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ABSTRACT

Background Pancreatic ductal adenocarcinoma (PDAC) is
projected to be the second leading cause of cancer death
in the USA by 2030. Immune checkpoint inhibitors fail to
control most PDAC tumors because of PDAC’s extensive
immunosuppressive microenvironment and poor immune
infiltration, a phenotype also seen in other non-inflamed
(ie, ‘cold’) tumors. Identifying novel ways to enhance
immunotherapy efficacy in PDAC is critical. Dipeptidyl
peptidase (DPP) inhibition can enhance immunotherapy
efficacy in other cancer types; however, the impact of DPP
inhibition on PDAC tumors remains unexplored.

Methods We examined the effects of an oral small
molecule DPP inhibitor (BXCL701) on PDAC tumor growth
using mT3-2D and Pan02 subcutaneous syngeneic
murine models in C57BL/6 mice. We explored the effects
of DPP inhibition on the tumor immune landscape using
RNAseq, immunohistochemistry, cytokine evaluation and
flow cytometry. We then tested if BXCL701 enhanced
anti-programmed cell death protein 1 (anti-PD1) efficacy
and performed immune cell depletion and rechallenged
studies to explore the relevance of cytotoxic immune cells
to combination treatment efficacy.

Results In both murine models of PDAC, DPP inhibition
enhanced NK and T cell immune infiltration and reduced
tumor growth. DPP inhibition also enhanced the efficacy
of anti-PD1. The efficacy of dual anti-PD1 and BXCL701
therapy was dependent on both CD8 + T cells and

NK cells. Mice treated with this combination therapy
developed antitumor immune memory that cleared some
tumors after re-exposure. Lastly, we used The Cancer
Genome Atlas (TCGA) to demonstrate that increased

NK cell content, but not T cell content, in human PDAC
tumors is correlated with longer overall survival. We
propose that broad DPP inhibition enhances antitumor
immune response via two mechanisms: (1) DPP4
inhibition increases tumor content of CXCL9/10, which
recruits CXCR3 + NKand T cells, and (2) DPP8/9 inhibition
activates the inflammasome, resulting in proinflammatory
cytokine release and Th1 response, further enhancing the
CXCL9/10-CXCR3 axis.

Conclusions These findings show that DPP inhibition

with BXCL701 represents a pharmacologic strategy to
increase the tumor microenvironment immune cell content
to improve anti-PD1 efficacy in PDAC, suggesting BXCL701
can enhance immunotherapy efficacy in ‘cold’ tumor types.
These findings also highlight the potential importance

of NK cells along with T cells in regulating PDAC tumor
growth.

BACKGROUND

Pancreatic ductal adenocarcinoma (PDAC)
accounts for 90% of pancreatic cancers. In the
USA, PDAC s the fourth leading cause of cancer
death despite being the 1lth leading cause
of cancer. PDAC causes a disproportionately
large percentage of cancer deaths because it is
often detected late and has few effective treat-
ment options." Only 10% of newly diagnosed
patients will live longer than 5 years.” Excluding
mismatch repair deficient tumors,” immune
checkpoint inhibitors (eg, anti-PD1 and anti-
CTLA4) inadequately regulate PDAC tumor
growth, in part because of PDAC’s immunosup-
pressive microenvironment and sparse immune
cell infiltrate.” > Recent studies have shown that
dipeptidyl peptidase (DPP) inhibition can acti-
vate the immune system and improve immu-
notherapy efficacy in other cancer types.®” We
therefore hypothesized that DPP inhibition may
be beneficial for PDAC treatment.

The DPPIV gene family is a family of serine
peptidases grouped by their shared, unique
catalytic triad consisting of serine, aspartate
and histidine. Currently, this family consists
of six proteins: four enzymes that possess
N-terminal post-proline DPP activity (DPP4,
DPP8, DPP9 and fibroblast activation protein
(FAP)), and two non-enzymes (DPP6 and

BM)
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DPP10). In addition to its DPP activity, FAP also has endo-
peptidase activity, enabling it to cleave collagen. The
enzymatic DPPs have been extensively studied because
they impact physiologic and pathologic processes such as
fibrosis, metabolism and cancer.>!°

DPP4 can be membrane bound or soluble and was
first described for its role in regulating insulinotropic
hormones (incretins). DPP4 inhibitors (ie, ‘gliptins’)
represent a large class of FDA-approved therapies used
to treat type 2 diabetes.!" In murine models of mela-
noma and colorectal cancer, DPP4 inhibitors increase
levels of the chemoattractant CXCL10 by preventing
DPP4-mediated CXCL10 truncation and inactivation.’
The resulting increase in CXCL10 recruits CXCR3 +
NKand T cells into tumors, reduces tumor growth and
enhances the therapeutic efficacy of anti-CTLA4. Unlike
membrane-bound DPP4, DPP8/9 are cytosolic proteases.
DPP8/9 inhibition activates the NLRP1 inflammasome,
which induces pyroptosis and the release of interleukin
(IL)-1B and IL-18.2 '* FAP, similar to DPP4, can be
membrane bound or soluble. While FAP may be the most
well-researched DPP family member in cancer biology,
the effects of FAP inhibition on the tumor immune land-
scape remain controversial."*

Here, we test if DPP inhibition can enhance naturally
occurring antitumor immunity and immunotherapy
in PDAC. Using murine models, we found that a DPP
inhibitor, BXCL701 (ie, Talabostat, Val-boroPro, PT-100),
reduced PDAC tumor growth and enhanced the efficacy
of anti-PD1. We propose that inhibition of both DPP4 and
DPP8/9 favorably remodels the PDAC immune microen-
vironment to promote antitumor activity and anti-PD1
efficacy.

METHODS

TCGA Analysis

RNAseq data from human PDAC tumors was obtained
from The Cancer Genome Atlas (TCGA)'" using gene
counts from recount2,'’ filtering out any non-PDAC spec-
imens classified as PAAD prior to analysis.17 Computa-
tional estimates of cellular abundance from CIBERSORT
were obtained from Thorsson et al.'® Kaplan-Meir anal-
ysis was performed for overall survival comparing sample
groups defined from median gene expression values.

Cell lines

The mT3-2D murine pancreatic cancer cell line was a gift
from David Tuveson, Cold Spring Harbor Laboratory,
Laurel Hollow, New York, USA." Pan02 and Wehi-164
studies were performed at Crown Bioscience. All cell lines
were tested and determined to be free of Mycoplasma and
other rodent pathogens.

Drug preparation

In 0.1N HCI, 20mg of BXCL701 was diluted to obtain
a final concentration of 20mg/mL. BXCL701 was then
diluted 1:100 in dH,O.

Animal studies

Cells were injected into the right flank of C57BL/6 or
Balb/c wild-type mice. Mice were randomized into treat-
ment groups so that each group would have an approxi-
mately equivalent starting tumor volume. All mice in the
same experiment were housed in the same room and the
order of treated groups was changed weekly. Mice were
given 20pg BXCL701 daily by oral gavage or 200pg of
anti-PD1 (clone: RMP1-14, BioXCell) twice per week
by intraperitoneal injection or both. Cell inoculation
amount, tumor size and treatment length were experi-
ment dependent and designated in figure schematics.
Mice were euthanized with CO, inhalation at the end
of treatment, when tumors reached 1-2 cm® for mT3-2D
tumors or 3 cm” for other tumors or when mice showed
signs of pain or distress. Volume was calculated using the
formula (length x width®) /2. All mice used in this study
were 6-8 weeks of age and purchased from The Jackson
Laboratory (Bar Harbor, Maine, USA). All parties were
aware of treatment conditions during treatment, tumor
measurement and data analysis.

For immune cell depletion studies, depletion started
1day prior to treatment initiation. CD8 + T cells, NK1.1+
NK cells or both were depleted using 200 pg of anti-CD8
antibody (BioXCell, cat#BE0061) and/or 200pg anti-
NKI.1 antibody (BioXCell, cat#BE0036) two times per
week for the first 2weeks then one time per week until the
end of the experiment. After euthanizing, murine spleno-
cytes were collected to evaluate efficacy of depletion using
PE anti-NK1.1 (BioLegend, cat#108707) and PE/Cy7
anti-CD8 (eBioscience, cat# 25-0083). For the rechallenge
experiment, tumor-free mice that had rejected mT3-2D
tumor after treatment were rechallenged 6 months after
the first challenge by injecting the opposite flank with
fivefold higher dose than the initial challenge mT3-2D
tumor cells, without further treatment. Mice were exam-
ined two times per week to detect tumor growth, and the
percentage of tumor{ree mice was recorded.

