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The microenvironment that surrounds pancreatic ductal adeno-
carcinoma (PDAC) is profoundly desmoplastic and immunosuppres-
sive. Understanding triggers of immunosuppression during the pro-
cess of pancreatic tumorigenesis would aid in establishing targets for
effective prevention and therapy. Here, we interrogated differential
molecular mechanisms dependent on cell of origin and subtype that
promote immunosuppression during PDAC initiation and in estab-
lished tumors. Transcriptomic analysis of cell-of-origin-dependent
epithelial gene signatures revealed that Nt5e/CD73, a cell-surface
enzyme required for extracellular adenosine generation, is one of
the top 10% of genes overexpressed in murine tumors arising from
the ductal pancreatic epithelium as opposed to those rising from
acinar cells. These findings were confirmed by IHC and high-
performance liquid chromatography. Analysis in human PDAC
subtypes indicated that high Nt5e in murine ductal PDAC models
overlaps with high NT5E in human PDAC squamous and basal
subtypes, considered to have the highest immunosuppression and
worst prognosis. Multiplex immunofluorescent analysis showed

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is predicted to become
the second leading cause of cancer-related deaths by the year 2030 in the
United States and emerging clinical trials aim to target various com-
ponents of the immunosuppressive tumor microenvironment (1-3).
CD73 is a key ectoenzyme involved in dampening inflammatory
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thatactivated CD8* T cells in the PDAC tumor microenvironment
express high levels of CD73, indicating an opportunity for immu-
notherapeutic targeting. Delivery of CD73 small-molecule inhibi-
tors through various delivery routes reduced tumor development
and growth in genetically engineered and syngeneic mouse models.
In addition, the adenosine receptor Adora2b was a determinant
of adenosine-mediated immunosuppression in PDAC. These find-
ings highlight a molecular trigger of the immunosuppressive
PDAC microenvironment elevated in the ductal cell of origin, linking
biology with subtype classification, critical components for PDAC
immunoprevention and personalized approaches for immunother-
apeutic intervention.

Significance: Ductal-derived pancreatic tumors have elevated
epithelial and CD8"GZM™ T-cell CD73 expression that confers
sensitivity to small-molecule inhibition of CD73 or Adora2b to
promote CD8" T-cell-mediated tumor regression.

See related commentary by DelGiorno, p. 977

responses in inflamed and hypoxic microenvironments that can be
soluble but is predominantly localized on the cell surface and
generates extracellular adenosine (4, 5). Extracellular adenosine is
involved in the resolution stage of inflammation and pancreas
tissue repair by signaling through four adenosine receptors (6-8).
In the absence of CD73, increased extracellular adenosine triphos-
phate (ATP) mediates inflammation by binding to purinergic
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mouse models of PDAC. €, Principal component analysis of KPCPU“t and KPCA“M" RNA-seq samples.
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receptors (9-11). In the presence of ectonucleotidase triphosphate
diphosphohydrolase-1 (CD39), a cell-surface enzyme with catalytic
activity, ATP is rapidly converted to AMP, which is the substrate
for catalytic conversion to adenosine by CD73. Preclinical models
have shown targeting adenosine signaling has potent antitumor
effects (12-19).

Subtypes of human PDAC have been defined using comprehensive
whole transcriptomic profiling of large cohorts of patients (20-22). In
this article, we found that murine ductal-derived PDAC had elevated
CD73 implicating a strong adenosine signaling-dependent immuno-
suppressive microenvironment. To expand upon these findings, we
evaluated which adenosine receptors were important in PDAC. Using
The Cancer Genome Atlas (TCGA) analysis and cBioPortal compar-
isons, we determined high ADORA2B is associated with reduced
survival in human PDAC. To test the hypothesis that paracrine
signaling through Adora2b is important for PDAC, we implanted
KPC cells into wild-type (WT) and Adora2b™’" mice, which resulted
in a significant reduction in tumor growth rates in Adora2b™’~ mice
and a significant increase in CD8" cells. We then evaluated the
requirement for Adora2b-mediated antitumor immunity by perform-
ing a study in CD8KO mice. Treatment with an Adora2b small-
molecule inhibitor alone significantly reduced the growth of KPC
tumors in WT mice; however, the effect was significantly reduced in
the CD8KO mice, indicating paracrine adenosine signaling through
the Adora2b receptor on CD8" T cells is a critical mediator of
immunosuppression in PDAC.

Materials and Methods

RNA preparation and sequencing

Samples were rinsed in PBS and immediately frozen in liquid
nitrogen. Total RNA was extracted using a miRNeasy Mini Kit
(74104, Qiagen) and submitted to the Cancer Genomics Center at
the University of Texas Health Science Center. Total RNA quality
was measured using Agilent RNA 6000 Pico kit (#5067-1513) by
Agilent Bioanalyzer 2100 (Agilent Technologies). The samples
with an RNA integrity number greater than 7 were used for library
preparation. Libraries were prepared following the manufacturer’s
instructions for the Roche KAPA mRNA HyperPrep Kit (KK8581)
and the KAPA Unique Dual-indexed Adapter Kit (KK8727). The
quality of the final libraries was examined using the Agilent High
Sensitive DNA Kit (#5067-4626) by Agilent Bioanalyzer 2100
(Agilent Technologies), and the library concentrations were deter-
mined by qPCR using Collibri Library Quantification kit
(#A38524500, Thermo Fisher Scientific). The pooled libraries were
sequenced on the Illumina NextSeq 550 platform using the pair-
ended 75 bp by a 150-cycle High Output v2.5 Kit (#20024907,
Ilumina, Inc.). We used ultrafast universal RNA-seq aligner STAR
(v2.5.3a) to map the RNA-seq reads to mouse reference genome
GRCm38 (23). To obtain the uniquely mapped reads per gene
from the GencodeM15 (GRCm38) reference, we set the argument -
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quantMode to “GeneCounts.” We filtered out those genes with
< 5 reads in all samples and conducted the differential expression
analysis for the remaining genes by DESeq2 software (24). The
P values of genes were adjusted using the Benjamini and Hoch-
berg’s procedure to control the false discovery rate (FDR). And
the differentially expressed genes were defined as the genes with
absolute log, (fold change) > 0.58 and FDR < 0.05. Nonredundant
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes pathway enrichment analysis were performed using
WebGestalt (v0.4.3) software (25). All raw data and processed
read counts have been submitted to the Gene Expression Omnibus
(GSE189130).

Basal and acinar signature genes derived from mouse in human
homologs

We adapted the differential expressed genes analysis from our recent
cell-of-origin genetically engineered mouse (GEM) models between
ductal tumor and acinar tumor in mice (26). We defined those genes
(304) with log, (fold change) > 2 and FDR < 0.01 as the signature of
ductal signature genes (917). We further defined acinar signature genes
as those genes with log, (fold change) < —2 and FDR < 0.01. We then
downloaded the latest Mouse Human homolog gene symbol (v7.4) file
from https://data.broadinstitute.org/gsea-msigdb/msigdb/annotations_
versioned/ (accessed on April 20,2021). We obtained the mouse-derived
human homologs signatures for ductal (271) and acinar tumor genes
(877), respectively.

