cells was 
reached (Suppl. Fig. S1C, first panel from left).
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PDAC spheroid generation and 3D co-culture with T cells

A detailed description and protocol of the technical details of 
the 3D co-culture system is described in Lin et al.15 In short, 
1000 cancer cells/spheroid were seeded in 35- or 81-microwell 
agarose casts (# A6013, Sigma-Aldrich) generated from 3D 
Petri Dishes®, a spheroid formation device from Microtissues® 
(Microtissues Inc., RI, USA). 15 min after cell seeding, 1 mL 
(for 35-microwell cast) or 2 mL (for 81-microwell cast) of cell 
culture medium were added and cancer spheroid were formed 
for 2 d at 37°C and 5% CO2 in a scaffold-free environment. At 
d 2, freshly isolated T cells from mice were added to the cancer 
spheroids in a 10:1 T cell to cancer cell ratio and co-culture was 
maintained in RPMI supplemented with 10% fetal bovine 
serum and 100 units/mL penicillin/streptomycin (Suppl. Fig. 
S8D). A 10:1 T cell to cancer cell ratio was chosen because 
a lower cancer cell killing rate was observed with a ratio of 5:1. 
A ratio of 20:1 did not increase the killing rate (data not 
shown). This matches with other studies which reported 
tumor cell killing at a similar ratio of T cells to cancer cells, 
i.e. 10:1 to 25:1.20–22 After incubation for another 2 d, inter-
leukin 2 (30 U/mL) and interleukin 7 (0.5 ng/mL) were added 
to the co-culture and controls. Anti-mouse-PD-1 was added in 
the co-culture or control +treatment groups at 100 μg/mL 
(clone BE0146, BioXCell).

3D spheroid invasion assay

The technical details of the 3D spheroid invasion assay into 
type 1 collagen, and subsequent analyses are described in Lin 
et al.15 In brief, after 2 d of cancer spheroid – T cell co-culture, 
the invasion into type 1 collagen (# 08–115, Millipore) was 
initiated (Suppl. Fig. S8D). First, collagen was neutralized to 
a pH of 7.0–8.0 and the co-culture was embedded in neutra-
lized collagen within the 35-microwell agarose casts. After 
4 min of incubation, the agarose casts including the collagen- 
embedded co-culture were inverted incubated for 1 h. 
Thereafter, the casts were flipped back and RPMI medium 
containing 5% FBS, 1% Pen/Strep, including 30 U/mL inter-
leukin 2 (# 402-ML-020, R&D) and 0.5 ng/mL interleukin 7 (# 
407-ML-005, R&D) were added. The invasion assay was per-
formed for 2 d until images were taken and survived cells 
recovered from the collagen matrix. Co-culture of each cancer 
cell line in each condition was represented in at least two 
different agarose casts.

2D cancer cell proliferation assay

To monitor cancer cell proliferation in 2D, an electric cell- 
substrate impedance sensing (ECIS) system was used, in which 
cells were seeded in a 96-well format plate of an E-plate 33 
instrument from xCELLigence.23,24 The cells were grown for in 
average 48 h (10.000 cells per well) until a complete monolayer 
was formed with a steady-state impedance reading. Changes in 
the electric impedance of the monolayer were measured at 15- 
min intervals as real-time readout, until total closure of the 
wound. Data analysis was performed using simple linear 
regression analysis in Prism 9.0 to determine the slope of cell 
index/hours within the proliferation phase.23

Cancer cell wound-healing assay

The wound-healing assay as an ECIS (electric cell-substrate 
impedance sensing)-based assay has been described in Sharif 
et al.23 In brief, PDAC cells (150.000 cells) were plated in the 
8W10E array ECIS system for 4 h until cells were settled and 
formed a cell monolayer at the bottom of the wells. Cell culture 
media was changed in media ± mitomycin C (5 μg/mL, Sigma- 
Aldrich) to inhibit cell proliferation. After the formation of an 
intact monolayer with a steady-state impedance reading, pulses 
of high voltage were sent through the electrode array for 5 min to 
kill the cells growing directly on the electrodes. The impedance 
dropped by >80% until the cells neighboring the electrodes 
repaired the monolayer defect, covering the denuded area on 
the electrodes and restoring the original level of impedance. The 
kinetics of the wound closure was monitored in real-time, and 
the effect of mitomycin C on the migratory behavior was exam-
ined. Data analysis as performed on normalized resistance and 
using simple linear regression analysis in Prism 9.0 to determine 
the slope of resistance (ohm)/hours after wounding.23

Image analysis

Image analysis of the cancer spheroid invasion into type 1 
collagen has been described in Lin et al.15 Cell culture images 
were acquired using the brightfield mode of an Olympus IX 
−71 inverted microscope with 10x magnification (Olympus, 
Tokyo, Japan). Invasion was defined as the invasion area rela-
tive to the size of the spheroid by using the Freehand Draw 
Tool from ImageJ (NIH, Bethesda, MD, USA). The invasion 
area was calculated as the ratio of total area (invasion + spher-
oid area) to spheroid area. At least ten images were analyzed for 
each cell line and each condition.