RNAseq analysis

Subcutaneous Pan02 tumors were collected in RNAlater
after 1, 7 or 14 days of BXCL701 or phosphate-buffered
saline (PBS) treatment. RNA was extracted from each
sample using RNeasy mini kit (QAIGEN, Cat. 74106).
Samples were run using Illumina HiSeq platform. Reads
were mapped to the ESEMBL GRCm38.84 reference with
Bowtie and gene expression was calculated with MMSEQ.
Differential expression analysis was performed to compare
treatment and control mice at day 14 based on log2 FPKM
values with LIMMA,* and genes with false discovery rate
(FDR)-adjusted p values below 0.05 and absolute log fold
change greater than 1 were called statistically significant.
Pathway analysis is performed on differentially expressed
genes with an over-representation test through the inves-
tigate gene set function in MsigDB*' for Biocarta, KEGG,
Reactome and Hallmark pathways.”* Protein-protein
networks are determined from STRING* analysis of the
differentially expressed genes.
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DPP activity assay

One hundred millimolar stock of DPP substrate (Acetyl-
Aka-Gly-Pro-AFC) (AnaSpec, cat#AS-24126) was made
by resuspending lyophilized substrate in dimethyl sulf-
oxide (DMSO). Substrate stock was then diluted 1:1000
in activity assay buffer (560mM Tris, 1 M NaCl, 1mg/
mL BSA, pH 7.5). A standard curve was generated using
rFAP (R&D Systems, cat#3715-SE-010) or rDPP4 (R&D
Systems, cat#9168-SE) and 50 pL. of recombinant protein
plus 50 uL. of substrate was added to each well of a 96 Well
Flat Clear Bottom White Polystyrene TC-Treated Micro-
plates (Corning, cat#3903). The plate was incubated for
30min at 37°C then read on a PerkinElmer EnVision
Multimode Plate Reader with 390-400 nm excitation and
580-510nm emission wavelengths. To test tumor lysates,
50-100mg of snap-frozen tumors were homogenized in
100-300 pL activity assay buffer using a Kimble Biomasher
IT Closed System Tissue Grinder (DWK Life Sciences,
cat#749625-0020) . Protein concentration was determined
using Bio-Rad Protein Concentration DC Protein Assay
Kit II (Bio-Rad, cat#5000112). All samples were diluted
to equal protein concentrations using activity assay buffer
then added at 50 pL. plus 50 L substrate per well. Final
concentration of FAP per well was calculated using the
standard curve. Data were compiled and assessed for
significance using GraphPad Prism 9.

Immunohistochemistry

For solid tumors, tissues were fixed in 10% formalin
overnight at room temperature and then stored in 70%
ethanol until paraffin embedding. mT3-2D tumor embed-
ding, sectioning and staining were done by Georgetown
University Histopathology and Tissue Shared Resource.
Image] (V.1.48) and FIJI (V.2.0.0-rc-69/1.52n) were
used for the analysis. Antibodies used were: anti-mouse
CD8 (Cell Signaling, cat#98941), anti-mouse CD4 (Cell
Signaling,cat#25229), anti-mouse CD335/NKp46 (R&D
Systems, cat#AF2225), anti-mouse CXCR3 (Bioss, cat#BS-
2209R). Like mT3-2D samples, Pan02 samples were
embedded and sectioned by Crown Bioscience. Sections
were dewaxed, washed and then stained. All stained
sections were scanned with NanoZoomer-HT 2.0 Image
system for 40x magnification (Hamamatsu Photonics)
and images were quantified with HALO platform. Anti-
bodies used were the same as those for mT3-2D tumors,
with the addition of anti-mouse CD3 (Thermo Fisher,
cat#MADb-14524).

Cytokine panel

Blood was collected into EDTA-coated tubes via subman-
dibular bleeding or cardiac puncture and sera was
isolated by centrifugation and immediately stored at
—-80°C. Tumors were harvested and homogenized in
PBS+0.5% Tween-20 with protease inhibitors (Roche;
Penzberg, Bavaria, Germany). Homogenates were centri-
fuged and the supernatant was immediately stored at
-80°C. mT3-2D samples were processed by Eve Technol-
ogies using the Mouse Cytokine 31-Plex Discovery Assay

plus IL-18 (cat# MD13). Pan02 and Wehi-164 samples
were processed by Crown Bioscience using the Millipore
MILLIPLEX MAP Mouse Cytokine/Chemokine 32-Plex
panel (catf MCYTMAG 70K PX32). Samples were run
according to manufacturer protocol, as follows: serum
was thawed and diluted to one-part serum to one-part
assay butter the day of the assay. Twenty-five microliters of
samples or standards were plated with 25 pL assay buffer,
25 pL matrix solution, 25 pL. beads in each well, sealed and
agitated for 2hours at room temperature. The plate was
washed three times, then 25pL of detection antibodies
were added to each well and the plate was sealed, covered
with foil and agitated at for 1 hour at room temperature.
Twenty-five microliters of streptavidin-phycoerythrin was
added to each well. The plate was sealed, covered with
foil and agitated for 30 min at room temperature. Plate
was washed two times, then 150pL of sheath fluid was
added to all wells and beads were resuspended on a plate
shaker for 5min. Plates were read on a Luminex 200.
Final concentrations were calculated by comparing to kit-
provided mouse cytokine standards. IL-18 was analyzed
separately using ELISA (R&D Systems, cati# 7625), as per
manufacturer’s protocol. In brief, prior to assay IL-18
standard was reconstituted to a final concentration of
1000 pg/mL. One hundred microliters of serum samples
were transferred to IL-18 antibody-coated microwells and
incubated for lhour at room temperature. The plate
was washed four times with room temperature wash solu-
tion. One hundred microliters of conjugate solution was
added to each well and the plate was incubated for 1 hour
at room temperature. The plate was washed four times.
One hundred microliters of substrate reagent was added
to each well and the plate was incubated for 30 min at
room temperature. One hundred microliters of stop solu-
tion was added to each well and the plate was read on a
molecular devices SpectraMax PLUS 384 multifunctional
plate reader at 450 nm.

Flow cytometry

Tumors were chopped into small pieces that were then
transferred into gentleMACS Tubes (MACS Miltenyi
Biotec), containing 10mL of DMEM media and 1mg/
mL collagenase D (Sigma-Aldrich, COLLD-RO Roche,
#11088866001). The tubes were placed on a gentleMACS
Dissociator (MACS Miltenyi Biotec, #130-095-937) using
the program 37_m_TDK2. After incubation, cells were
filtered using 70 pm cell strainer and recovered by centrif-
ugation. Cells were stained for live/dead with either
LIVE/DEAD Fixable Violet Dead Cell Stain Kit, for 405 nm
excitation (Thermo Fisher, cat#1.34963) or Zombie NIR
(BioLegend, cat#423105) then stained with a cocktail
of surface mAbs Panel 1: BV711 anti-CD45 (BioLegend,
cat#103147), PE anti-NKI1.1 (BioLegend, cat#108707)
and PE/Cy7 anti-CD8 (eBioscience, cat# 25-0083), APC
anti-CD4 (eBioscience, cat#14-0042-81), BV421 anti-
F4/80 (BioLegend, cat#123137) and PE/Dazzle 594
anti-CD183 (CXCR3) (BioLegend, cat#155914); Panel
2: BV711 ant-CD45 (BioLegend, cat#103147), APC
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anti-IFNg (BioLegend, cat#505810) and PE/Dazzle 594
anti-T-bet (BioLegend, cat#644828), PE/Cy7 anti-CD4
(BioLegend, cat#100422). After 30 min of staining, cells
were washed and samples were run on FACS Symphony
Cytometer (BD Biosciences). FlowJo V.10 was used for the
analysis, cells were manually gated on size and granularity.
Dead cells and doublets were excluded, and CD45 + cells
were selected.

Statistics

All statistical analyses were done in GraphPad Prism 9 or
R V.4.0.3. Unless stated otherwise in the figure legends,
data is represented as mean+SD. All statistical compari-
sons between two groups were performed using unpaired
two-tailed t-test unless stated otherwise. All statistical
comparisons between three or more groups were done
using one-way analysis of variance followed by Tukey’s
multiple comparison tests. Any outliers identified were
identified by Rout’s method for multiple outliers or
Grubb’s method for one outlier. If any outliers were
removed, it will be stated in the figure legend.