Gene set variation analysis

We obtained RNA-seq data sets and differentially expressed gene
signatures from two independent PDAC patient cohorts, primary
PDAC:s of high cellularity from the Australian International Cancer
Genome Initiative (ICGC; accessed on April 21, 2021) and primary
PDACs from TCGA Research Network (accessed through TCGA data
portal on April 22, 2021; refs. 21, 22). Specifically, immunogenic,
squamous, classic, and basal subtypes classification were considered as
previously described by TCGA (Supplementary Table S1 in ref. 22;
GUID: C0853F1D-79F0-4125-BA86-8545A54FA572). We constructed
the signature genes using the aforementioned human homolog Ductal
and Acinar tumor gene sets. Then, we conducted the gene set variation
analysis (GSVA) with default setting for immunogenic and squamous
samples and basal and classic samples, respectively (27). The GSVA
score indicates the relative variation of signature gene activity over the
AU and TCGA samples.

Venn diagram analysis

Differentially expressed genes between immunogenic versus
squamous and classic versus basal subtypes were obtained from (21)
and TCGA (Supplementary Table S1; GUID: 3DD81EAF-3FD4-
48CE-A9DA-2454820DAB10; ref. 22). Upregulated genes in human
squamous and basal subtypes were compared with upregulated genes
in the KPCP"*" mouse model and shown as a Venn diagram analysis.

(Continued.) Tumors arising in ductal and acinar cells have distinct profiles. D, Heat map shows the GSVA scores for human homolog genes derived from mouse
ductal and acinar signatures in different samples from ICGC immunogenic and squamous subtypes. The color represents the relative GSVA score. E, Scatter plot of
the GSVA scores for human homolog genes derived from mouse ductal and acinar signature genes in ICGC immunogenic and squamous subtypes. F, Violin plot of the
GSVA scores for human homolog genes derived from mouse ductal and acinar signature genes in ICGC immunogenic and squamous subtypes. G, Scatter plot of
the GSVA scores for human homolog genes derived from mouse ductal and acinar signature genes in TCGA basal and classic subtypes. The big round dots represent
the medium of the GSVA scores, while the small round dots represent the score for each sample. We used a nonparametric Wilcoxon rank sum test for both groups.
*, P<0.05; **, P< 0.01. H, Heat map shows the GSVA scores for human homolog genes derived from mouse ductal and acinar signatures in different samples from
TCGA basal and classic subtypes. 1, Violin plot of the GSVA scores for human homolog genes derived from mouse ductal and acinar signature genes in TCGA basal and
classic subtypes. J, Volcano plot showing distinct transcriptomic signatures in the duct and acinar tumors.
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Mass cytometry

Tumor tissues were harvested and digested with 1 mg/mL collagenase
P (MilliporeSigma) and 0.5 mg/mL DNase I (MilliporeSigma). Single-cell
suspensions were stained with 5 pumol/L Cell-ID Cisplatin (Fluidigm
Corp.) and incubated with Fc block (BD Biosciences), followed by a
surface antibody cocktail. Antibody details including final concentrations
can be found in Supplementary Table S1. Next, cells were washed and
fixed in Maxpar Fix I buffer (Fluidigm Corp.) and barcoded using the
Cell-ID 20-Plex Pd Barcoding Kit (Fluidigm Corp.). Next, the cells were
stained with 1.25 pmol/L Cell-ID Intercalator-Ir (Fluidigm Corp.)
overnight. Sample acquisition was performed on a Helios mass cytometer
(Fluidigm Corp.). The analysis was performed using R package CyTOF
Workflow (28) and Flow]Jo version 10 software (FlowJo LLC).

Cell lines

HPNE, Capan-2, and ASPC1 cells were purchased from ATCC
and were maintained following the vendor’s instructions. Murine
pancreatic adenocarcinoma cells derived from Kras®'?”'*;
Trp53"sL-RI72H, pdy]-Cre mice (KPC) were a generous gift from
Dave Tuveson (Cold Spring Harbor Laboratory) and were main-
tained in DMEM (Thermo Fisher Scientific-10567014) with 10%
fetal bovine serum. All cell lines were maintained at low passage
numbers and were cultured at 37°C and 5% CO, in a humified
incubator. Mycoplasma test was performed on HPNE, Capan-2, and
ASPCL cells, immediately before the experiment and no cell line
manipulations were performed for this study.

Animal models

All animal procedures were performed in compliance with UTHealth’s
and The University of Texas MD Anderson Cancer Center’s Center
for Laboratory Animal Medicine and Care and are approved on
Dr. Bailey’s and Dr. McAllister’s JACUC and Animal Welfare
Committee protocols. C57BL/6 (000664) mice were purchased from
Jackson Laboratories. Hnf1b:Cre™™ and Ptfla:Cre™™ mice were
purchased from Jackson Laboratories. KPC*" and KPC*“"™" mice
were generated by crossing to LSL-Kras“P and LSL-TP53%7?" as
described previously (26). For obtaining Kras expression alone, trans-
genic mice with CAG-lox-GFP-stop-lox-Kras®"?" (29) were received
from Craig Logsdon, MD Anderson Cancer Center, Houston, TX.
Strains of Hnf1b:Cre®™ ™ mice were crossed with cLGL-KRAS'2Y
to generate KC”*"* mice to obtain mutant Kras expression in adult
pancreatic ductal cells. Similarly, Ptfla:Cre®™8™ were crossed with
cLGL-KRAS"?" mice to generate CK*“""" mice to obtain Kras expres-
sion in mature acinar cells. These mice express GFP in the whole body
and lose GFP after Cre-mediated recombination. Mice were genotyped
by PCR or Transnetyx. To achieve mutant Kras expression in mature
ductal or acinar cells, mice at an age of 6 to 8 weeks were injected
subcutaneously with 5 mg tamoxifen (Sigma, T5648) for 2 consecutive
days (10 mg dose). For subcutaneous xenograft models, 2x10°

CD73/Adora2b Signaling Drives Immunosuppression in Ductal PDAC

KPC cells in PBS: Matrigel mix (1:1) were injected in the left flank
of C57BL/6 or Adora2b™'~ mice. Tumor size was calculated twice a
week with a vernier caliper. Tumor volume was calculated as length x
width x width/2 in cubic millimeters. Tumor doubling time was
calculated using the method described previously (30).

Histopathology

Formalin-fixed and sectioned pancreas tissue was deparaffinized
with histoclear followed by hydration with ethanol and water and
staining with hematoxylin. Sections were next counterstained with
eosin and dehydrated stepwise with ethanol and histoclear. Slides were
mounted with a coverslip using a mounting medium. All pancreatic
pathologies in the genetically engineered models were classified by
pathologists at the University of Texas Health Science Center.

CD73 inhibitor administration

APCP (0f-methylene ADP, Sigma-Aldrich; catalog no. M3763)
was purchased from Sigma. AB680 was purchased from MedChem-
Express (cat. no. HY-125286). Mice bearing subcutaneous KPC
tumors or mice with spontaneous PDAC tumors were treated with
CD73 inhibitors. 20 mg/kg APCP in PBS or vehicle control (PBS) was
administered IP for the spontaneous model and peritumor in the
subcutaneous model. Mice were given APCP on alternate days until
the end of the experiment. For AB680 treatment, the stocks were
prepared in 100% DMSO. For oral gavage, AB680 was diluted in 10%
DMSO + 90% SBE beta cyclodextrin (SBE-b-CD) in 0.9% saline.
10 mg/kg AB680 or vehicle control (10% DMSO + 90% SBE-b-CD in
0.9% saline) were given by oral gavage on alternate days until the end of
the experiment.