Cell recovery from collagen matrix

Surviving cancer cells were recovered from the collagen matrix 
after co-culture, according to Lin et al.15 In summary, collagen 
matrices including survived PDAC cells were separated from 
the agarose casts and digested with 1 mg/mL Collagenase 4 (# 
LS004188, Worthington) in cell culture medium. Cell clusters 
were broken up by pipetting up and down with a bevel-cut and 
2.5% BSA pre-coated P1000 tip before and after a 15–20 min i-
ncubation step at 37°C. After complete dissolving of the col-
lagen matrices, the cells were resuspended in serum-containing 
cell culture media, followed by three subsequent centrifugation 
steps (washing steps). Thereafter, TrypLETM (# 12604013, 
Thermo Fisher) was added to perform single-cell dissociation 
by incubating the cells for 20–30 min at 37°C. The dissociation 
reaction was stopped by adding serum-containing cell culture 
media followed by another centrifugation step. Afterward, cells 
were either maintained in culture or further processed for 
subsequent analysis.

Apoptosis assay

Cancer spheroids and T cells were co-cultured for 4 d until all 
cells were collected from the agarose casts.15 After single-cell 
dissociation with TrypLETM (# 12604013, ThermoFisher), 
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Annexin V staining was performed. T cells were separated 
from the cancer cells by gating on CD3+ (# 100209, 
BioLegend) population. Annexin V FITC (# 640945, 
BioLegend) or PE/Cyanine 7 (# 640951, BioLegend) was used 
according to the manufacturer’s recommendation. All tests 
were performed in duplicates or triplicates.

Drug compounds and conditioned media

CXCR4 inhibitor (AMD3100) was purchased from Abcam (# 
ab120718) and recombinant murine CXCL12 (SDF-1α) from 
PeproTech (# 250–20A). AMD3100 was reconstituted in 1X 
PBS, diluted in cell culture medium to 10 μg/mL and replen-
ished after 48 h co-culture. CXCL12 was reconstituted in ddH2 
0, diluted in cell culture medium to 50 ng/mL and replenished 
after 48 h co-culture. For conditioned media, parental cells 
were seeded to be 30–40% confluent the next day. After 3 h, 
the media was substituted by RPMI + 10% FBS (“T cell media”) 
and after further 19 h incubation, the media was collected and 
filtered for subsequent assays. For AMD3100 rescue studies, 
CXCL12 and AMD3100 were simultaneously added to the co- 
culture media and replenished after 48 h.

Flow cytometry analysis

Protein cell surface expression was confirmed by flow cytome-
try. For flow cytometry analysis, T cells were labeled with 
fluorescence-conjugated CD3 (# 100209, BioLegend – dilution 
1/200), CD4 (# 100549, Biolegend – dilution 1/200), CD8a (# 
301035, BioLegend – dilution 1/200), CD25 (# 101915, 
BioLegend – dilution 1/200), PD-1 (# 135205, BioLegend – 
dilution 1/200), FOXP3 (# 15–5773-80, Invitrogen – dilution 
3/200), CXCR4 (# 146505, BioLegend – dilution 1/200) anti-
bodies, and cancer cells were labeled with fluorescence- 
conjugated PD-L1 (# 124315 – dilution 1.5/200), H-2Kb/ 
H-2 Db (# 114607 – dilution 1/200) and CXCR4 (# 146505 – 
dilution 3/200) antibodies (BioLegend) and analyzed by FACS 
(BD LSRFortessa Cell Analyzer, # 647177).

Histopathology and immunohistochemistry

The details of the procedure for 3D spheroid co-culture have 
been described in Lin et al.15 In brief, cells are co-cultured for 4 
d until they were embedded in HistoGelTM (# HG-4000-012, 
ThermoFisher) within agarose casts. The casts were dehydrated 
through an ethanol series and embedded in paraffin for subse-
quent sectioning at 5 μm per section starting from the bottom of 
the agarose cast and deposited on glass slides. Paraffin- 
embedded sections were de-paraffinized in xylene. For histolo-
gical analysis, sections were stained with Harris hematoxylin and 
eosin (H&E). For immunohistochemistry, sections were rehy-
drated in graded alcohol and antigen retrieval was done by 
incubating the sections in low pH citrate solution and blocking 
endogenous peroxidases with H2O2. The sections were blocked 
with normal goat serum and stained with anti-CD4 (# 25229 – 
dilution 1/60) and anti-CD8 (# 98941 – dilution 1/25) antibodies 
(Cell Signaling) overnight. Anti-rabbit-HRP conjugated second-
ary antibodies were applied and the staining was developed 
using 3,3’-diaminobenzidine (DAB) chromagen. Nuclei were 

counterstained with Harris hematoxylin. For allograft tumor 
samples, the same procedure was used. For CD8 staining (Cell 
Signaling, # 98941 – dilution 1/25) in allograft tumors tissue 
sections were incubated for 1 h at room temperature. Images of 
stained tissues were captured using an Olympus BX40 micro-
scope. Quantification of tumor areas and positive stainings was 
carried out using ImageJ (NIH, Bethesda, MD, USA).