RESULTS
DPP inhibitor, BXCL701, reduces mT3-2D tumor growth and
prolongs overall survival
To determine the impact of DPP inhibition on PDAC
tumor growth, we tested an oral small molecule DPP
inhibitor (BXCL701)—which inhibits DPP4, DPP8, DPP9
and FAP?* —for antitumor activity against mT3-2D PDAC
tumors. mT3-2D cells are murine pancreatic cancer cells
that are derived from organoids of tumors from ‘KPC’
C57BL/6 mice, which spontaneously form PDAC lesions
due to KRAS and p53 mutations.'” By having KRAS and
p53 mutations, which are critical in human pancreatic
cancer development,25 this model closely mimics human
pathophysiology. We confirmed that BXCL701 inhib-
ited the DPP activity of both rFAP and rDPP4 in a dose-
dependent manner using a fluorescent peptide substrate
DPP activity assay (online supplemental figure 1A).
Despite previous reports that DPP4 knockdown reduces
human PDAC cell line proliferation in vitro,26 we found
that BXCL701 had no effect on mT3-2D proliferation or
viability in vitro (online supplemental figure 1B-D). To
test BXCL701’s impact on PDAC tumor growth in vivo,
we injected C57BL/6 mice subcutaneously with 1x10°
mT38-2D cells, waited for the tumors to reach 40-50 mm?,
then began BXCL701 treatment. After 4 weeks, treat-
ment was stopped and tumor growth was monitored
(figure 1A). We found that BXCL701 significantly
reduced tumor growth in vivo. The reduction in tumor
volume was maintained even after treatment had ended
(figure 1B, online supplemental figure 1E,F). By the end
of the experiment, after 8 weeks, BXCL701 treatment
had significantly improved overall survival (figure 1C).
To confirm that BXCL701’s efficacy was not specific
to a single tumor model, we repeated this experiment
using the Pan02 PDAC murine model. The Pan02 model

is a highly aggressive and tumorigenic model of chemi-
cally induced pancreatic cancer that is also syngeneic in
C57BL/6 mice.”” Mice were injected subcutaneously with
2.5x10° Pan02 cells. Once tumors reached 80—-120 mm?,
the mice were treated daily with 20 pg of BXCL701 for
28 days (figure 1D). In the Pan02 model, BXCL701
again significantly reduced PDAC tumor growth in vivo
(figure 1E, online supplemental figure 1G,H) but had no
effect on overall survival (figure 1F).

BXCL701 treatment increases circulating inflammasome-
related and Th1-related cytokines

The persistent reduction in tumor growth elicited by
BXCL701 in the mT3-2D model even after treatment
termination suggests that BXCL701’s effects are immu-
nologic. It is well known that BXCL701 is a potent cyto-
kine inducer.” To determine how BXCL701 altered
circulating cytokines in pancreatic cancer, we performed
cytokine panels on sera from mice bearing Pan02
tumors after 1 and 2 weeks of BXCL701 treatment and
from mice bearing mT3-2D tumors after 4 weeks and 5
weeks of BXCL701 treatment (figure 2A). In both tumor
models, cytokines that result from pyroptosis, IL-1f and
IL-18, were upregulated by BXCL701 treatment. This
is consistent with reports that DPP8/9 inhibition by
BXCL701 activates the inflammasome in macrophages
and dendritic cells, leading to pyroptosis.'* '* ** Addi-
tionally, we observed an upregulation of many cytokines
associated with the Thl response (eg, IFNy, IL-2, IL-12
and others), which is consistent with reports that inflam-
masome activation drives Th1 differentiation.”

To further explore the dynamics of cytokine induction,
we assessed serum concentrations of pyroptosis-related
and Thl-related cytokines in mice bearing Pan02 tumors.
Blood was collected over several hours after a single
dose of 20 pg of BXCL701 or after 7 or 14 days of treat-
ment (figure 2B). BXCL701 significantly upregulated
IL-1B 8hours after the first dose. BXCL701’s effects on
IL-1B were maintained throughout the course of treat-
ment; after 14 days of treatment, BXCL701 still upreg-
ulated IL-1B 8 and 16 hours after administration. Even
more pronounced, BXCL701 significantly upregulated
IL-18 concentrations at nearly every time point assessed.
To investigate Thl-related cytokines, we assessed IFNy,
the principal Thl effector cytokine, and CCL2, a major
chemoattractant for Thl T cells® (figure 2C). Similar
to IL-1B3, BXCL701 significantly increased CCL2 8hours
after the first dose and 8hours after the dose on day 14.
Changes in IFNY, however, were more delayed. BXCL701
did not significantly alter IFNYy levels after the first dose,
but by day 7 BXCL701 therapy increased IFNy 16 hours
after administration and on day 14 BXCL701 increased
IFNy 8 hours after administration. We further confirmed
that a single 20pg dose of BXCL701 increased serum
concentrations of IL-18, IL-1fB, IFNy and CCL2 using
Balb/c mice bearing Wehil64 fibrosarcoma tumors
(online supplemental figure 2), another model of immu-
nologically ‘cold’ tumors.”
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mean+SEM. *p<0.05, *p<0.01, **p<0.001, ***p<0.0001 as determined by two-tailed unpaired t-test). (F) Survival curves of g
C57BL/6 mice (n=10 per group) treated with PBS control or BXCL701 for 4 weeks. Dashed line represents the end of treatment. o)
(ns=nonsignificant as determined by log-rank (Mantel-Cox) test). DPP, dipeptidyl peptidase; PBS, phosphate-buffered saline; _8_
PDAC, pancreatic ductal adenocarcinoma. o
o

]

Fitzgerald AA, et al. J Immunother Cancer 2021;9:002837. doi:10.1136/jitc-2021-002837 5 g


http://jitc.bmj.com/

A Pan02 mT3-2D B
wk1 wk2 avg FC wk4 wk5 avg FC
IL-18-[EEE[Eese T Eas ° coLaf Tz | ns | &0 20 Inflammasome related cytokines
IFNy-{ t42 [ 4106 | 2124 s  M-CSF- 101 [Tioo [ eod 15 IL1p IL18
IL-6- 1445 | 700 | 107.3 20 GM-CSF- 537 14 275 10 15000
G-CSF{ 574 294 434 IL-1a- 184 4z 1.3 1
ccL2 143 | 160 [ 154 10 IL-12(p40){ 61 137 | 99 c i, Day 1 c . Dayrt
CXCL94 15 | 164 88 IL-64 153 | 29 o1 -% B Day 7 % W= Day7 . H
CXCL14{ 102 5.1 i/ CXCL9-{ 136 238 8.2 g . Day 14 N .‘é __ 10000+ Day 14 3
TNFa{ 35 8.4 6.0 IL-2] 92 6.9 8.1 8¢t 3 8E
cCcL3q{ 13 | 104 | s7 IL1B{ 35 | 8 | &7 s .82 ; . .
IL-54 30 7.3 52 IL-174 56 58 57 = ~ * = ~ 50004 N - * i
IL-1B- 28 65 48 IFNyq 43 52 48 % g H .
CCL4q 43 42 43 IL-12(p70)- 33 5.0 42 (%] (%] x
CXCL104 20 5.5 38 LIF{ 33 42 38
CCL114 18 35 26 IL-74 33 36 34
GM-CSF-{ 13 3.1 2.2 IL-159 23 3.9 a1
M-CSF+H 11 32 2 CXCL24 18 46 3.1
ccls 13 | 22 | 1s IL-18{ 25 | 28 | 28 Time (hours) Time (hours)
IL-10{ 10 23 16 IL-4{ 23 26 24 .
L9415 | 15 | 15 104 21 | 26 | 28 C Th1 related cytokines
IL-12(p40){ 14 18 14 VEGF-{ 26 2.0 23
IL2{ 1o [ 17 | 14 cxcL1of ss | 12 | 22 IFNy CcCL2
IL-1a{ 06 | 18 | 12 IL-3{0020 41 | 22 15007 mm Day 1 2500 mm Day 1
IL-12(p70){ 10 14 12 ccL3d 21 18 19 &
IL-13{ 10 [ 13 | 12 G-CSF{ 15 | 23 | 1o 5 == Day7 § 000 ™= Day7?
VEGF-{ 10 13 12 TNFa{ 21 16 19 g foo0 Day 14 % E Day 14
IL-174 o7 16 11 IL-54 12 19 15 =5 g S
IL-44 10 10 10 CXCL54 16 14 15 235 §
IL-3{ 10 10 10 CCL54 10 12 11 8e o
LIF{ o9 11 10 IL-9{ o6 15 11 £ 500+ |5
CXCL5- o9 10 10 cXcL1{ 14 07 11 g g
CXCL2- 08 13 1.0 CCL4- o 14 07 M . %
IL-74 10 0.8 0.9 Eotaxin{ 06 0.8 0.7 T
IL-154 07 | o9 [ os IL-134 04 | o7 | os o N %\Q’{\\(}@ o ‘b»@";\c}e QN 20 {\\(}z NN %\bv\'\@& NN 'b,\b(\\c}vz, [NENERS
@ @ @ @ @
Time (hours) Time (hours)

Figure 2 BXCL701 increases circulating inflammasome and Th1-related cytokines. (A) Heatmap showing average fold

change of serum cytokine concentration of BXCL701-treated mice bearing Pan02 or mT3-2D tumors compared with PBS-
treated controls. For the Pan02 sera, each value is the average of three triplicates. For the mT3-2D sera, each value is a

single measurement of sera pooled from three to four mice. Th1 and inflammasome-related cytokines are bolded. (B) Serum
concentration of inflammasome-related cytokines in mice bearing Pan02 tumors. Day 1 concentrations were compared with

0 timepoint. Day 7 and 14 concentrations were compared with vehicle. (n=3 mice/group, *p<0.05, **p<0.01, ***p<0.001,
****pn<0.0001 calculated by ANOVA then Dunnett’s multiple comparison test, NM=not measured). (C) Serum concentration of
Th1-related cytokines in mice bearing Pan02 tumors. Day 1 concentrations were compared with 0 timepoint. Day 7 and 14
concentrations were compared with vehicle. (n=3 mice/group, *p<0.05, **p<0.001 calculated by ANOVA then Dunnett’s multiple
comparison test, NM=not measured). ANOVA, analysis of variance; PBS, phosphate-buffered saline.