Adora2b inhibitor administration

PSB1115 was purchased from Tocris. C57BL/6 or CD8KO mice
(Jax) were implanted with 100K KPC cells subcutaneously and treated
with PSB1115 at a concentration of 1 mg/kg for 5 consecutive days per
week throughout the duration of the experiment. Vehicle was PBS.

Western blot analysis

Cell and tissue extracts were prepared using cell lysis buffer (Cell
Signaling Technology; #9803S) with protease inhibitor cocktail tablets
(Cell Signaling Technology; #5871). The BCA method (Thermo Fisher
Scientific) was used for protein quantification. Protein (20 pg) was
separated using SDS-PAGE (Bio-Rad). Trans-blot Turbo Transfer kit
(Bio-Rad) was used for semi-dry transfer. After transfer, membranes
were blocked using 5% skimmed milk (Bio-Rad) in TBST (TBS buffer
containing 0.5% Tween-20) for 1 hour, followed by overnight incu-
bation with primary antibodies (in 5% milk and dilution as per the
manufacturer’s instructions) at 4°C. On day —2, the membrane was
washed 4 times with TBST buffer and incubated with the respective
HRP-conjugated secondary antibody (1:5,000) for 1 hour. Further,

Figure 2.

NT5E/CD73 is highly expressed in murine ductal-derived PDAC. A, Venn diagram showing the number of top overlapping genes in murine KPCP'“* and human
squamous and basal subtypes. NT5E/CD73 is one of the top overlapping genes expressed between KPCPU“, squamous, and basal subtypes. B, TCGA analysis
revealed high expression of NT5E/CD73 in human PDAC significantly correlates with worse prognosis. C, Ingenuity Pathway Analysis of top altered pathways
increased (orange) or decreased (blue) in KPC murine cell-of-origin tumors. D, Leukocyte cell-cell adhesion was one of the top differentially expressed GO categories
and nt5e was a significantly elevated gene in ductal-derived PDAC in this category. E, Schematic of a mouse model to generate PanIN and PDAC from ductal cells
using aninducible Kras®?V allele. F, Representative hematoxylin and eosin and trichrome staining from KCP““t mice. G, IHC analysis of CD73 expression in KCP'“* mice.
H, Schematic of the experimental setup to generate whole transcriptomic profiles of Kras-mutant pancreatic ducts. I, GO heat map of highly enriched pathways in
Kras-mutant ducts. Regulation of inflammatory response is one of the top GO pathways. Nt5e is elevated in GO: Regulation of inflammatory response. J, Relative
RNA-seq signature of Nt5e/CD73 in ex vivo-cultured pancreatic ducts. CD73 is significantly increased in Kras-mutant pancreatic ducts. **, P < 0.01. Student t test.
n = 3 per group analyzed by RNA-seq.
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membranes were washed four times with TBST buffer and developed
using ClarityTM Western ECL Substrate (Bio-Rad; #1705061). Pri-
mary antibodies used in this study are described in Supplementary
Table S2.

Primary pancreatic duct culture

Pancreatic ducts were cultured as defined previously (31) from
Tam® (WT) and Tam'® mice 4 days after tamoxifen administration.
Briefly, pancreata were collected, minced to 1-mm pieces, and digested
for 30 minutes at 37°C in a digestive solution (0.1% soybean trypsin
inhibitor and 0.1% collagenase). Cells were filtered through a 40-um
filter, washed an additional two times with culture medium and plated
on collagen-coated plates in complete medium (DMEM/F12; Life
Technologies 11330-032) 500 mL, penicillin-streptomycin (100x;
Life Technologies 15140-122) 5 mL, 1 xNu-serum IV (BD Biosciences
355104) 25 mL, 5% bovine pituitary extract (3 mg/mL; BD Biosciences
354123) 4.2 mL, 25 ug/mL ITS+ Premix (BD Biosciences 354352)
2.5 mL, epidermal growth factor (100 pg/mL; BD Biosciences 354001)
100 uL, 20 ng/mL cholera toxin (1 mg/mL; Sigma-Aldrich C8052)
50 pL, 100 ng/mL3,3’,5-Triiodo-L-thyronine (50 umol/L; Sigma-
Aldrich T2877) 50 pL, 5 nmol/L dexamethasone (100 mmol/L;
Sigma-AldrichD1756) 5 pL, 1 pumol/L p-glucose (Sigma-Aldrich
G5400) 2.5 g 4.7 mg/mL, nicotinamide (Sigma-Aldrich N3376)
0.66 g 1.22 mg/mL and Soybean trypsin inhibitor (type I; Sigma-
Aldrich T6522) 50 mg 0.1 mg/mL. The cultures grew to confluency in
1 week and fibroblast contamination was reduced using the differential
trypsinization method. Cell lysates were collected, and equal amounts
of protein were subjected to Western analysis.

IHC

Paraformaldehyde fixed and sectioned tissue were baked at 60°C for
30 minutes. Deparaffinization and rehydration were performed using
histoclear followed by subsequent incubation with 100%, 70%, 30%
ethanol, and deionized water. Sections were permeabilized using PBST
(PBS containing 0.25% Tween-20) for 10 minutes and endogenous
peroxidases were blocked with 0.3% H,0, in PBS for 15 minutes.
Antigen retrieval was performed by antigen unmasking solution
(Vector Laboratories, H-3300) using heat-mediated microwave meth-
od. Sections were blocked with 10% FBS in PBST followed by incu-
bation with primary antibodies overnight at 4°C (primary antibodies
used in this study are described in Supplementary Table S2). The next
day, sections were washed three times with PBST and then incubated
with secondary antibodies (1:500) at room temperature for 2 hours.
The sections were washed three times with PBST and detection
was performed using Vectastain Elite ABC kit (Vector Laboratories,
PK-6100) and DAB Peroxidase (HRP) Substrate kit (Vector Labora-

CD73/Adora2b Signaling Drives Immunosuppression in Ductal PDAC

tories, SK- 4100). Sections were counterstained with hematoxylin,
mounted with a coverslip using mounting media, and visualized under
light microscopy.

ImageJ quantification of IHC

THC quantification was performed using Image]J (http://imagej.nih.
gov/ij/) software. Color intensity threshold was used to identify
positive staining and normalize all tissues. Five to six representative
fields per tissue were selected for quantification. For the CD73
epithelial versus stroma comparison, a combination of color intensity
threshold and freehold selection tool was used to isolate positive
staining by tissue subtype.

Nucleoside/nucleotide extraction and quantification

Cell culture supernatants, mouse serum, tumor tissues, or ex vivo
cultured tissue from GEM models were collected at the end of the
study. As previously described (15), serum used for adenosine analysis
was frozen with an adenosine inhibitor cocktail containing 10 pumol/L
APCP (CD73 inhibitor; af3-methylene ADP, Sigma-Aldrich; cat. no.
M3763), 10 umol/L dipyridamole (equilibrative nucleoside transport-
er inhibitor; Sigma-Aldrich; cat. no. D9766), and 10 pmol/L deox-
ycoformycin (adenosine deaminase inhibitor; R&D Systems; cat. no.
2033) to preserve nucleosides. Tumors were flash frozen with liquid
nitrogen and stored at —80°C. Cell supernatants, serum, or tumor
protein lysate was extracted with perchloric acid and neutralized with
KHCO;/KOH. Samples were acidified with ammonium dihydrogen
phosphate and phosphoric acid. Reaction supernatant was collected by
centrifugation. Extracted samples were analyzed by reversed-phase
high-performance liquid chromatography (RP-HPLC; ref. 32). Rep-
resentative AMP and adenosine peaks were identified and measured
using the respective standard HPLC curve. For tumors, adenosine
levels were normalized to the protein levels in the tumor lysate. To
determine if PDAC cell lines had increased CD73 activity, 200 UL of
cell line supernatant was analyzed by HPLC or supernatant was
replaced with HBSS and 250 ng AMP was added. To evaluate CD73
activity, we extracted 100 uL of HBSS supernatant at times 0,10, 30, 60,
and 120 minutes.