T cell infiltration analysis

T cell infiltration into cancer spheroids was analyzed after 
cancer spheroid – T cell co-culture and IHC staining for 
CD4 and CD8 T cells in agarose casts, as described above. 
An average of 20 co-culture images of comparably sized 
cancer spheroids within one agarose cast per cell line and 
condition were taken with an inverted Olympus BX20 light 
microscope at 40× magnification. CD4+ and CD8+ T cells, 
respectively, were manually counted and divided into 
“adherent” and “infiltrated” T cells dependent on their 
localization in relation to the cancer spheroid. For analysis 
of T cell infiltration into allograft tumors, intratumoral 
CD8+ T cells were manually counted using Olympus 
BX20 light microscope at 10× magnification. Infiltrated 
CD8+ T cells are shown relative to the tumor area (pixels 
from ImageJ; NIH, Bethesda, MD, USA).

RNA extraction and RNA sequencing

RNA extraction was performed from PDAC cells grown in 
cell culture flasks (2D) and as spheroids embedded in 
collagen I. The RNA extraction of cancer spheroids in 3D 
is described in Lin et al.15 In brief, 12 collagen matrices 
including spheroids from each cell line were collected from 
81-microwell casts (3000 cells/cast). Denaturation and 
separation of the phases were achieved by TRIzol (# 
15596026, ThermoFisher) – chloroform procedure, followed 
by precipitation of the RNA in the aqueous phase with 70% 
ethanol. The total RNA was extracted using RNeasy Mini 
kit (Qiagen) with on-column DNAse digestion following 
a homogenization step using the MagNA Lyser. The RNA 
extracts were analyzed by a Nanodrop ND-1000 spectro-
photometer and quantified by Qubit RNA BR Assay 
(ThermoFisher Scientific, Waltham, MA). Integrity of iso-
lated RNA samples was validated using an Agilent RNA 
6000 Nano Assay on the 2100 Bioanalyzer TapeStation 
(Agilent Technologies, Santa Cruz, CA, USA) and all sam-
ples sent for RNA-sequencing (Novogene, Inc., Sacramento, 
CA) if the RNA Integrity Value (RIN) was >9.0. 
A reference index was generated using GTF annotation 
from GENCODEv28. Raw FASTQ files were aligned to 
GRCm38 with HISAT2 and normalized and background- 
corrected using FeatureCounts and EdgeR. Resulting differ-
ential expression tables quantifying gene expression in 
counts per million and P value or comparisons were used 
to create a rank ordered list, which was then analyzed 
by GSEA. Heatmaps were generated by the pheatmap 
package (Novogene, Inc., Sacramento, CA) in the RStudio 
environment.
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Quantitative RT-PCR (qRT-PCR)

RNA was isolated from co-cultured cancer spheroids with 
educated T cells using the RNeasy Mini Kit (Qiagen, Hilden, 
Germany) with on-column DNAse digestion following 
a homogenization step using the MagNA Lyser, and quantified 
by Qubit RNA BR Assay (Thermo Fisher, Waltham, MA). 
Reverse transcription was done using iScript cDNA Synthesis 
Kit (Bio-Rad, Hercules, CA) according to the manufacturer’s 
protocol. Real-time quantitative RT-PCR was performed with 
iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). Primers 
used for RT–qPCR were purchased from Integrated DNA 
Technologies, and their sequences are provided in 
Supplementary Table S1. Fold change was calculated by 
2−ΔΔCT normalized to mouse actin as a housekeeping gene. 
All qRT-PCR assays were done in triplicates.

Statistical analysis

All statistical tests and graphing were carried out using 
GraphPad Prism 9.2.0, Microsoft Excel, GSEA, Ingenuity® 
Pathway Analysis and EdgeR package in R. ANOVA was 
used for multiple comparisons and t tests was used for paired 
comparisons, with P < .05 as the threshold for statistical sig-
nificance in all tests.

Software

Spheroid invasion area in collagen I and allograft tumor area 
were measured with ImageJ (NIH, Bethesda, MD, USA). Flow 
cytometry data was processed using the FCS Express 7 software 
(De Novo Software).

Compliance with ethical standards

Studies involving the use of animals and cell lines were 
approved by the Georgetown University Institutional Animal 
Care and Use Committee (IACUC).

Results

T cell-mediated cancer cell killing distinguishes PDAC 
clonal populations

To probe the effect of T cells to curtail the invasion of PDAC 
tumor cells, we used a recently established 3D cancer spheroid 
co-culture model that monitors in vitro invasion of cancer cells 
in co-culture (Figure 1(a)).15 Wildtype littermates of the KPC 
mice were injected subcutaneously with KPC cells that were 
generated from a separate KPC donor and kept as 
a heterogeneous cell population (named KPC 5991). Tumor- 
educated (edT) cells were then isolated from tumor-draining 
lymph nodes (TdLNs) or spleen, and co-cultured with PDAC 
clonal cancer cells (C8 or D10) or with KPC 5991 for 4 d.