BXCL701 treatment increases tumor expression of CXCL9, Th1
response genes and NK and CD8+ T cell markers

We next examined local changes in the tumor. To deter-
mine how BXCL701 altered the transcriptional profile of
pancreatic tumors, we performed bulk RNAseq on Pan02
tumors treated with BXCL701 or vehicle for 7days or
14 days (figure 3A). To better understand the pathways
most upregulated by BXCL701 treatment, we performed
pathway analysis of differential expression statistics for
BXCL701 and vehicle at 14 days (figure 3B, all signif-
icant pathways are shown in online supplemental table
1). The most significantly upregulated pathway was the
Hallmark IFNYy response. Since IFNY is the main effector
cytokine for the Thl response, this finding supports
our hypothesis that BXCL701 induces Thl responses in
PDAC tumors. The majority of the remaining upregu-
lated pathways were immune related, including Hallmark
inflammatory response and Reactome cytokine signaling
pathways in the immune system. Taken together, these
data broadly suggest that BXCL701 treatment leads to
increased immune activation within historically cold
pancreatic tumors.

We also visualized the significantly differentially
expressed genes between BXCL701 treatment and
vehicle control at 14 days by performing a functional
protein network analysis using STRING (figure 3C).
This type of analysis allows for visualization of signifi-
cantly differentially expressed genes and their predicted
interactions with one another. Using this visualization,
two clusters emerged. One cluster was centered around
Tbx21, the gene that encodes t-bet, the main transcrip-
tion factor that directs Thl lineage commitment.” The
other differentially expressed genes in this cluster were
related to CD8 + T cell and NK cell activation, including
IL-2vb, Perfl, Zap70, Llrkl, Icam, Cd226, Cd3e and Cd8a.
The second cluster was centered around Cxcl9. CXCL9 is
involved in a Thl-positive feedback loop; it is expressed
by macrophages in response to IFNy and then attracts
CXCR3 + cells, including Th1 T cells, CD8 + T cells and
NK cells, which produce IFNy.” Other relevant genes that
were significantly differentially expressed in response to
BXCL701 treatment included Nlrpl, Pdcdl and ILI18bp.
Nirpl regulates inflammasome activation and overexpres-
sion results in pyroptosis. DPP8/9 inhibition activates
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Figure 3 RNAseq analysis shows that BXCL701 treatment upregulates CXCL9, Th1 response and NK and CD8 + T cell genes
in Pan02 tumors. (A) Heatmap showing genes that are differentially expressed between BXCL701 and vehicle control at 14 days
for all treatment groups and times (false discovery rate (FDR)-adjusted p value <0.05, absolute log fold change greater than 1).
(B) Pathways with statistically significant over-representation between by BXCL701 treatment and vehicle control at 14 days.
(C) Functional protein network from genes differentially expressed between BXCL701 and vehicle control at 14 days, created by

STRING analysis.

the Nlrpl inflammasome, leading to pyroptosis. Pdcdl
encodes the immune checkpoint PD-1, which could be
expected to be upregulated in response to increased T
cell attack. Finally, /L18bp encodes IL-18 binding protein,
which becomes elevated in response to IL-18-mediated
anti-tumor immunity.

BXCL701 treatment increases tumor levels of the
chemoattractants CXCL9/10 and CXCR3+ cells

To confirm our RNAseq findings, we assessed tumors using
a cytokine panel and immunohistochemistry (IHC). In
mT38-2D tumors, BXCL701 treatment elevated CXCL9
and CXCLI10 (figure 4A). This confirms and extends the
RNAseq data that showed CXCL9 was one of the most
upregulated genes after BXCL701 treatment. CXCL9 and
CXCL10 are chemoattractants for CXCR3 + cells, so we

assessed CXCR3 + cell content in mT3-2D tumors following
BXCL701 treatment. mT3-2D tumors treated with BXCL701
for 4 weeks had significantly more CXCR3 + content than
PBS-treated control tumors (figure 4B). Many immune cells
express CXCR3, including CD4 + T cells, CD8 + T cells and
NK cells. We collected splenocytes from C57BL/6 mice and
confirmed that the CXCR3 + cell population consisted of
approximately one-third CD4 + T cells, one-third CD8 + T
cells and one-third NK cells (online supplemental figure
3A). Since we saw increased CXCR3 + cell content in
BXCL701-treated tumors, we assessed tumors for changes
in CD4 + T, CD8 + Tand NK cell content by IHC. One week
of BXCL701 treatment significantly increased CD4 + T cells,
CD8 + T cells and NK cells (figure 4C,D). After 4 weeks of
treatment, there was still a trend toward increased immune
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Figure 4 BXCL701 increases tumor levels of chemoattractants CXCL9/10 and CXCRS3 + cells. (A) Heatmap showing average
fold change of cytokine concentration in mT3-2D tumors treated with BXCL701. Each value is the average from two timepoints:
week 4 and week 5 of treatment. Each timepoint consisted of three to four pooled tumors. (B) Representative IHC images and
quantification of CXCR3 + staining in tumors treated with PBS or BXCL701 for 4 weeks. Each point represents the average
value from one tumor. (*p<0.05 as determined by unpaired two-tailed t-test). (C) Representative IHC images of CD4+, CD8 +
and NKp46 + staining in tumors treated with PBS or BXCL701. (D) Quantification of CD4+, CD8 + and NKp46 + staining in
tumors treated with PBS or BXCL701 for 7 days and 28 days. Each point represents one tumor/mouse. (ns=nonsignificant,
*p<0.05, **p<0.01, **p<0.001, ***p<0.0001 as determined by unpaired two-tailed t-test). IHC, immunohistochemistry; PBS,

phosphate-buffered saline.

cell infiltration in the BXCL701-treated tumors, but the
difference was no longer significant. We also assessed
BXCL701-induced changes in the Pan02 model and saw
similar results; 1week of BXCL701 treatment significantly
increased CD4 + Tand CD8 + T cells, and there was a

non-significant increase in NK cells (online supplemental
figure 3B). After 2weeks of treatment, the statistically signif-
icant differences were no longer identified. These data
show that BXCL701 treatment increases T and NK cells in
tumors early in treatment course.
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BXCL701 treatment enhances anti-PD1 efficacy in PDAC
Previous studies have shown that anti-PD1 efficacy is
dependent on the CXCR3 axis.”™ Since our RNAseq
analysis showed anti-PD1 was one of the genes signifi-
cantly upregulated by BXCL701 in Pan02-treated tumors
and that BXCL701 increased CXCR3 + cells in mT3-2D
tumors, we hypothesized that BXCL701 may enhance the
therapeutic efficacy of anti-PD1. To test this hypothesis,
we treated C57BL/6 mice bearing mT3-2D tumors with
BXCL701, anti-PD1 or both (figure 5A). We confirmed
that BXCL701 treatment reduced circulating DPP
activity (figure 5B) and tumor DPP activity (figure 5C).
We found that combination-treated (referred to as
‘combo’) mT3-2D tumors were significantly smaller than
either monotherapy or untreated controls (figure 5D,E,
online supplemental figure 4A). Initial studies in other
models such as the Pan02 C57BL/6 PDAC model and
the Wehil64 Balb/c fibrosarcoma model showed similar
trends in benefit (online supplemental figure 4B-I).
Although the reduction in tumor growth by the addition
of anti-PD1 to BXCL701 did not reach significance, the
evaluation of combination treatment efficacy is limited
by the tremendous efficacy of BXCL701 monotherapy in
these models.

We next assessed alterations in intratumoral mT3-2D
immune cell content after 4 weeks of combo treatment
using flow cytometry. Combo treatment significantly
increased tumor CD4 + T cells, CD8 + T cells and NK
cells (figure 5F and online supplemental figure 5A).
The THC data shown in figure 4 suggests that these
recruited immune cells are CXCR3+. In agreement with
this, combination treatment increased the percentage
of CXCR3 + CD4+ T, CXCR3+CD8 + Tand CXCR3+ NK
cells in mT3-2D tumors (figure 5G and online supple-
mental figure 5B). We also found combination treatment
significantly increased the percetnage of CXCR3+ F4/80+
macrophages (online supplemental figure 5C). We also
wanted to interrogate the percentage of Thl cells in
tumors to verify our RNAseq and cytokine data that shows
BXCL701 treatment increases Th1 response. To do so, we
gated for CD4 +INFy+Tbet+T cells (online supplemental
figure 5D) and found that anti-PD1 and BXCL701 mono-
therapy increased the percentage of Thl cells in mT3-2D
tumors and that combo treatment further increased the
percentage of Thl-positive tumors in comparison with
monotherapy alone and untreated controls (figure 5H).