RNA isolation and quantitative RT-PCR

As previously described (15), total RNA was extracted with the
RNeasy RNA isolation kit (Qiagen) and reverse transcribed with a
cDNA Reverse Transcription Kit (Bio-Rad). Quantitative RT-PCR was
performed with SYBR Green Master Mix (Bio-Rad) on a Bio-Rad real-
time PCR system. PCR primer sequences used in the study were
obtained from PrimerBank (https://pga.mgh.harvard.edu/primer
bank/) and were synthesized at Integrated DNA Technologies.

Figure 3.

CD73 expression levels on epithelial cells and immune cells correlate with adenosine concentrations in supernatant and tissue. KCP““tand KPC subcutaneous tumors
present the highest intratumoral levels of adenosine. A, Supernatant adenosine levels are significantly increased in PDAC cell lines relative to control pancreatic cells
(HPNE). B, IHC images of CD73" KPC tumor. C, Western blot image and quantification of CD73 levels in Hec1-8 cell lines and lysates from KPC subcutaneous tumors,
KCA9 and KCPY“t pancreata. D, HPLC analysis of the adenosine:AMP ratio from ex vivo-cultured KCPU“t and KCA"®" pancreata at the time of euthanasia (n = 3 mice
per group). Adenosine:AMP ratios are elevated in cultured KCPU“* pancreata compared with KCA9"" pancreata (P = 0.09). E, HPLC analysis of adenosine and AMP
levels in WT pancreas, KCPUt, or KCAY"" N = 3 samples per group. Intrapancreatic adenosine levels are significantly elevated in KCP“ pancreata, consistent
with high CD73 expression in KCPUt neoplasia and intrapancreatic AMP levels are highest in WT and KCA“" tissue, indicating lack of CD73 activity in these
tissues. F, Representative CD73 IHC showing high percentage expression of CD73 in ductal-derived PDAC from both KPCPU“t and KCPU“t when compared with
acinar-derived PDAC from KPCAS"®" and KCASM" G, ImageJ quantification of CD73 expression in the epithelium compared with stroma in ductal-derived
compared with acinar-derived PDAC (n = 5). H and |, Representative composite multiplex immunofluorescent image from a KPC subQ tumor (H) and KCPUt
and KCAY" pancreata (I). J, Quantitative assessment of KPC subQ tumor, KCPU“t and KCA“™" pancreata using multiplex immunofluorescence. In all groups,
activated CD8™" T cells have the highest fluorescence intensity compared with CD8™" T cells, epithelial cells, and macrophages. The overall percentage of CD73
cells was the highest in KPC and KCPU* samples compared. Scale bars, 50 um. A Student ¢ test was used for statistical comparison. *, P < 0.05; **, P < 0.07;
*** P < 0.001; ****, P < 0.00071; ns, nonsignificant.

AACRJournals.org Cancer Res; 83(7) April 1, 2023

mz

€20z Ae|N 01 uo 3senb Aq ypd-| | 1L L/¥9000EE/ L L | L/2/€8/Pd-BloILE/SB1I0URD/BI0"S|euINof1oe.)/:dRY WOl papeojumod


http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
https://pga.mgh.harvard.edu/primerbank/
https://pga.mgh.harvard.edu/primerbank/
https://pga.mgh.harvard.edu/primerbank/

Faraoni et al.

A
KCPuet (CD73H)) or KCASnar (CD730%)

7 Alternate day injection of APCP
(20 mg/kg) or vehicle (IP)
Iy

Euthanized when
endpoint criteria reached

A
4 APCP (IP) Day 3
TAMOXIFEN (IP) day 1

8

Probability of survival

&

o

== KCP yehicle only
== KC™* APCP
* KCA@n® yehicle only
== KCAn ApCP

Cc
= KCPuct + APCP
<}
L
-
£
=
b3
2
E ; Control APCP
% W KCDuet ] KCAcinar
E @ 40 s
&
E 30
o § © i
E g
ol E"
= *
Control APCP
9008 W jchuet I gCAcinar
G o - 1 5 H g, 0 . |
% 03 .E, 0.3 &E 0.20 7 g
s g 5 - Eg 0.15 g 0.2 2
E— ’ * E ég 0.10 :
g 0.1 k 01 EE .08 é 0.1
Q Ea *
00 * 00 2" 000l —eoe . it
KCOut Cerl KCOvt ApCP KCOUEt Ctrl KCD9t APCP KCDuet Gtrl KGOVt APCP acimar G KGACH APCP
J Lo M )
-t 0.4624 ey | . ]
: . | e ;{
. 0.04+ — " - -
s 100 . L"L
+ 100 - -
0.02 - =
g £ } &
g o_no-_*j_ ; ;.
KCASinar Ciri KCAGInT APCP H et R = z 50
Yy
]
K E - - E
. % F
i . A | il X *
55 om . f 0§ § §af § EEEBIEEER
E— —— - - 1t - 7 - - 1 -
85 oo SEEHEE SERIIEEE
o 1 ‘ 1
HE o
i H | i
5% 000 i 5
KOASE etk ==ARCE KCPuet (Ctrl) KCPuet (APCP) KCASnar (Ctrl) KCAcinar( APCP)

118 Cancer Res; 83(7) April 1, 2023

CANCER RESEARCH

€20z Ae|N 01 uo 3senb Aq ypd-| | 1L L/¥9000EE/ L L | L/2/€8/Pd-BloILE/SB1I0URD/BI0"S|euINof1oe.)/:dRY WOl papeojumod



GAPDH was used as a housekeeping gene, and the expression levels of
mRNA of interest were normalized to GAPDH.

TCGA analysis

The Kaplan-Meier curves were generated using TCGA RNA-seq
data (FPKM_UQ) for PDAC samples, after excluding PNETs and non-
PDAC samples. Higher and lower expression levels were stratified on
the basis of average expression. Statistical analysis was performed
using log-rank tests, and HRs were calculated using Prism software
(GraphPad Software, Inc.).

Immune cell distribution by Quantiseq algorithm

The distribution of immune cells in TCGA data sets was extracted
from publicly available The Cancer Inmunome Database https://tcia.
at/home. Data show immune cell abundance as analyzed by the
Quantiseq algorithm.

Multiplex immunofluorescence

Assessment of the murine tumor microenvironment by multiplex
immunofluorescence was performed and analyzed using Opal and
Vectra as previously published (33). Antibodies include Anti-Ms CK19
(TROMA-III), Anti-Ms Granzyme B (E5V2L), Anti-Ms CD73
(D7F9A), Anti-Ms CD8 (D4W2Z), and Anti-Ms F4/80 (D2S9R).
Staining and quantification of multiplex images were calculated as
previously published (34).