PDAC clonal cell lines C8 and D10 showed a drastic 
decrease of spheroid invasive spreading in the presence of 
edT cells compared to spheroids without T cells (control) and 
naïve controls (nT cells) (Figure 1(b,c)). As a result of the edT 
cell killing, an accumulation of cell debris from the C8 and D10 
cell co-cultures was observed (Suppl. Fig. S1A). This effect is 

specific for edT cells from the syngeneic host since no cell 
debris was observed in edT cell co-culture with control KPC 
5991 cells. Also, KPC 5991 cell spheroids did not show 
a significantly decreased invasion in co-culture with edT 
cells compared to control and nT cells (Figure 1(b,c)). To 
test if there is a secondary lymphatic organ-specific function 
during tumor development, T cells from both spleen and 
lymph nodes (LNs) were used to examine their effects on the 
invaded area of the cancer cell spheroids. Similar to edT cells 
from LNs, splenic edT cells also significantly decreased in 
the area invaded by C8 and D10 cancer cell spheroids 
(Figure 1(b,c)). However, edT cells from LN showed 
a stronger effect on decreasing spheroid invasion and caused 
more cell debris than spleen edT cells (Figure 1(b,c), Suppl. 
Fig. S1A), suggesting that TdLNs of PDAC allograft mice 
contain more cancer cell-specific edT cells.

To examine whether the observed T cell-mediated cancer 
cell killing was distinct for different clonal cell lines, four 
other KPC PDAC clonal cell lines generated from the same 
tumor (C5, F2, G8, G9) were utilized for T cell co-culture 
experiments. Indeed, the extent of invasion into collagen by 
these clonal cell lines was impacted differently. While C5 and 
F2 clones showed significantly decreased cancer spheroid 
invasion in edT cell co-cultures, G8 and G9 invasion was 
not impacted (Figure 1(d)). These data indicate that KPC 
PDAC clonal cells show distinct responses to co-culture with 
PDAC-educated T cells.

T cell populations in the spheroids were analyzed via flow 
cytometry before (Suppl. Fig. S1B) and after (Suppl. Fig. S1C) 
co-culture. The ratio of CD8+/CD4+ T cells was the highest in 
edT cells from LNs (Suppl. Fig. S1B, second panel from left), 
and in LN edT cells co-cultured with either C8 or D10 cancer 
cells (Suppl. Fig. S1C, second panel from left). We thus only 
used LN edT cells for subsequent co-culture experiments. 
Regulatory T cells (Tregs) and programmed cell death pro-
tein-1 (PD-1) expression on T cells can be indicators for 
immunosuppression and inhibited cytotoxic T cell function.25 

We observed a significantly higher percentage of Tregs (CD4+ 

CD25+ FoxP3+) and PD-1 positive T cells in the spleen of 
PDAC-exposed mice compared to TdLNs and to T cells from 
naive mice (Suppl. Fig. S1B-C, first and second panel from 
right). However, the differences in percentage of Tregs and 
PD-1 positive T cells from LNs after co-culture were small 
between the clonal cells and KPC 5991 cells. This suggests 
that immune suppressive cells and checkpoint proteins were 
not responsible for causing the differential effects between the 
clonal cells and KPC 5991 cells in co-culture.

Selection of edT cell-resistant cancer cell subpopulations

We observed that a small fraction of cancer cells survived the 
exposure to edT cells. We recovered these edT cell-resistant 
(“R”) C8 and D10 cells from the collagen matrix to examine 
their resistance mechanisms to T cell cytotoxicity (Figure 2(a)). 
Fewer resistant cancer cells were recovered from clone D10 
after edT co-culture (D10R) than from clone C8 (C8R) 
(Figure 2(b)). Cell morphology (Suppl. Fig. S2A), proliferation 
(Suppl. Fig. S2B, E), 2D migration (Suppl. Fig. S2C, D) and 3D 
invasion (Suppl. Fig. S2F) were examined.
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The data show a distinct growth phenotype between the 
cell lines in 2D and 3D culture settings. Most importantly, 
there were no differences in invasive behavior between par-
ental and edT cell-resistant cells in the absence of T cells, 
indicating that the invasive phenotype was not responsible for 
the resistance to edT cell co-culture.

Next, we evaluated cancer cell killing by edT cell co-culture by 
monitoring apoptosis via FACS with propidium iodide (PI) and 
Annexin V staining (Figure 2(c,d)). Both parental PDAC cell 
lines showed a significantly higher apoptosis rate after edT cell 
co-culture than the resistant cell lines (Figure 2(c)). Also, edT 
cells in co-culture showed less apoptosis than nT cells as 

Figure 1. T cell-mediated PDAC cancer spheroid killing is specific for PDAC subpopulations. (a) Schematic of the approach. T cells from lymph nodes or spleens of naïve 
and KPC PDAC (KPC 5991 cells) allograft carrying mice were harvested. Six clonal cell lines from a primary KPC PDAC were used for 3D co-culture with naïve and edT 
cells. TdLNs = tumor-draining lymph nodes. (b) Representative images of cell lines from (A) in 3D co-culture with PDAC tumor-educated (edT) or naïve (nT) cells from 
spleen or tumor-draining lymph nodes (LN). Cancer spheroids without T cells served as controls. Area of cell invasion is outlined by a white dashed line; cell debris by 
a continuous line. Scale bars, 100 μm. (c–d) Violin plots of Log2 invasion area per cancer spheroid of the PDAC cell lines after co-culture with T cells. Cell lines with 
decreased invasion area after edT cell co-culture are grouped on the left. (Student t test, *P < .05, **P < .01, ***P < .001, ****P < .0001, n.s., not significant). Schematic in 
A created in BioRender.com.
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expected from the stimulation edT cells receive from the engage-
ment of the targeted cancer cells (Figure 2(d)). To investigate if 
different cell surface expression of MHC-1 and PD-L1 is respon-
sible for edT cell resistance, flow cytometry analysis was per-
formed (Suppl. Fig. S2G). Most notably, D10R showed 
a distinctly higher cell surface expression of PD-L1 in 3D culture 
compared to C8R and both parental PDAC cell lines. However, 
anti-PD-1 treatment did not reverse resistance of D10R cells to 
T cell-mediated killing (Suppl. Fig. S3A), suggesting that the 
elevated PD-L1 is not the driver of resistance.