BXCL701+anti-PD1 combination treatment is dependent on
both CD8+ T cells and NK cells

To determine if CD8 + T and/or NK cells were involved
in mediating the efficacy of BXCL701 +anti-PD1 combi-
nation treatment, we tested the impact of NK depleting
(anti-NK1.1) and CD8 + Tcell depleting (anti-CD8)
antibodies on the efficacy of combination-treated mice
bearing subcutaneous mT3-2D tumors (figure 6A). We
confirmed that anti-CD8 antibodies and anti-NKI1.1 anti-
bodies successfully depleted CD8 + T cells and NK, respec-
tively, from C57BL/6 splenocytes (online supplemental

figure 6A). As before, combination treatment signifi-
cantly reduced mT3-2D tumor growth (figure 6B,C, and
online supplemental figure 6B). Unsurprisingly, CD8 +
T cell depletion reduced combination treatment efficacy.
NK cell depletion also significantly reduced combination
treatment efficacy, although the residual tumors were still
significantly smaller than PBS-treated controls. Deple-
tion of both CD8 + Tand NK cells resulted in tumors that
were significantly larger than PBS-treated tumors despite
receiving combination treatment. This demonstrates that
both NK cells and CD8 + T cells contribute to combina-
tion treatment efficacy and highlights that both CD8 +
Tand NK cells mediate PDAC tumor regression.

BXCL701+anti-PD-1 combination treatment induces memory
response against rechallenge

To assess memory response, we rechallenged ‘cured’
mice with mT3-2D cells. A schematic representation of
the rechallenge experiment design is shown in online
supplemental figure 6C. To generate ‘cured’ mice, we
injected 20 C57BL6 mice with 1x10° mT3-2D cells. When
tumors reached 20-30 mm”® (smaller than previous exper-
iments), we began treatment with 20 pg BXCL701 daily
and 200 pg anti-PD1 twice per week. At the end of this
experiment (40 days), 13 mice were tumor-free, that is,
‘cured’. Six months later, we rechallenged these ‘cured’
mice by injecting five times the number of mT3-2D cells
(5x10%). As controls, we also injected five treatment-
naive mice with 5x10° mT3-2D cells. We then monitored
tumor growth without administering any additional
treatment. All five treatment-naive mice had predictable,
rapid tumor growth (figure 6D). Of the 13 ‘cured’ mice,
12 mice had initial tumor growth, which was promptly
followed by tumor regression (figure 6D). By the end of
the experiment, 40 days after rechallenge, 10 out of the
13 mice remained tumor-free (figure 6E).

NK cell marker expression in human PDAC tumor samples
correlates with PDAG patient outcomes

Despite the long-standing perception that anticancer
immunity was inconsequential to PDAC biology, several
studies have highlighted the potential importance of
CD8 + T cells in regulating PDAC tumor growth.” *
However, there is little research into the roles of NK cells
in PDAC tumor biology. Our results suggest that both
CD8 + T cells and NK cells are capable of regulating PDAC
tumor growth. Interestingly, PDAC cells frequently lose
MHC expression to evade CD8 + Tcell attack.” As NK
cells are the primary immune cell type capable of clearing
MHC-deficient cells, we hypothesized that NK cells may
play a larger role in PDAC tumor biology than previously
appreciated. To assess the relevance of NK cell biology to
human PDAC tumors, we explored TCGA RNAseq data.
We first used CIBERSORT—a computational tool that
can use gene expression data to estimate cell type abun-
dances in a mixed cell population.”” We compared the
relative abundance of immune cells in PDAC tumors to
melanoma tumors (skin cutaneous melanoma) because
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Figure 5 BXCL701 treatment enhances anti-PD1 efficacy in mT3-2D tumors. (A) Schematic representation of in vivo
experimental design testing combination treatment of BXCL701 and anti-PD1 vs single agents alone and PBS controls in mT3-
2D tumors. (B) DPP activity measured in the serum of PBS, anti-PD1, BXCL701 or anti-PD1 and BXCL701 (‘Combo’) treated
mice (n=5 per group, each dot representing pooled serum from three mice, **p<0.01, ***p<0.001, ***p<0.0001 as determined
by ANOVA followed by Tukey’s multiple comparison’s test, any pairwise comparisons not shown were not significant). (C)

DPP activity measured in the tumor lysates of PBS, anti-PD1, BXCL701 and combo-treated mice (n=3 per group,*p<0,05

as determined by ANOVA followed by Tukey’s multiple comparison’s test, any pairwise comparisons not shown were not
significant). (D) Average mT3-2D tumor growth curves in C57BL/6 mice (n=15 per group) treated with PBS, anti-PD1, BXCL701
and combo. Tumor growth was monitored weekly. (E) Tumor volumes for PBS, anti-PD1, BXCL701 and combo-treated mT3-
2D tumors at the end of treatment (week 4). (**p<0.001, ns=nonsignificant as determined by ANOVA followed by Tukey’s
multiple comparison’s test). (F) Flow cytometry data representing CD4+, CD8 + and NK1.1+ cells as percent of live cells in
tumors collected from PBS andcombo-treated mice (n=3 per group, each dot representing three to four tumors from individual
mice, *p<0.05, *p<0.01, as determined by unpaired two-tailed t-test). (G) Flow cytometry data representing percentage of live
cells that are CXCR3 +CD4+, CXCR3 +CD8+ and CXCR3 +NK1.1+ cells in tumors from PBS, anti-PD-1, BXCL701 and combo
treated mice (n=8 per group, each dot representing three to four tumors from individual mice, *p<0.05, **p<0.01, **p<0.001,
ns=nonsignificant as determined by one-way ANOVA followed by Tukey’s multiple comparison test). (H) Flow cytometry data
representing percentage of live cells that are CD4 +IFNy+Tbet+ Th1 cells in tumors from PBS, anti-PD-1, BXCL701 and combo
treated mice (n=3 per group, each dot representing three to four tumors from individual mice, *p<0.05, **p<0.01, **p<0.001,
****pn<0.0001, ns=nonsignificant as determined by one-way ANOVA followed by Tukey’s multiple comparison test). ANOVA,
analysis of variance; DPP, dipeptidyl peptidase; PBS, phosphate-buffered saline.
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Figure 6 BXCL701 +anti-PD1 combination treatment is dependent on both CD8 + T cells and NK cells. (A) Schematic
representation of in vivo experiment design testing effect of CD8 + Tcell and NK cell depletion on combination treatment
(BXCL701 +anti-PD1) efficacy in mT3-2D tumors. (B) Average mT3-2D tumor growth curves in C57BL/6 mice treated with

PBS (n=10), BXCL701 +anti-PD1 combination (n=10), combination with NK1.1+ NKcell depletion (n=5), combination with

CD8 + Tcell depletion (n=5), or combination with NK1.1+ NKcell depletion and CD8 + T cell depletion (n=5). Tumor growth was
monitored weekly. (C) Tumor volumes after 4 weeks of treatment (day 32) for mT3-2D tumors treated with PBS, BXCL701 +anti-
PD1 combination (‘Combo’), combo with NK1.1+cell depletion, combo with CD8 + T cell depletion or combo with both NK1.1+
and CD8+ T cell depletion. (ns=non-significant, **p<0.01,"*p<0.001, ****p<0.0001 as determined by analysis of variance
followed by Tukey’s multiple comparison’s test). (D) Individual tumor growth curves for treatment-naive C57BL/6 mice (n=5) and
previously ‘cured’ C57BL/6 mice (n=13) injected with 5x10° mT3-2D cells. Tumor growth was monitored three times a week. (E)
mT3-2D tumor volumes in treatment-naive C57BL/6 mice and previously ‘cured’ C57BL/6 mice 40 days after injection of 5x10°
mT3-2D cells. (****p<0.0001 by unpaired two-tailed t-test). PBS, phosphate-buffered saline.

melanomas are considered ‘hot’ or highly infiltrated
by immune cells. Using this comparison, we observed
that, while PDAC tumors have much lower infiltration
of CD8 + T cells than melanoma, they have comparable
levels of both resting and activated NK cells (figure 7A).
This supports findings that NK cells are present in human
PDAC tumors and thus provides the opportunity for ther-
apeutic manipulation.

We wanted to further explore the relationship between
NK cells and human PDAC tumors by assessing the
correlation of immune cell marker expression with PDAC
patient overall survival. Patients with gene expression
in the top 50% were considered ‘high’ and patients in
the bottom 50% were considered ‘low’. We found that
elevated expression of T cell markers, CD3, CD4 and
CD8A, were not significantly correlated with overall
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Figure 7 NK cell marker mRNA levels are increased in human pancreatic cancer tumors and predictive of survival. (A)
CIBERSORT scores representing the relative abundance of various immune cell types derived from RNAseq data from TCGA for
pancreatic adenocarcinoma (PAAD) and skin cutaneous melanoma (SKCM). (B) Overall survival curves demonstrating there is
no significant difference in survival in TCGA PDAC patients with high (top 50%) vs low (bottom 50%) mRNA expression levels of
T cell markers (CD3, CD4 and CDB8A). (C) Overall survival curves demonstrating TCGA PDAC patients with high levels (top 50%)
of NK cell marker CD56 and NK cell activation marker LAMP1 have significantly longer overall survival compared with PDAC
patients with low expression (bottom 50%) of CD56 or LAMP1. PDAC, pancreatic ductal adenocarcinoma; TCGA, The Cancer

Genome Atlas.

survival (figure 7B). In contrast to the T cell marker data,
patients with higher tumorous expression of the NK cell
marker NCAM1 (CD56) and NK cell activation marker
LAMP1 (CD107a) had significantly longer overall survival
than patients with low expression of CD56 and LAMP1
(figure 7C). These data suggest that for PDAC patients,
increased NK cell infiltration and activation are associ-
ated with better clinical outcomes.