Data availability statement

All raw RNA-seq data and processed read counts have been
submitted to Gene Expression Omnibus (GSE189130). We obtained
RNA-seq data sets and differentially expressed genes signatures
from two independent PDAC patient cohorts, primary PDACs of
high cellularity from the Australian International Cancer Genome
Initiative (ICGC; accessed on April 21, 2021) and primary PDACs
from TCGA Research Network (accessed through TCGA data
portal on April 22, 2021; refs. 21, 22). The Cancer Immunome
Database was used to identify immune cell distributions. The data
generated in this study are available within the article and its
Supplementary Data files or from the corresponding author upon
reasonable request.

Results

Ductal-derived PDAC tumors have a distinct
immunosuppressive gene signature inclusive of high expression
of NT5E/CD73

Cell-of-origin studies in inducible murine PDAC models have
shown that tumors arising in pancreatic ducts have overlapping

CD73/Adora2b Signaling Drives Immunosuppression in Ductal PDAC

transcriptomic signatures with high concordance to basal and squa-
mous human PDAC subtypes and tumors arising in acinar cells have
transcriptomic signatures that overlap with high concordance to
classic and immunogenic human PDAC subtypes (35). Analyses of
bulk tumors generated from acinar (LsL-Kras®'??; LsL-Trp53%%7%;
Ptfla:Cre®™™ (KPCA9™™N)) or ductal (LsL-Kras®'??; LsL-Trp53%"27™;
Hnf1b:Cre®*™ (KPCP"?)) epithelium previously published by our lab
(Fig. 1A and B; ref. 26) resulted in similar findings with tumors
arising in acinar cells having RNA-seq signatures that align with
immunogenic and classic subtypes and tumors arising in ductal cells
having RNA-seq signatures that align with squamous and basal
human PDAC subtypes (Fig. 1C-J). By analyzing genes with
elevated expression in Squamous and Basal when compared with
ductal-derived murine tumors, we identified 21 overlapping genes
(Fig. 2A). Notably, NT5E/CD73 was one of the top overlapping
genes, as shown by Venn diagram analysis (Fig. 2A; Supplementary
Table S3). Using the TCGA data set, we determined high NT5E is
associated with a significant reduction in the probability of survival
in human PDAC patients (Fig. 2B). Ingenuity Pathway Analysis
of top altered pathways increased (orange) or decreased (blue)
in murine cell-of-origin tumors revealed an immunosuppressive
signature in ductal-derived tumors with immune response to
leukocytes, T-cell response and T-cell development all significantly
downregulated in ductal-derived murine PDAC compared with
acinar-derived PDAC (Fig. 2C; Supplementary Fig. SIA-S1C). We
also evaluated differentially expressed genes using GO. Leukocyte
cell-cell adhesion was the highest GO category identified (Benjamini-
Hochberg procedure corrected Ppyy = 0.0004; Fig. 2D) and Nt5e
was significantly elevated in this category (Fig. 2D; Supplementary
Table S4). We recently published another cell-of-origin model system
using an LsL-Kras®'?" allele, which generates histologically rele-
vant early and advanced PanIN and PDAC (Fig. 2E and F; ref. 36).
Using THC to label for CD73 in paraffin-embedded tissue sections
from this model, we observed expression of CD73 in ductal-derived
PanIN and PDAC (Fig. 2G). We performed RNA-seq on ex vivo-
cultured ducts from the KCP*** model, which confirmed a signif-
icant increase in Nt5e expression in Kras-mutant ducts compared
with WT ducts (Fig. 2H-J). To determine the cellularity of CD73
in human PDAC, we used IHC to stain for CD73 in human PanIN
and intraductal pancreatic mucinous neoplasia (IPMN), another
ductal precursor lesion. We observed epithelial CD73 expression in
the neoplastic epithelium in 42% of PanIN (n = 12) and 75% of
malignant IPMN (n = 4) and 54% of PDAC we analyzed (n = 44;
Supplementary Fig. S2A-S2B).

To assess CD73 activity, we analyzed adenosine levels by HPLC in
the supernatant of human and murine PDAC cell lines compared
with normal human pancreatic ductal HPNE cells (37). Adenosine

Figure 4.

Inhibition of CD73 using intraperitoneal delivery of APCP significantly reduces spontaneous aggressive ductal-derived PDAC. A, Schematic of the preclinical model to
evaluate the requirement for CD73 in a spontaneous GEM model of ductal-derived PDAC. B, APCP significantly improved survival only in KCP“ GEM mice (n = 5 mice
per group). C, Representative hematoxylin and eosin staining of vehicle-treated compared with APCP-treated KCPU* and KCASM" pancreata. D, Inhibition of CD73
significantly reduced PDAC area in KCPU“t (n = 2) compared with control (n = 3) but not KCA“" GEM mice (n = 2) compared with control (n = 2). E, Trichrome images
showing PDAC areas in KCPU and KCA“™" GEM mice in both vehicle and APCP-treated groups. F, APCP treatment significantly reduced the percentage of collagenin
both KCPU“* and KCA“M pancreata. A two-way ANOVA was used to compare groups. G, Quantification of multiplex immunofluorescent analysis of %CD8™ cells or
%CD8 GZM™ cells per whole tissue on the section from KCPU Ctrl- and APCP-treated mice (n = 3). H, Spatial quantification showing a significant increase in
CD8"GZM™ cells within 80 um radius of CD19* cells in APCP-treated KCPU“! pancreata compared with Ctrl KCP“t (n = 3). I and J, Quantification of multiplex
immunofluorescent analysis of %CD8 cells (I) or %CD8"GZM™ cells (J) per field in pancreata from KCACMar Ctrl- and APCP-treated mice (n = 3). K, Spatial
quantification showing an increase in CD8"GZM™ cells within 80 um radius of CD19* cells in APCP-treated KCA“"" pancreata compared with Ctrl KCA9™" (n = 3).
L and M, Quantification of %CD73* cells per cell type in Ctrl versus APCP-treated samples. In KCPYt, but not KCA“"®", we quantified a 2-fold increase in CD737CD8*
T cells, 1.5-fold increase in CD73"CD8TGZM™ T cells, and a 4-fold increase in CD73™" epithelium in pancreata from APCP-treated mice (n = 3).*, P< 0.05;**, P< 0.01;
*** P < 0.001; ****, P < 0.0001; ns, nonsignificant.
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concentrations were significantly elevated in CFPAC, CAPAN-2, and
ASPC1 supernatant compared with HPNE cells (Fig. 3A; Supplemen-
tary Fig. S2C).

CD73 overexpression results in increased production of
adenosine

To directly compare stromal and epithelial mechanisms of ductal
versus acinar-derived Kras-dependent development of PanIN, we
crossed the C*"*" allele to the Kras®'*" allele to generate KC*“"*"
mice (Supplementary Fig. S3A). Similar to what we recently
observed and published in pancreatic ducts expressing Kras®'2¥
(KCPuety, KcAeinar display PanlN, fibrosis, and PDAC (Supplemen-
tary Fig. S3B). Immunolabeling for CD73 on sections from these
mice revealed epithelial expression of CD73 in an average of 5% of
acinar-derived PanIN and PDAC analyzed by Image] compared
with 62% of ductal-derived PanIN and PDAC (Supplementary
Fig. S3C and S3D).