CD8+ T cell infiltration into edT cell-resistant PDAC 
spheroids is decreased

Previous studies have identified a correlation between CD8+ T cell 
infiltration and response to immunotherapy in melanoma and 
PDAC.8,26 To examine whether resistance to edT cell-mediated 
PDAC cell killing is related to T cell access to cancer cells, we 
analyzed PDAC 3D co-cultures for the distribution of cancer and 
T cells by staining for CD4+ and CD8+ T cells. This analysis 
allowed us to quantify T cells that only adhere to the cancer 
spheroid periphery and those which infiltrated into the 
spheroid (Figure 3). Only spheroids with comparable sizes 
were subjected to the comparative analysis. The number of 
CD8+ edT cells that adhered to the spheroids showed no 
significant differences between parental and resistant cancer 
cells although D10 cancer cells attracted a higher number 
of edT cells per spheroid than C8 cancer cells. For both C8 
and D10 cancer cell lines there was significantly more CD8+ 

edT cell infiltration into spheroids from parental cancer 
cells than spheroids generated from resistant cancer cells 
(Figure 3(b)). Because the D10 cell line showed more infil-
trated CD8+ edT cells than the C8 cell line, we also stained 
for CD4+ edT cells (Suppl. Fig. S3B). The number of infil-
trated or adherent CD4+ edT cells was not significantly 
different between parental and resistant cells and there 
were much less infiltrated CD4+ than CD8+ edT cells 
(Suppl. Fig. S3C).

To validate the T cell-sensitive and -resistant phenotype that 
was selected in vitro also in vivo, mice were pre-immunized with 
KPC 5991 cancer cells prior to injection of the parental (sensitive) 
and resistant cells (Figure 3(c), left). The analysis of parental and 
resistant tumors from KPC 5991 cells-immunized mice revealed 
significantly higher CD8+ edT cell infiltration into both parental 
cell lines C8 and D10 compared to resistant cell lines C8R and 
D10R, respectively (Figure 3(c), right). While C8 parental cells 
showed higher CD8+ T cell infiltration than C8R resistant cells 
independent of immunization, CD8+ T cell infiltration was sig-
nificantly increased in the D10 parental cell line after immuniza-
tion. In contrast, D10R tumors showed decreased CD8+ edT cell 
infiltration. Accordingly, D10 tumor size was significantly 
decreased in the immunized group compared to naïve mice with-
out immunization (Suppl. Fig. S3D). From the above data, we 
conclude that CD8+ edT cell infiltration is reduced in spheroids 
grown from edT cell-resistant cancer cells and that this decreased 
T cell infiltration is also observed in vivo, thus supporting validat-
ing the in vitro selection approach.

Figure 2. Selection of PDAC cells resistant to edT cell-mediated cytotoxicity. 
(a) Schematic of the isolation of resistant cells. (b) Images of a representative 
area within a cell culture dish after isolation of resistant PDAC cells from edT 
cell co-cultures or control (cancer spheroids without T cells). Scale, 100 μm. (c 
and d) Monitoring apoptosis via FACS with propidium iodide (PI) and 
Annexin V staining: (c) Percentage of total apoptotic cancer cells after co- 
culture with edT and nT cells. Control is cancer spheroids only. (d) 
Percentage of total apoptotic T cells after co-culture with cancer spheroids. 
Data represent the mean ± SD from at least three biological replicates. 
(Student t test, *P < .05, **P < .01, ***P < .001, ****P < .0001, n.s., not 
significant). Schematic in A created in BioRender.com.
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Figure 3. CD8+ edT cell infiltration into resistant PDAC cancer spheroids and allograft tumors is decreased. (a) Representative 3D co-culture sections of paired 
parental/resistant cells from C8 and D10 stained by immunohistochemistry (IHC) for CD8+ T cells. Scale, 200 μm. (b) Quantification of infiltrated and adherent 
CD8+ T cells co-cultured with cancer cell spheroids. (c) Schematic of the experimental setup for the in vivo studies (left). Quantification of tumor-infiltrated 
CD8+ T cells (right). 5991i = immunized with KPC 5991 cells. Data represent the mean ± SD from at least two biological replicates and n ≥ 3 mice per group 
for the in vivo experiments. (One-way ANOVA for multiple comparison and Student t test otherwise, *P < .05, **P < .01, ***P < .001, ****P < .0001, n.s., not 
significant).
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Differential gene expression of CXCL12 distinguishes 
parental from resistant PDAC cells