DISCUSSION

Pancreatic cancer is considered an immunologically cold
tumor resistant to immunotherapy. Because of its immu-
nosuppressive microenvironment and immune escape
mechanisms, targeting PD1/PD-L1 in PDAC is ineffec-
tive. Here, we show that DPP inhibition using BXCL701
reduces PDAC tumor growth and improves anti-PD1 effi-
cacy in murine models of PDAC. Combination treatment
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is dependent on both NK and CD8 + T cells. We propose
that BXCL701 enhances NK and CD8 + Tcell recruit-
ment by altering the CXCL9/10-CXCR3 axis in two ways:
(1) DPP4 inhibition blocks DPP4-mediated CXCL9/10
inactivation, and (2) DPP8/9 inhibition activates the
inflammasome, increasing IL-1B and IL-18, driving Thl
response and increasing CXCL9/10 expression.

A plethora of chemokines have putative DPP4 trunca-
tion sites, so DPP4 inhibition may induce broad changes
in tumor immunity.” Proost et al* confirmed some of
these putative truncation sites by demonstrating that all
three conventional CXCR3 ligands (CXCL9, CXCL10
and CXCLI11) can be cleaved and inactivated by DPP4 in
vitro. In 2015, Barreira da Silva et al confirmed that DPP4
inhibitors block truncation and increase tumor levels of
full-length active CXCL10 in vivo. This has subsequently
been confirmed in additional cancer models.” Although
all these studies have been in mice, it is reasonable to
hypothesize that DPP inhibition would have a similar
effect in humans; a 2016 study showed that DPP4 inhib-
itors reduce circulating levels of truncated CXCL10 and
increase circulating levels of full-length active CXCL10.*
DPP8 and potentially DPPY are also capable of cleaving
CXCL10 and CXCLI1 in vitro.*"* Since we used a
broad DPP inhibitor that inhibited DPP4 and DPP8/9,
it is possible that the elevation of tumorous CXCL9 and
CXCL10 we observed was due to inhibition of all these
proteins rather than just DPP4. In fact, Barreira da Silva
et al found that DPP4 inhibitors prevented in vivo trun-
cation of CXCL10 but not CXCL9,” suggesting that
the increased concentrations of CXCL9 we observe in
BXCL701 treated tumors may be attributed to DPP8/9
inhibition by BXCL701.

Previous studies of the effects of DPP4 specific inhibi-
tion in murine cancer models showed that DPP4 inhibi-
tion not only increases tumor CXCL10 concentrations but
also increases CXCR3 + NKand CD8 + Tcell trafficking
into tumors.® 7 Interestingly, DPP4-specific inhibition
improved anti-CTLA4 and anti-CTLA4 +anti-PD1 combi-
nation treatment but did not improve anti-PD1 alone.’
This is rather unexpected given that the CXCR3 axis is
critical for anti-PD1 response.”® * However, the finding
that DPP4 inhibition does not enhance anti-PD1 efficacy
despite increasing CXCR3 + cellsmay be explained by the
chemokines involved. Chow et al® showed that CXCR$
and CXCL9, but not CXCL10, were required for anti-PD1
response in murine models of colorectal cancer. Since
DPP4 inhibition did not alter CXCL9 in Vivo,6 itwould not
be expected to enhance anti-PD1 based on the findings of
Chow et al. Because BXCL701 increases both CXCL9 and
CXCL10, we believe it may be better at enhancing anti-
PD1 efficacy than DPP4 inhibition alone.

Itis well established that DPP8/9 inhibition by BXCL701
activates the Nlrpl inflammasome, resulting in pyroptosis
and the production of IL-1B and IL-18."% ' #5051 The
inflammasome is becoming a widely recognized regulator
of anticancer immunity and immunotherapy response.”
While there is little research on the impact of the Nlrpl

inflammasome on cancer biology, reports are inconsistent
with respect to the impact of the Nlrp3 inflammasome,
the most studied and characterized inflammasome, on
cancer biology.53 However, in murine models of colorectal
cancer, the Nlrp3 inflammasome reduces tumor growth
by increasing IL-18, which in turn increases IFNy and
STAT1 expression, similar to what we observed (figure 2).

Although the impact of inflammasome activation and
IL-1B on cancer progression remain controversial, IL-18
itself is a promising immunotherapeutic agent. Ma et
al® showed that IL-18 enhances the therapeutic efficacy
of anti-PD1 in murine models of melanoma metastasis.
IL-18 +anti-PD1 combination treatment efficacy was
dependent on NK cells. IL-18 enhances NK cell IFNy
production® and migratory capabilities.”” Additionally,
IL-18 ‘primed’ NK cells recruit CXCL9/10-producing
dendritic cells into tumors.”® *” While we did demon-
strate NK cells contribute to BXCL701 +anti-PD1 efficacy
(figure 6), these effects could be caused by altering tumor
growth directly (ie, through tumor cell lysis) or indirectly
(ie, by altering dendritic cell content), or potentially a
combination of both. In support of the indirect hypoth-
esis, Walsh et al® showed that BXCL701 efficacy was
dependent on dendritic cells, since BXCL701 enhanced
dendritic cell trafficking, resulting in acceleration of
T-cell priming. It is plausible that the increase in IL-18
resulting from BXCL701 treatment primed NK cells,
which in turn recruited CXCL9/10-expressing dendritic
cells. Regardless, this study highlights the importance of
NK cells in regulating PDAC tumor growth and suggests
that pharmacologic modulation of NK cell content or
phenotype with BXCL701 can enhance immunotherapy
efficacy in PDAC.

Previous studies have pointed to the importance of NK
cells in PDAC biology. Davis et al® showed that PDAC
patients with higher total number of circulating NK cells,
but not T cells, experienced a longer overall survival.
Similarly, our analysis of TCGA RNAseq data suggests
that PDAC patients with higher tumorous contents of NK
cells, but not T cells, experience longer overall survival
(figure 7). Additionally, Hsu et af® demonstrated that
NK cells contribute directly to PD-1/PD-L1 blockade effi-
cacy. While Hsu et al showed that NK cells express PD-1
and become activated in response to anti-PD1 treatment,
subsequent studies have questioned if NK cells express
PD-1 at high enough levels to be directly altered by anti-
PDI treatment.”’ Either way, our results demonstrate that
enhancing NK cells improved the efficacy of BXCL701
plus anti-PD1 in murine models of PDAC.

CD4 + T helper (Th) cells are prolific cytokine
producers and major coordinators of the immune
response. The two predominant Th cell subtypes are Thl
and Th2. In most cancer types, increased Thl cells and
their associated cytokines correlate with improved anti-
tumor immunity.”>®” PDAC patients’ local (ie, within
tumor) and systemic (ie, in serum) immune responses are
shifted toward Th2.%®* Elevated Th2 immune responses
correlate with shorter overall PDAC patient survival.”’ Tt
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has been hypothesized that therapeutic strategies to shift
PDAC tumors to Th1 would reverse the immunosuppres-
sive microenvironment and improve immunotherapy.n
Here, we show that BXCL701 successfully increases circu-
lating and tumor levels of Thl-related cytokines (figures 2
and 3 and increases tumor levels of Thl cells (figure 5H).
Inflammasome activation as well as IL-1f and IL-18
expression can drive Th1 responses.” > We therefore
propose that BXCL701 enhances Th1 responses in PDAC
models through DPP8/9 inhibition and inflammasome
activation.