IHC staining was used to show KPC subcutaneous tumors
expressed CD73 (Fig. 3B). Western blots of Hecl-8 cells and lysates
from KPC subcutaneous tumors or pancreata from KC*“™" and
KCP* GEM models revealed CD73 was expressed most abundantly
in KPC tumors and KC”"® pancreata (Fig. 3C). We analyzed the
adenosine:AMP ratios in supernatant from ex vivo-cultured KCA<"
and KCP" tissue and quantified elevated adenosine:AMP ratio in
KCP" compared with KC*“™ pancreata (P = 0.09; Fig. 3D). To
determine if elevated CD73 resulted in increased parenchymal aden-
osine, intrapancreatic adenosine levels from KCP"®' and KCA“*
pancreata were analyzed by HPLC. Adenosine levels in KCP'
pancreata were significantly higher than WT or KCA“™ pan-
creata (Fig. 3D) and levels of adenosine monophosphate (AMP),
the substrate for CD73, were significantly increased in WT and
KCA“"" pancreata compared with KC?* (Fig. 3E). Using Image]
convolution software, we quantified a significant difference in
epithelial, but not stromal expression of CD73 in the GEM
models. Tumors arising in ductal cells had significantly higher
expression of tumor-specific staining for CD73 than tumors
arising in acinar cells (Fig. 3F and G). Recent studies have shown
CD39 and CD73 cooperate to promote PDAC, so we evaluated the
cellularity of CD39 in our cell-of-origin GEM models (38). In
contrast to what we observed with CD73, for both models, we
observed predominantly stromal expression of CD39 (Supple-
mentary Fig. S4).

Activated CD8™ T cells have the highest expression of CD73 by
multiplex immunofluorescent analysis

To further characterize the cellularity of CD73 expression in PDAC,
we used a second method and analyzed CD73 expression on various
cellular compartments using Multiplex Immunofluorescence of
KPC subQ tumors and pancreata from KCP"' and KCA9"* GEM
models (33). We used a stringent threshold Immunofluorescent setting
to determine which cell types expressed the highest levels of CD73.
These data revealed in all three GEM models that granzyme B
(GZM) + CD8" (activated) T cells presented the highest expression
of CD73 (Fig. 3H-J). When comparing the overall %CD73" cells of
each cell type, we observed CD8" T cells (nonproducers of GZM),
epithelial cells and macrophages also express CD73, though at lower
levels. Congruent with our adenosine HPLC measurements, KPC
subQ tumors and KCP"*" GEM overall had the highest %CD73™" cells
of each cell type analyzed (Fig. 3J) and highlight a significant role for
CD8" T cells in the generation of adenosine within the tumor
microenvironment.

1120 Cancer Res; 83(7) April 1, 2023

CD73 small-molecule inhibition significantly reduced
spontaneous aggressive ductal-derived PDAC

To determine if overall CD73 activity was important for sponta-
neous ductal-derived PDAC initiation, we treated KCP' (CD73™8h)
and KCA™ (CD73™™) GEM mice with adenosine 5'-(a.p-
methylene) diphosphate (APCP), a small-molecule inhibitor of CD73,
which began 3 days after tamoxifen injections (Fig. 4A) and continued
administration every other day for the duration of the experiments.
We observed a significant increase in survival in APCP-treated KCPue,
but not KCA“™ GEM mice, indicating tumors with higher levels of
CD73-generated adenosine may be more sensitive to inhibition of
CD73 (Fig. 4B). Standard hematoxylin and eosin evaluations were
used to quantify the percentage of pancreata occupied by PDAC in
vehicle-treated compared with APCP-treated mice. Inhibition of
CD73 resulted in a significant reduction in surface occupied by PDAC
in KCP"" pancreata, but not KC*“™" pancreata, confirming the
functional relevance of CD73 in ductal cell transformation (Fig. 4C
and D). In addition to hematoxylin and eosin staining, we evaluated
collagen-rich stroma using trichrome staining. We quantified a sig-
nificantly more percentage of collagen staining per field in KCA<"*
compared with KCP"® pancreata, and we observed APCP treatment
significantly reduced collagen abundance in both KCP“<" and KCA<™*
pancreata (Fig. 4E and F) implicating adenosine signaling regulates
collagen deposition, fibrosis, and stromal remodeling in PDAC. We
further characterized neoplastic epithelium by staining for CK19,
pAkt™%, and pErk2°™2%¢ Quantification of this histology deter-
mined APCP treatment significantly reduced the percentage of the
CK19™" area in KCP"' but not in KC*“™ pancreata as well as Kras
downstream pathways, including PI3K and MAPK signaling (Sup-
plementary Fig. S5A-S5D), consistent with recent in vitro studies
showing CD73 activity promotes PI3K and MAPK signaling in PDAC
cell lines (39). Using IHC, we also observed a significant increase in
GZM™ or CD80." cells in APCP-treated KCP"' mice and, while we
observed an increase in GZM " cells after APCP treatment, the increase
did not reach significance in KC*"* mice (Supplementary Fig. S5E
and S5F).

Ductal and acinar-derived tumors have divergent changes in
CD73" immune and epithelial cell expression in response to
APCP treatment

Multiplex immunofluorescent data were again generated to
immune profile the GEM models either with vehicle (Ctrl) treatment
or APCP treatment. APCP treatment increased the %CD8a' and
%CD8a*GZM™ T cells in APCP-treated KCP"*" and KC*™" tumors
(Fig. 4G-J), increased the %F4/80" cells and decreased the %CK19"
cells (Supplementary Fig. $6). Using spatial immunoprofiling on the
pancreatic sections, we quantified a significant increase in the number
of CD8TGZM™ T cells surrounding CK197 cells, within 80-um radius,
in APCP-treated KCP"' (Fig. 4H), but not APCP-treated KC*<"
pancreata compared with pancreata from vehicle-treated mice
(Fig. 4K). We also evaluated differences in %CD73" cells after APCP
treatment in these mice. In the APCP-treated KCP"" pancreata
compared with Ctrl-treated KCP"" pancreata, we quantified a 1.7-
fold increase in CD73"CD8" cells, a 1.4-fold increase in
CD73"CD8"GZM™ cells and a 4-fold increase in CD73" epithelial
cells and no change in CD73*F4/80" macrophages (Fig. 4L). We
quantified a similar 1.4-fold increase in CD73"CD8"GZM™ cells
in APCP-treated KC*“™ compared with Ctrl-treated pancreata, a
1.8-fold increase in CD73" epithelium and a 9-fold increase in
CD73"F4/80" macrophages (Fig. 4M). These data implicate a mech-
anism of therapeutic resistance to CD73 inhibitors as well as changes in
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Figure 5.