RNA sequencing was used to examine altered gene expression 
patterns of parental and edT cell-resistant PDAC cell lines. 
Overall, the RNA-seq analysis showed a distinct gene expres-
sion pattern of cancer cells grown in 2D and 3D (Suppl. Fig. 
S4A). Gene set enrichment analysis (GSEA) revealed that hall-
mark pathways for Inflammatory Response and Protein 
Secretion were inhibited in edT cell-resistant PDAC cells 
(Suppl. Fig. S4B-D). From the 50 most downregulated genes 
in edT cell-resistant PDAC cells, overlapping genes that were 
shared between paired cell lines are shown in Figure 4(a). 
Interestingly, the chemokine CXCL12 was the only overlap-
ping gene significantly downregulated in all resistant cell lines 
compared to parental cell lines in 2D and 3D (Figure 4(a-c)). 
Since CXCL12 is known to mediate T cell recruitment and 
infiltration into tumors,27,28 we examined the expression levels 
of other genes encoding chemokines with T cell-recruiting 
functions. The expression levels of CCL2 and CCL7, both 
T cell chemoattractant chemokines,29 were downregulated in 
edT cell-resistant PDAC cells as well (Suppl. Fig. S5A). 
However, Th1-type chemokines, such as CCL5, CXCL10 and 
CXCL11, did not show any differential expression in edT cell- 
resistant PDAC cells compared to the parental cell lines (Suppl. 
Fig. S5B). Taken together, differential gene expression of the 
chemokines CXCL12, CCL2 and CCL7 distinguishes parental 
from edT cell-resistant PDAC cells.

CXCL12 increases T cell killing of resistant cells through 
CXCR4 signaling

The transcriptomic analysis suggested that soluble factors con-
tribute to edT cell sensitivity in PDAC cells, with CXCL12 
being a major contributor. To test this hypothesis, resistant 
PDAC spheroids in edT cell co-culture were treated with con-
ditioned media from the respective parental cell line (CMP) 
and CXCL12 (Suppl. Fig. S6A, left). Both resistant PDAC cell 
lines C8R and D10R showed a significant increase in apoptosis 
compared to untreated resistant cells (by 39.6% in C8R and by 
16.1% in D10R). However, adding conditioned media from 
resistant cells (CMR) and blocking the CXCL12 receptor 
CXCR4 with AMD3100 (plerixafor), did not render parental 
PDAC cells more resistant (Suppl. Fig. S6A, right). To isolate 
the effect of CM from the effect of CXCL12, resistant cells in 
edT cell co-culture were treated either with CM or CXCL12 
alone (Figure 5(a)) and the data indicate that CXCL12 is 
sufficient to increase edT cell-mediated PDAC cell apoptosis 
in C8R cells. To determine whether CXCL12 treatment 
improves T cell activation and effector functions, mRNA 
expression levels of Tumor Necrosis Factor alpha (TNFa), 
Granzyme b (Gzmb), Perforin-1 (Prf1), Interleukin-2 (IL-2) 
and Interferon-gamma (IFN-γ) were analyzed. IFN-γ is an 
important effector of cytotoxic CD8+ T cells. Indeed, IFN-γ 
expression of CXCL12-treated resistant cell co-cultures was 
higher compared to untreated groups (Figure 5(b)). The 
CXCL12 effect was statistically significant for C8R, whilst 
CXCL12 treatment of D10R induced the IFN-γ expression to 
trend higher but did not reach the level of parental D10 cell co- 

culture. There was also a trend toward increased expression of 
other T cell activation markers upon CXCL12 treatment, such 
as TNFa, Gzmb, Prf-1 and IL-2 (Suppl. Fig. S6B). Accordingly, 
CXCL12 treatment increased CD8+ T cell infiltration into 
cancer spheroids of resistant PDAC cell lines (Figure 5(c)).

CXCL12 is a ligand for CXCR4 and CXCR7.30–32 To exam-
ine whether the CXCL12 effect is CXCR4-mediated, resistant 
PDAC cell spheroids in edT cell co-culture were treated with 
both CXCL12 and the antagonist AMD3100 (plerixafor). In the 
presence of AMD3100 we observed a significant decrease of 
cancer apoptotic rate to a similar level as the untreated group in 
C8R cells (Figure 5(d)). Consistent with D10R cells not show-
ing a significant CXCL12 effect, AMD3100 treatment also did 
not significantly decrease cancer cell apoptosis in edT cell co- 
culture. The lack of an effect was not related to an altered 
CD8+/CD4+ ratio, or altered T cell apoptosis rate (Suppl. Fig. 
S6C). Considering that CXCR4 can be expressed on both 
cancer and T cells,32 CXCR4 protein expression was analyzed 
via flow cytometry and we found that CXCR4 is expressed on 
both resistant PDAC cell lines and edT cells (Suppl. Fig. S7A- 
B). However, CXCR4 surface expression was >3-fold and >10- 
fold higher on edT CD4+ and CD8+ cells, respectively, relative 
to PDAC cells (Suppl. Fig. S7B vs A). It is noteworthy that 
CXCL12 did not impact resistant PDAC spheroid apoptosis in 
the absence of edT cells (Suppl. Fig. S7C). We conclude from 
these data that CXCL12 treatment increased killing of resistant 
PDAC cells through improved effector T cell functionality and 
increased CD8+ T cell infiltration into spheroids via CXCL12/ 
CXCR4 signaling in CD8+ edT cells.