Previous preclinical work showed that oral adminis-
tration of BXCL701 slowed growth of syngeneic tumors
derived from fibrosarcoma, lymphoma, melanoma,
mastocytoma, rhabdomyosarcoma and bladder cancer
cell lines in mice® * and enhanced chemotherapy effi-
cacy in murine models of colon carcinoma.” Unfor-
tunately, subsequent clinical trials failed to replicate
BXCL701’s success as a monotherapy” "’ or in combina-
tion with Chemotherapy.78 ™ We propose that BXCL701
may be more effective clinically if used in combination
with immunotherapy, particularly with anti-PDI, and
especially in poorly immunogenic tumors such as PDAC.
Recent clinical data suggest that this may indeed be
feasible for both non-inflamed, checkpoint naive cancers
and those resistant/refractory to prior checkpoint treat-
ment, 30 51 80-83

In summary, this work highlights the relevance of DPPs
to PDAC tumor biology and shows that DPP inhibition by
BXCL701 enhances naturally occurring antitumor immu-
nity and anti-PD1 efficacy in PDAC models. These find-
ings support further studies and clinical development of
BXCL701 in combination with anti-PD1 antibody therapy.
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Supplementary Figure 1. DPP expression and inhibition in PDAC models. (A) Dipeptidyl
peptidase activity assay confirming BXCL701 inhibits rFAP and rDPP4 activity in vitro.(B)
Crystal violet cell proliferation assay demonstrating increasing concentrations of BXCL701 has
no effect on mT3-2D cell proliferation in vitro at 24, 48 or 72 hours. (C) Crystal violet cell
proliferation assay demonstrating 105 M BXCL701 has no effect on mT3-2D cell proliferation in
vitro. Ns= nonsignificant as determined by unpaired two-tailed t-test. (D) Cell titer blue
cytotoxicity assay demonstrating BXCL701 has no effect on cell viability in vitro. (E) Individual
mT3-2D tumor growth curves for PBS and BXCL701 treated mice (n=10 per group). (F)

Individual mT3-2D tumor volumes for PBS (n=8) and BXCL701(n=9) treated mice at week 4
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(end of treatment). *p<0.05 by unpaired two-tailed t-test. (G) Individual Pan02 tumor growth
curves for PBS and BXCL701 treated mice (n=10 per group). (H) Individual Pan02 tumor
volumes for PBS (n=10) and BXCL701(n=10) treated mice after 4 weeks of treatment.

****n<0.0001 by unpaired two-tailed t-test.
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Supplemental Figure 2. BXCL701 increases circulating inflammasome and Th1-related
cytokines in Balb/c mice bearing Wehi164 fibrosarcoma tumors. (A) Serum concentrations of
inflammasome related cytokines in tumor bearing mice after exposure to 20 ug of BXCL701 at
timepoint 0. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 calculated by ANOVA then Dunnett’s
multiple comparison test. (B) Serum concentrations of Th1 related cytokines in tumor bearing
mice after exposure to 20 ug of BXCL701 at timepoint 0. *p<0.05, ****p<0.0001 calculated by

ANOVA then Dunnett’'s multiple comparison test.

Fitzgerald AA, et al. J Immunother Cancer 2021; 9:e002837. doi: 10.1136/jitc-2021-002837



BMJ Publishing Group Limited (BMJ) disclaims al liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

T Cells NK Cells

2 3 . 5

2 ) “ 5

CD45 (APCICYT)—— 3 CXCR3 (PE-Daszie)—p  CDBb (PEICY7)—— 3 NK1.1 (PE)—————
B CD3+

R R R RN SAGAS

EEENEE

e
0 i

PRy Lo -.‘: !3-.
i

4}?&5& &gﬁ. 21k “ %‘ﬁéﬁ
'g'..v«;._‘_ ' % ki

BXCL701

§ ol ]
PRy

*« PBS
* BXCL701

F'S
@

w
% Positive Cells
o

)

% Positive Cells
~n

o

0 X
Day7 Day 14 Day7 Day 14 Day 7 Day 14 Day 7 Day 14

Supplementary Figure 3. Effect of BXCL701 on PDAC cell growth and tumoral immune cell
content. (A) Representative flow cytometry gating for CD4+ T, CD8+T and NK1.1/CD49b+
murine splenocytes that express CXCRS3. (B) Representative IHC images (taken at Day 7) and
quantification of CD3, CD4, CD8 and NKp46 staining in PBS and BXCL701 treated Pan02

tumors (3 tumors/group). *p<0.05 as determined by unpaired two-tailed t-test
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Supplemental Figure 4. BXCL701+anti-PD-1 treatment in additional murine models. (A)
Individual growth curves for PBS control, anti-PD-1, BXCL701 or anti-PD-1 and BXCL701

(“combo”) treated mice bearing mT3-2D tumors (n=15 per group). (B) Schematic of in vivo
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experimental design testing combination treatment of BXCL701 and anti-PD-1 versus single
agents alone and PBS controls in Pan02 C57BL/6 PDAC model. (C) Average Pan02 tumor
growth curves in C57BL/6 mice (n = 9 per group) treated with PBS, anti-PD-1, BXCL701 and
anti-PD-1 with BXCL701 (“‘combo”). Tumor growth was monitored weekly. (D) Tumor volumes
for PBS, anti-PD-1, BXCL701 or anti-PD-1 and BXCL701 treated Pan02 tumors at the end of
treatment (week 4). (ns= nonsignificant, *p<0.05, ***p<0.0001 as determined by ANOVA
followed by Tukey’s multiple comparison’s test). (E) Individual Pan02 tumor growth curves for
PBS control, anti-PD-1, BXCL701 or anti-PD-1 and BXCL701 (“combo”) treated mice (n=9 per
group). (F) Schematic of in vivo experimental design testing combination treatment of BXCL701
and anti-PD-1 versus single agents alone and PBS controls in Wehi164 Balb/c fibrosarcoma
model. (G) Average Wehi164 tumor growth curves in C57BL/6 mice (n = 10 per group) treated
with PBS, anti-PD-1, BXCL701 and anti-PD-1 with BXCL701 (“combo”). Tumor growth was
monitored weekly. (H) Tumor volumes for PBS, anti-PD-1, BXCL701 or anti-PD-1 and BXCL701
treated Wehi164 tumors at the end of treatment (day 20). Two values were removed from the
BXCL701 treated group before analysis after they were identified as a statistical outliers via
Rout’s method. (ns= nonsignificant, *p<0.05 as determined by ANOVA followed by Tukey’s
multiple comparison’s test). (l) Individual Wehi164 tumor growth curves for PBS control, anti-

PD-1, BXCL701 or anti-PD-1 and BXCL701 (“combo”) treated mice (n=10 per group).
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Supplemental Figure 5. Flow cytometry analysis of immune cell subtypes in BXCL701+anti-PC1
combination treated tumors. (A) Representative gating strategy for staining tumor infiltrating
CD4+ T cells, CD8+ T cells and NK1.1+ NK cells. (B) Representative gating strategy for staining
tumor infiltrating CXCR3+ CD4+ T cells, CXCR3+ CD8+ T cells and CXCR3+ NK1.1+ NK cells.

(C) Flow cytometry data representing percentage of live cells that are CXCR3+F4/80+
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macrophages in tumors from PBS, anti-PD-1, BXCL701 and combo treated mice (n = 3 per
group, each dot representing 3-4 tumors from individual mice, **p<0.01, ***p<0.001, ns=

nonsignificant as determined by one-way ANOVA followed by Tukey’s multiple comparison
test). (D) Representative gating strategy for staining tumor infiltrating CD4+IFNy+Tbet+ Th1

cells.
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Supplementary Figure 6. BXCL701+anti-PD-1 combination treatment is dependent on CD8+T

500
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and NK cells. (A) Flow cytometry of splenocytes confirming successful depletion of CD8+ T cells
and/or NK1.1+ cells. (CD8 T n=4 per treatment group; NK1.1 n=5 per treatment group. *p<0.05
by unpaired two-tailed t-test). (B) Individual tumor growth curves for subcutaneous mT3-2D
tumor treated with PBS (n=10), combination BXCL701+anti-PD1 treatment (n=10), combination
treatment + NK depletion (n=5), combination treatment + CD8+ T cell depletion (n=5), and
combination treatment + NK depletion and CD8+ T cell depletion (n=5). (C) Schematic of

rechallenge experiment.
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y Table 1. Signifi differentially expressed in Pan02 tumors treated with BXCL701 for 2 weeks

Gene Set Name # Genes in Gene Set (K) Description # Genes in Overlap (k)  k/K p-value FDR g-value