AB680 oral gavage treatment reduces tumor KPC tumor growth rate and elevates intratumoral activated CD8™ T cells. A, KPC subcutaneous tumors were analyzed
weekly (n = 10 per group). B, AB680 treatment significantly decreased KPC subcutaneous growth rates and at the conclusion of this experiment, AB680-treated
mice had significantly smaller tumor volume than vehicle control-treated mice. *, P< 0.05. Statistical analysis was performed using a Student ¢ test in Prism GraphPad
software. C, Graphical representation of subcutaneous tumor growth rates for analysis of individual tumor doubling time.n =6.*, P< 0.05. D, HPLC analysis shows a
significant decrease in adenosine levels in tumors from AB680-treated mice versus vehicle-treated mice. **, P < 0.01 compared with vehicle controls (n = 8 per
group). E, CyTOF vSNE plots by group show elevated clusters of activated CD8 T cells, CD4 T cells, MDSCs, and macrophages. F, Quantitative global population
analysis reveals increased activated CD4 T cells, CD8 T cells, macrophages, and MDSCs. G, Quantitative analysis of significantly increased activated CD8 T cells.
*, P < 0.05. A Student test using Prism GraphPad software was used to calculate statistics. H, Activated CD4 and CD8 T cells increased expression of PD-1.
I, Representative CK19 and trichrome staining of tumors from control- (vehicle) and AB680-treated mice. J and K, Tumors from AB680-treated mice had significantly
reduced expression of CK19 (**, P < 0.01; J) and no significant difference (ns) in % collagen per total area (K). Scale bars, 50 um.
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the tumor microenvironment that may be dependent on the PDAC
subtype.

In KPC subQ tumors, inhibition of CD73 significantly elevates
intratumoral-activated CD4* and CD8™ T cells

We tested two CD73 small-molecule inhibitors using syngeneic
models with murine PDAC cells generated from Pdx:Cre;
LsL-Kras®'?P; LsL-Trp53R17 3H (KPC) mice. Our data revealed that
peritumor APCP treatment significantly decreases the final tumor
volume (Supplementary Fig. S7A-S7D), intratumoral adenosine levels
in vivo (Supplementary Fig. S7E-S7G). Using flow-cytometry analysis,
we observed significantly increased CD8a:"TCR " cells in the
spleens of APCP-treated mice (Supplementary Fig. S7H). Quantitative
analysis of IHC to label CD8ot* T cells in control- compared with
APCP-treated tumors showed a significant increase in CD80.* T cells
in APCP-treated compared with control-treated tumors (Supplemen-
tary Fig. S71-757]) and flow-cytometry analysis revealed a significant
increase in infiltration of CD45% and T cells in tumors upon APCP
treatment versus control (Supplementary Fig. S7K and S7L). Alanine
transaminase (AST) and aspartate aminotransferase (AST) analysis
showed no evidence of liver toxicity in AB680-treated mice (Supple-
mentary Fig. S7M).

Clinical trials using AB680 from Arcus Bioscience have recently
shown AB680 in combination with NP/GEM plus zimberelimab
had an overall response rate of 41% (40). Using the KPC subcu-
taneous model, we initiated oral gavage delivery of AB680 3 days per
week until mice needed to be euthanized (Fig. 5A). AB680 treat-
ment significantly reduced tumor growth rates and tumor volume
compared with vehicle-treated alone (Fig. 5B) and significantly
increased tumor doubling time (Fig. 5C). HPLC analysis confirmed
a significant decrease in intratumoral adenosine levels in AB680-
treated mice (Fig. 5D). Cytometry time-of-flight (CyTOF) analysis
revealed a significant increase in activated CD8" T cells, activated
CD4" T cells, dendritic cells, macrophages, and myeloid-derived
suppressor cells (MDSC; Fig. 5E-G; Supplementary Fig. S8A and S8B).
Analysis of immune-checkpoint markers indicated that activated
CD4" and CD8" T cells increased expression of PD-1 in AB680-
treated mice (Fig. 5H). We used IHC to stain for CK19 and quantified a
significant reduction in CK19" staining per field in AB680-treated
compared with vehicle-treated tumors (Fig. 5I and J). Trichrome
staining did not show a difference in collagen levels in AB680-treated
compared with vehicle-treated tumors (Fig. 5I-K).

Adenosine signaling through Adora2b promotes PDAC
progression

Adenosine signaling through Adora receptors on immune cells has
been shown to regulate their function (41). Expression of Adora2b on
myeloid cells and antigen-presenting cells indirectly suppresses CD8 ™"
T-cell responses and promotes metastasis in syngeneic ectopic solid

CD73/Adora2b Signaling Drives Immunosuppression in Ductal PDAC

tumors (42). We analyzed TCGA data for ADORAI, ADORA2a, and
ADORA2b. High expression of ADORA2b was correlated with a
significant reduction in overall survival in human PDAC (Fig. 6A).
We used cBioPortal to define the correlation of KRAS/Adora2b and
NT5E/Adora2b, and we observed both KRAS and NT5E expression
levels are correlated with high expression of Adora2b (Fig. 6B). These
data were confirmed by heat map analysis of Adora2b-related genes in
patients with Adora2b™¢" and Adora2b™" expression levels (Fig. 6C).
Protein expression as analyzed by IHC and in a tissue microarray with
samples from patients with high and low Adora2b expression, and we
evaluated correlative levels of CD73 and Adora2b in human PDAC cell
lines by Western blot (Supplementary Fig. S9A-S9C). To analyze the
distribution of immune cells in these two groups, the Quantiseq
algorithm was utilized, and data were extracted from The Cancer
Immunome Database. Patients with high Adora2b expression had a
significantly lower abundance of B cells, CD8" T cells, T regulatory
cells, NK cells, and M2 macrophages, consistent with a potent immu-
nosuppressive TME (Fig. 6D). We observed similar data for patients
with high NT5E expression (Fig. 6E). In addition, patients with High
Adora2b expression who have a lower abundance of activated CD8* T
cells also have a worse prognosis, indicating the Adora2b receptor
regulates CD8 ™" T-cell activation (Fig. 6F). Analysis of genes expressed
in activated CD8" T cells confirmed lower overall expression of
activated CD8™ T-cell gene expression in patients with high Adora2b
expression (Fig. 6G).

Antitumoral effect of Adora2b inhibition is CD8" T-cell
dependent

To study the role of paracrine adenosine signaling, we implanted
KPC cells into WT and Adora2b™’~ mice and monitored tumor
growth rates (Fig. 7A). KPC subcutaneous tumors grew significantly
slower in Adora2b™~ mice compared with WT mice (Fig. 7B). At
euthanasia, analysis of final tumor weight confirmed a significant
difference in tumors grown in Adora2b™’~ compared with WT mice
(Fig. 7C). KPC tumors grown in Adora2b™’~ mice had significantly
more CD8™ T cellsand GZM™ cells than tumors in WT mice (Fig. 7D
and E). To determine if activated CD8" T cells were important for
Adora2b-mediated immunosuppression, we implanted KPC cells into
WT or CD8KO mice and treated both groups with either a vehicle
control or an Adora2b small-molecule inhibitor, PSB1115 (1 mg/kg;
Fig. 7F and G). PSB1115 treatment significantly reduced the growth
rate of KPC tumors in WT mice; however, the effect of the inhibitor
was lost in the CD8KO mice, indicating reduced tumor growth by
inhibiting adenosine/Adora2b signaling is dependent on activated
CD8" T cells (Fig. 7H and I).

To determine if adenosine signaling through the Adora2b receptor
altered the stromal composition of KPC subQ tumors, we stained for
trichrome and o smooth muscle actin (&SMA). Tumors from
Adora2b™’" had significantly reduced collagen and 0SMA compared

Figure 6.