Discussion

Understanding immune resistance mechanisms of PDAC have 
important therapeutic implications. Using a recently developed 
3D cancer spheroid/T cell co-culture model,15 we were able to 
isolate edT cell-resistant subpopulations from PDAC clonal 
cancer cells, and uncover T cell resistance mechanisms in 
cancer cell subpopulations (Figure 6). The rationale for this 
experimental approach is to examine edT cell-mediated effects 
on PDAC cancer cell subpopulations under well-defined con-
ditions. This approach provides a platform for the discovery of 
PDAC cell-intrinsic resistance mechanisms to edT cell- 
mediated attack as shown here and can be expanded to more 
complex model systems including human PDAC. The model 
system is designed to resemble tumor pathophysiology: First, 
we used the KPC mouse model as the source for our primary 
cancer cell lines since it mimics many features of the human 
disease.16 Second, we performed co-culture in a 3D setting 
instead of 2D culture conditions. Our transcriptomic data 
showed significant difference in gene expression pattern 
between cells grown in 2D and 3D culture environment 
(Suppl. Fig. S4A), highlighting the importance of utilizing 3D 
culture systems to create a more physiological environment. 
Third, we utilized T cells from draining lymph nodes of tumor- 
bearing mice instead of nonspecifically activated T cells or 
genetically engineered T cells designed to recognize exogenous 
antigens on cancer cells.22,33,34 Notably, the resistance pheno-
type was confirmed in in vivo studies, corroborating the sig-
nificance of the in vitro approach.
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Figure 4. CXCL12 expression is decreased in edT cell-resistant PDAC cells. (a) Venn diagrams showing the 50 most downregulated genes in resistant vs. 
parental cell lines. Gene expression rankings were derived from comparisons of fold differences between RNA-sequencing data from resistant and parental cell 
lines. CXCL12 is present in the overlap of all three paired cell lines in 2D and in both paired cell lines in 3D. Distinctly regulated genes shared between C8R/C8 
and D10R/D10 in 2D and in 3D growth conditions are highlighted in blue. The edT cell-resistant cell line C5R has been isolated from the PDAC clonal cancer 
cell line C5 in a separate co-culture experiment. C5/C5R were included in the transcriptomic analysis. (b) Volcano plots of differentially expressed genes based 
on RNA-sequencing analysis of resistant vs. parental cell lines in 2D and 3D. Highlighted is CXCL12, being downregulated in resistant cell lines in 2D and 3D. 
Dashed lines represent p = .01 and z-score = −2 and +2. (c) Gene expression level of CXCL12 in paired parental/resistant cell lines based on RNA-sequencing 
analysis. D10R1 and D10R2 are two different resistant cell lines derived from D10 from two independent co-culture experiments. D10R1 is also referred to as 
D10R in 3D co-culture experiments. CPM = transcript counts per million.
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Here we evaluated cancer cell vulnerabilities to T cell resis-
tance at a subclonal cell level and by using edT cells from 
tumor-draining lymph nodes (TdLNs) of PDAC- 
immunized mice. Since edT cells have been primed 
in vivo after tumor engraftment, TdLNs accumulate tumor 
antigen-specific T cells.35 Compared to tumor-infiltrating 
lymphocytes (TILs), T cells from TdLNs are less exhausted 
and immune tolerant,25,36,37 and provide a more robust edT 
cell source for co-culture experiments. There is a growing 
understanding in how tumor burden perturbs the periph-
eral immune landscape.36 Secondary lymphoid organs, such 
as spleen and TdLNs, form an immunological network in 

continuous communication during tumor growth. While 
TdLNs are closely connected with the tumor site, the spleen 
represents immune alterations in the circulation and we 
thus compared edT cell from TdLNs and the spleens in 
PDAC cell co-culture. Overall, there was no qualitative 
difference in the effect of edT cells from the two lymphoid 
sources although cells from TdLN showed a stronger effect 
on spheroid invasion and increased cancer cell cytotoxicity. 
Thus, using edT cells from TdLNs enabled a more specific 
selection of cancer cell-reactive T cells for the co-culture 
experiments. Importantly, co-culture with splenic edT cells 
from spontaneous PDAC-bearing KPC mice resulted in 
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Figure 5. CXCL12 increased edT cell-mediated killing of resistant PDAC cells and effector edT cell functionality. (a) Percentage of total apoptotic-resistant cancer cells 
with parental cell conditioned media (+CMP) or +CXCL12 after co-culture with edT cells. Controls are cancer spheroid co-culture with edT cells without treatment. (b) 
Expression of IFN-γ by qRT-PCR from cancer spheroid/T cell co-culture. Ct-values normalized to beta-actin are shown. (c) Quantification of infiltrated CD8+ T cells into 
CXCL12-treated resistant cancer spheroids compared to untreated resistant spheroids. (d) Apoptotic cancer cells ±CXCL12 ± AMD3100 after co-culture with edT cells. All 
data represent the mean ± SD from at least three biological replicates and two technical replicates. (Student t test, *P < .05, **P < .01, ***P < .001, ****P < .0001, n.s., not 
significant). CMP = conditioned media of parental cells.
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similar effects on the cancer cells compared to edT cells 
from mice with subcutaneous tumors (Suppl. Fig. S9, 
Figure 1(c)). Hence, our allograft model is a valid model 
for T cell education in pancreatic cancer.