HALLMARK_INTERFERON_GAMMA_RESPONSE 200 Genes up-regulated in response to IFNG [GenelD=3458]. 22 0.11  8.17E-25 1.70€-21
REACTOME_INNATE_IMMUNE_SYSTEM 1114 Innate Immune System 34 0.0305 1.14E-19 1.18E-16
REACTOME_NEUTROPHIL_DEGRANULATION 479 Neutrophil degranulation 22 0.0459 1.37E-16 9.49E-14
REACTOME_CYTOKINE_SIGNALING_IN_IMMUNE_SYSTEM 884 Cytokine Signaling in Immune system 27 0.0305 9.65E-16 5.02E-13
HALLMARK_ALLOGRAFT_REJECTION 200 Genes up-regulated during transplant rejection. 15 0.075 9.42E-15 3.92E-12
HALLMARK_INFLAMMATORY_RESPONSE 200 Genes defining inflammatory response. 12 0.06 6.57E-11 2.28E-08
REACTOME_SIGNALING_BY_INTERLEUKINS 462 Signaling by Interleukins 16 0.0346  1.53E-10 4.23E-08
REACTOME_CLASS_A_1_RHODOPSIN_LIKE_RECEPTORS_ 330 Class A/1 (Rhodopsin-like receptors) 14 0.0424  1.63E-10 4.23E-08
HALLMARK_INTERFERON_ALPHA_RESPONSE 97 Genes up-regulated in response to alpha interferon proteins. 9 0.0928  3.54E-10 8.18E-08
REACTOME_GPCR_LIGAND_BINDING 463 GPCR ligand binding 15  0.0324  1.46E-09 3.03€-07
REACTOME_INTERFERON_GAMMA_SIGNALING 93 Interferon gamma signaling 8 0.086  6.36E-09 1.20E-06
REACTOME_G_ALPHA_|_SIGNALLING_EVENTS 403 G alpha (i) signalling events 13 0.0323 1.98E-08 3.43E-06
KEGG_JAK_STAT_SIGNALING_PATHWAY 155 Jak-STAT signaling pathway 9 0.0581  2.26E-08 3.61E-06
HALLMARK_IL6_JAK_STAT3_SIGNALING 87 Genes up-regulated by IL6 [GenelD=3569] via STAT3 [GenelD=6774], e.g., during acute phase response. 7 0.0805  9.22E-08 1.37E-05
REACTOME_IMMUNOREGULATORY_INTERACTIONS_BETWEEN_A_ 191 Immunoregulatory interactions between a Lymphoid and a non-Lymphoid cell 9 0.0471  1.36E-07 1.89E-05
BIOCARTA_TCYTOTOXIC_PATHWAY 12 T Cytotoxic Cell Surface Molecules 4 0.3333  1.47E-07 1.91E-05
BIOCARTA_CTL_PATHWAY 13 CTL mediated immune response against target cells 4 0.3077  2.12E-07 2.48E-05
KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION 265 Cytokine-cytokine receptor interaction 10 0.0377  2.14E-07 2.48E-05
REACTOME_INTERFERON_SIGNALING 203 Interferon Signaling 9 0.0443  2.28E-07 2.50E-05
KEGG_PRIMARY_IMMUNODEFICIENCY 35 Primary immunodeficiency 5 0.1429  3.68E-07 3.83E-05
REACTOME_ADAPTIVE_IMMUNE_SYSTEM 818 Adaptive Immune System 16 0.0196  4.41E-07 4.36E-05
REACTOME_GENERATION_OF_SECOND_MESSENGER_MOLECULES 39 Generation of second messenger molecules 5 0.1282  6.45E-07 6.09E-05
REACTOME_SIGNALING_BY_GPCR 1184 Signaling by GPCR 19 0.016  7.07€-07 6.39E-05
KEGG_CELL_ADHESION_MOLECULES_CAMS 133 Cell adhesion molecules (CAMs) 7 0.0526  1.67E-06 1.45E-04
BIOCARTA_NEUTROPHIL_PATHWAY 8 Neutrophil and Its Surface Molecules 3 0.375 4.06E-06 3.38E-04
BIOCARTA_LYMPHOCYTE_PATHWAY 9 Adhesion Molecules on Lymphocyte 3 0.3333  6.08E-06 4.86E-04
KEGG_T_CELL_RECEPTOR_SIGNALING_PATHWAY 108 T cell receptor signaling pathway 6 0.0556 6.90E-06 5.32E-04
BIOCARTA_MONOCYTE_PATHWAY 11 Monocyte and its Surface Molecules 3 0.2727  1.19€-05 8.81E-04
REACTOME_INTERFERON_ALPHA_BETA_SIGNALING 71 Interferon alpha/beta signaling 5] 0.0704  1.31E-05 9.37E-04
BIOCARTA_THELPER_PATHWAY 12 T Helper Cell Surface Molecules 3 0.25 1.58E-05 1.09E-03
KEGG_CHEMOKINE_SIGNALING_PATHWAY 189 Chemokine signaling pathway 7 0.037 1.68E-05 1.13€-03
KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION 272 Neuroactive ligand-receptor interaction 8 0.0294  2.21E-05 1.44E-03
BIOCARTA_LYM_PATHWAY 14 Adhesion and Diapedesis of Lymphocytes 8 0.2143  2.59E-05 1.63E-03
BIOCARTA_GRANULOCYTES_PATHWAY 15 Adhesion and Diapedesis of Granulocytes 3 0.2 3.23E-05 1.98E-03
REACTOME_INTERLEUKIN_2_FAMILY_SIGNALING 44 Interleukin-2 family signaling 4 0.0909  3.63E-05 2.16E-03
REACTOME_INTERLEUKIN_10_SIGNALING 46 Interleukin-10 signaling 4 0.087  4.34E-05 2.51E-03
REACTOME_ANTIMICROBIAL_PEPTIDES 97 Antimicrobial peptides 5 0.0515  5.92E-05 3.33E-03
BIOCARTA_COMP_PATHWAY 20 Complement Pathway 3 0.15 7.97E-05 4.36E-03
REACTOME_INTERLEUKIN_4_AND_INTERLEUKIN_13_SIGNALING 111 Interleukin-4 and Interleukin-13 signaling 5 0.045 1.12E-04 5.99E-03
REACTOME_TCR_SIGNALING 124 TCR signaling 5 0.0403  1.89E-04 9.82E-03
REACTOME_PEPTIDE_LIGAND_BINDING_RECEPTORS 197 Peptide ligand-binding receptors 6 0.0305  1.99E-04 1.01E-02
KEGG_NATURAL_KILLER_CELL_MEDIATED_CYTOTOXICITY 137 Natural killer cell mediated cytotoxicity 5 0.0365  3.00E-04 1.48E-02
REACTOME_EXTRACELLULAR_MATRIX_ORGANIZATION 301 Extracellular matrix organization 7 0.0233  3.08E-04 1.49E-02
BIOCARTA_IFNA_PATHWAY 9 IFN alpha signaling pathway 2 0.2222  6.24E-04 2.88E-02
REACTOME_OAS_ANTIVIRAL_RESPONSE 9 OAS antiviral response 2 0.2222  6.24E-04 2.88E-02
REACTOME_POST_TRANSLATIONAL_MODIFICATION_SYNTHESIS_C 94 Post-translational modification: synthesis of GPI-anchored proteins 4 0.0426  6.93E-04 3.13E-02
BIOCARTA_TCR_PATHWAY 44 T Cell Receptor Signaling Pathway ] 0.0682  8.60E-04 3.80E-02
REACTOME_INTERLEUKIN_27_SIGNALING 11 Interleukin-27 signaling 2 0.1818  9.49E-04 4.11E-02
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DPP inhibition alters the CXCR3 axis and enhances NK and CD8+ T cell infiltration to improve anti-PD1
efficacy in murine models of pancreatic ductal adenocarcinoma
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In Brief: Dipeptidyl peptidase inhibitor (BXCL701) remodels the PDAC tumor microenvironment by enhancing Th1 response and
the CXCL9/10-CXCR3 axis to enhance naturally occuring anti-tumor immunity and immunotherapy efficacy.

DPP8/9 Inhibition DPP4 Inhibition
BXCL701
1 3
Inflammasome N, Inhibit CXCL9/10
Activation ( Truncation
— —_—
° DPP4
® BXCL701
C Immune cells / \
(i.e., macrophages, P ° R
dendritic cells) CXCL9/10 Truncated/Inactive ®
PDAC Tumor CXCL9/10 ®
Pro-inflammatory O P
cytokines L
(e.g., IL-1B, IL-18) o/ @

2
Th1 Response T cells °
Stimulation Tumor Lysis
T Th1 cyokines
(IL-2, IL-12, IFNy) e *

T

T CXCL9/10 ——o
Tumor Microenvironment

Blood vessel

CXCR3+ NK and T cells

4

CXCR3+ Cell
Recruitment

T Tumor NK and
CD8+ T cells

Fitzgerald AA, et al. J Immunother Cancer 2021; 9:e002837. doi: 10.1136/jitc-2021-002837



	DPP inhibition alters the CXCR3 axis and enhances NK and CD8+ T cell infiltration to improve anti-­PD1 efficacy in murine models of pancreatic ductal adenocarcinoma
	Abstract
	Background
	Methods
	TCGA Analysis
	Cell lines
	Drug preparation
	Animal studies
	RNAseq analysis
	DPP activity assay
	Immunohistochemistry
	Cytokine panel
	Flow cytometry
	Statistics

	Results
	DPP inhibitor, BXCL701, reduces mT3-2D tumor growth and prolongs overall survival
	BXCL701 treatment increases circulating inflammasome-related and Th1-related cytokines
	BXCL701 treatment increases tumor expression of CXCL9, Th1 response genes and NK and CD8+ T cell markers
	BXCL701 treatment increases tumor levels of the chemoattractants CXCL9/10 and CXCR3+ cells
	BXCL701 treatment enhances anti-PD1 efficacy in PDAC
	BXCL701+anti-PD1 combination treatment is dependent on both CD8+ T cells and NK cells
	BXCL701+anti-PD-1 combination treatment induces memory response against rechallenge
	NK cell marker expression in human PDAC tumor samples correlates with PDAC patient outcomes

	Discussion
	References

	/content/jitc/supplemental/jitc-2021-002837/DC1/2/jitc-2021-002837supp002_data_supplement.pdf
	Sheet1