Adenosine signaling through Adora2b on CD8™ T cells correlates with reduced survival and PDAC progression. A, TCGA analysis revealed that high expression of
Adora2b human PDAC significantly correlates with worse prognosis (left). No differences were found in Adora2a (middle) or Adoral (right). B, Adora2b expression in
human PDAC positively correlates with Kras and Nt5E. C, Z score comparison of Adora2b-related genes shows a positive correlation with Kras and Nt5E, whereas a
negative correlation was observed for Adora2a, Adoral, Adora3, Entpdl/CD39, and Pten. Z scores were downloaded from TCGA-PAAD cBioPortal. D, To analyze the
distribution of immune cells in patients with high (n = 26) and low (n = 46) Adora2b expression in two groups, data analyzed with the Quantiseq algorithm were
downloaded from The Cancer Immunome Database. Patients with high Adora2b expression presented a decreased abundance of B cells, CD8™ T cells, Tregs, NK cells,
and M2 macrophages. Student t test was used to analyze significance. E, Similar results were observed when analyzing Immunome atlas data from patients with high
(n = 44) and low (n = 103) expression levels of NT5E. Student ¢ test was used to analyze significance. F, Patients with high Adora2b expression who have a lower
abundance of activated CD8™" T cells present a worse prognosis. G, Analysis of genes expressed in activated CD8™ T cells confirmed lower overall expression of
activated CD8™ T-cell gene expression in patients with high Adora2b expression. Z scores were extracted from The Cancer Immunome Database and TCGA-PAAD
cBioPortal. **, P < 0.01; ***, P < 0.001; ****, P < 0.0007; ns, nonsignificant.

AACRJournals.org Cancer Res; 83(7) April 1, 2023

123

€20z Ae|N 01 uo 3senb Aq ypd-| | 1L L/¥9000EE/ L L | L/2/€8/Pd-BloILE/SB1I0URD/BI0"S|euINof1oe.)/:dRY WOl papeojumod



Faraoni et al.

KPC subcutaneous model

Twice weekly measure tumors

T

100K KPC cells injected
Mice: C57BL/6 or Adora2b—'—

C

Tumor weight (g)

WT  Adora2b™"-

PSB1115 (1 mg/kg)

Average # GZM* cells per section

Euthanized
at 1,000 mm3
WT tumor

N
o
3

-
o
i

/tumor volume (cm?3)
o -
o o
i 2

o
o
b

WT

KPC subcutaneous model

Alternate day injection vehicle or

-

100K KPC cells injected
Mice: C57BL/6 or CD8KO

H R e
Do
- >
» -
T -l
- hies

J

Trichrome

0SMA/Hematoxylin I

124 Cancer Res; 83(7) April 1, 2023

-

!

B 1,000 5

800

Tumor volume (mm3)

=

Adora2b™~

Euthanized day 27

600 =

400 4

200

“# KPCin WT
“ KPC in Adora2b™~

Avg. # CD8"* cells per section/ m
tumor volume (cm3)

600+

450

300+

150+

Tumor volume (mm3)

F

80+ .

$ PSB1115
60 T @ M I- —

IO

40 4 -|_ T
b - Adora2b
04

T
Wild-type Adora2b-

Tumor curves- KPC

. P=0.04
-#- WT vehicle

P=0.02
- WT PSB111sj—

CDB8KO vehicle —Jp: 0.008
-+~ CD8KO PSB1115

[
P

0
0

PSB1115

3

6 9 12 18 21

15 24 27 30
Days after implantation
K ns

©

o

©

8 15

°

g 10 T

c

S

Ko} 5

5]

o

R 0 T

Control Adora2b™~ PSB1115

M —

20 i **
o
25
5]
Q
£ 10
s
) 5
=2

0

T
Control Adora2b”- PSB1115

CANCER RESEARCH

€20z Ae|N 01 uo 3senb Aq ypd-| | 1L L/¥9000EE/ L L | L/2/€8/Pd-BloILE/SB1I0URD/BI0"S|euINof1oe.)/:dRY WOl papeojumod



with Control (vehicle-treated) tumors (Fig. 7J-M). Tumors from
PSB1115-treated mice presented a significant reduction in %aSMA
+ per field (Fig. 7K). These data indicate that the adenosine/Adora2b
axis also promotes fibrosis in pancreatic cancer.

Discussion

In normal pancreas, studies have reported normal pancreas does not
express CD73, indicating in physiologic conditions, CD73 levels are
low in exocrine pancreatic cells (39, 43, 44). In contrast, in PDAC
specimens, CD73 is highly expressed in a subset of patients and
correlates with immunosuppression and poor prognosis (43). In our
GEM models, we observe high immunolabeling for CD73 in the
luminal side of PDAC arising in ductal cells, but less common in
metaplastic acinar cells. Using multiplex immunofluorescence on
sections from KPC subQ tumors and ductal and acinar-derived PDAC,
we observe infiltration of CD73TCD8*, CD73F4/80" macrophages,
and we quantified CD73"CD8"GZM™ cells have the highest expres-
sion of CD73. These data indicate in PDAC that CD8" T cells also
generate adenosine in the tumor microenvironment. CD8" T cells
express adenosine receptors, suggesting a cell-autonomous immuno-
suppressive mechanism on CD8" T cells. CD73"CD8" T cells have
previously been characterized as having reduced antitumor capacity
and, through adenosine-enriched exosomes, may reduce responses to
immunotherapy (45, 46). However, in other contexts, CD73*T cells
define a subset of long-lived immune memory T cells that may be
critical for the adaptive response and augment immunotherapy in
PDAC patients (47). Overall, our preclinical data indicate patients with
higher CD73 may respond better clinically to CD73 inhibitors.

These data are timely as the role of extracellular adenosine signaling
in pancreatic cancer immunosuppression has only recently been
evaluated in orthotopic KPC tumor models (13, 38). In the studies
by King and colleagues, Nt5e knockdown KPC tumors had decreased
levels of GM-CSF and elevated infiltration of CD4" and CD8™ T cells
expressing IFNy. In these studies, CD4" T-cell depletion, but not
CD8™ T-cell depletion, abrogated the effects of Nt5e knockdown. In
contrast, in our GEM and KPC models and experiments using
multiplex immunofluorescent and CyTOF, we consistently observed
elevated CD8" T cells, and we show adenosine signaling through
Adora2b is a critical determinant of the CD8" T-cell antitumor
response. In addition, we show that Adora2b promotes fibrosis and
collagen deposition in the tumor microenvironment.

Activation of immune cells after CD73 inhibition, concomitant with
reduced spontaneous PDAC arising in pancreatic ducts, highlights
cell-autonomous and non-cell-autonomous mechanisms of extracel-
lular adenosine signaling are critical to the development of PDAC. Our
studies show that Adora2b high expression positively correlates with
both KRAS and NT5E expression in PDAC patients, and elevated
Adora2b expression in tumors is associated with poor prognosis. We

CD73/Adora2b Signaling Drives Immunosuppression in Ductal PDAC

observe patients with elevated Adora2b present a lower abundance of B
cells, CD8™ T cells, T regulatory cells, NK cells, and M2 macrophages,
reinforcing Adora2b plays a key role in mediating PDAC immuno-
suppression. In addition, by analyzing KPC tumor growth in
Adora2b™~ mice and using small-molecule inhibitors in CDS8KO
mice we find Adora2b mediates antitumor immunity, which is depen-
dent, at least in part, on activated CDS8™ T cells. Future experiments
will determine the role of CD73 on CD8"GZM ™ T cells in response to
immunotherapy. These data indicate coinhibition of CD73 and
Adora2b may provide a stronger CD8" T-cell-mediated antitumor
response for patients with PDAC.
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