Our focus on CXCL12 (SDF-1) as a regulator of effector 
T cell activity was based on an unbiased analysis of transcrip-
tomic data that showed significantly lower CXCL12 expression 

in edT cell-resistant PDAC cells compared to the respective 
parental control cells. CXCL12 add-back resulted in improved 
effector T cell functionality with increased CD8+ T cell infiltra-
tion of both resistant subclones and significantly sensitized the 
resistant subclone C8R to T cell cytotoxicity. This suggests that 
additional factors contribute to D10R cell survival and the 
studies with conditioned media (CM) indicate that additional 

Figure 6. Graphical abstract. CXCL12 sensitizes resistant KPC PDAC cells to T cell-mediated cytotoxicity through CXCR4 signaling. Overview of the experimental design 
and main findings. Mice were subcutaneously tumor-immunized with KPC PDAC cells. After 14 d, T cells from tumor-draining lymph nodes (TdLNs) and spleens of naïve 
and KPC PDAC tumor-immunized mice were harvested. Using different KPC PDAC clonal cell lines, 3D co-culture with T cells was performed. Naïve (nT) cells from non- 
tumor bearing mice served as controls. From two clonal cell lines, C8 and D10, tumor-educated (edT) cell resistant subpopulations C8R and D10R were isolated after co- 
culture. edT cell-resistant PDAC cells showed less CXCL12 expression than parental cells, resulting in decreased tumor cell killing due to impaired effector T cell 
functionality (IFN-γ expression) and decreased CD8+ edT cell infiltration. CXCL12 add-back improved effector T cell functionality and killing of resistant tumor cells. 
AMD3100 is a selective CXCR4 antagonist. Figure created in BioRender.com.
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soluble factors contribute to the sensitivity to D10R cells 
(Figure 5(a)). Since the RNA-sequencing data showed down-
regulated expression of CCL2 and CCL7 in D10R compared to 
D10 cells (Suppl. Fig. S5), these chemokines might have con-
tributed to sensitize D10R cells in the CM experiments.

Interestingly, inhibition of the CXCL12 receptor CXCR4 
with AMD3100 (plerixafor) did not decrease baseline T cell 
sensitivity in both parental cell lines, indicating that it might be 
sufficient for the rescue but is not the only rate-limiting factor. 
Altogether, our data suggest that in resistant subclones 
CXCL12 effects CD8+ T cell cytotoxic activity through its 
receptor CXCR4, resulting in increased effector T cell activa-
tion and T cell infiltration in cancer spheroids, and thus 
increased PDAC cell cytotoxicity.

Thus far, clinical data have been inconclusive concerning 
the role of CXCR4 inhibition in cancer patients: combination 
of nivolumab (anti-PD-1) and ulocuplumab (anti-CXCR4 
monoclonal antibody) failed to demonstrate efficacy against 
PDAC (clinical trial #NCT02472977).38 A phase I study of the 
CXCR4 inhibitor LY2510924 and durvalumab (anti-PD-L1) 
showed modest clinical activity.39 These data indicate that 
CXCL12/CXCR4 signaling in cancer has yet to be completely 
understood and this lack of understanding limits the success-
ful application of drug combinations that modulate nodes of 
this pathway. Previous studies have implicated CXCL12 as 
promoting immune evasion in PDAC,3,19,40 as well as stimu-
lating PDAC progression and metastasis through direct 
effects on the tumor cells.41 However, the effects were indir-
ectly shown by inhibiting its receptor CXCR4 with AMD3100. 
Furthermore, in these studies animal models and bulk tumors 
have been exclusively used. Nonetheless, the exact mechanism 
of CXCL12-mediated immune modulation in PDAC has not 
yet been elucidated. It is hypothesized that high mobility 
group box 1 (HMGB1), being overexpressed and secreted by 
metabolically stressed cancer cells,42 captures CXCL12 by 
forming a high-affinity heterocomplex.43 This phenomenon 
ought to explain the paradoxical localization of CXCL12 on 
cancer cells despite their lack of expression of CXCL12.19 

In contrast to these studies, our data reveal that PDAC 
cancer subpopulations do show distinct CXCL12 expres-
sion. We used a different model system and examined 
interaction of cancer cell subpopulations with tumor- 
educated T cells. Thus, our studies cannot be directly com-
pared with those previous studies. Furthermore, CXCL12 is 
known as a bidirectional chemokine, and immunologic 
response to antigenic challenge is regulated by its concen-
tration and cell-intrinsic dependent properties.44 Functional 
studies revealed cancer cells moving away from stromal 
CXCL12 sources in physiologic microenvironments.44 In 
this regard, previous studies showing increased immune 
response after CXCR4 inhibition might be due to fine- 
tuning of CXCL12 concentration toward movement of 
cytotoxic immune cells to cancer cells.40

In conclusion, the co-culture of in vivo cancer-educated 
T cells and PDAC cell subpopulations revealed that differential 
expression of CXCL12 and CXCL12/CXCR4 signaling can 
modulate the sensitivity of PDAC cells to T cell cytotoxicity. 
Thus, our data contribute to a more differentiated understand-
ing of this pathway to T cell responses. Also, we provide 

a platform to study cancer cell/T cell crosstalk. Future work 
will be required to expand this to other cell types present in the 
TME and to human PDAC to delineate the contribution of 
subclonal crosstalk to resistance to immune targeting.
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