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Abstract

Pancreatic cancer is a particularly lethal malignancy and resists immunotherapy. Here, using a
preclinical pancreatic cancer murine model, we demonstrate a progressive decrease in IFN-y and
Granzyme B and a concomitant increase in Tox and IL-10 in intratumoral tumor-specific T cells.
Intratumoral myeloid cells produced elevated I1L-27, a cytokine that correlates with poor patient
outcome. Abrogating IL-27 signaling significantly decreased intratumoral Tox+ T cells and
delayed tumor growth yet was not curative. Agonistic aCD40 decreased intratumoral 1L-27-
producing myeloid cells, decreased IL-10-producing intratumoral T cells, and promoted
intratumoral Kirgl+Gzmb+ short-lived effector T cells. Combination agonistic a CD40+aPD-L1
cured 63% of tumor-bearing animals, promoted rejection following tumor re-challenge and
correlated with a 2-log increase in pancreas-residing tumor-specific T cells. Interfering with /fngri
expression in non-tumor/host cells abrogated agonistic a CD40+aPD-L1 efficacy. In contrast,
interfering with non-tumor/host cell 7Tnfrsflaled to cure in 100% of animals following agonistic
aCD40+aPD-L1 and promoted the formation of circulating central memory T cells rather than
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long-lived effector T cells. In summary, we identify a mechanistic basis for T cell exhaustion in
pancreatic cancer and a feasible clinical strategy to overcome it.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDA), the most common form of pancreatic cancer, is
currently the third leading cause of cancer-related mortality (1). PDA is often surgically
inoperable at the time of diagnosis due to locally advanced and/or metastatic disease.
Aggressive cytoreductive therapies confer modest improvements in overall survival (2, 3).
Immune checkpoint blockade (e.g., aPD-1/aPD-L1/aCTLA-4) is an attractive approach
because of clinical benefit in other malignancies (4). However, PDA is largely refractory to
immune checkpoint blockade and while objective responses can occur in rare PDAs with a
high tumor mutational burden, such responses are often transient (5, 6). Combination of
PD-1 and CTLA-4 inhibition also had minimal benefit in Phase 2 clinical trial (7).

PD-1 blockade efficacy is enhanced by modifying the suppressive tumor microenvironment
(TME) in preclinical PDA animal models (8-10). One promising TME-modulating strategy
is agonistic aCD40, which promotes anti-tumor myeloid cells (11) and engages T cells (12—
15). Notably, agonistic aCD40 (11) similar to our engineered T cell therapy targeting
mesothelin (16) promotes destruction of the fibroinflammatory tumor stroma. A
combination of agonistic aCD40, aPD-1 and chemotherapy are showing promising clinical
results in advanced PDA (17). Previously, we identified that a single dose of agonistic
aCD40 enhanced the longevity of engineered T cells in a KrasC12D/*: Trp53R112H+: 48 Cre
(KPC) genetically engineered PDA mouse model (18). However, the mechanism(s)
underlying agonistic aCDA40 action in PDA are unclear, in part because it is often studied in
combination with other immune modulatory and cytotoxic therapies. Additionally, as there
are currently no identified endogenous immunogenic epitopes identified in KPC animals
(19), few studies have distinguished a tumor antigen-specific T cell response.

We previously developed a PDA animal model that expresses a tumor-specific antigen click
beetle red luciferase (CB) (20). Unlike ovalbumin, which causes KPC cell line rejection in
syngeneic B6 mice (19, 20), KPC CB+ tumors grow in B6 mice and CB1g;_109:H-2DP-
specific T cells accumulate intratumorally but are rendered defective in IFNy and TNFa
following antigen stimulation (20), consistent with differentiation into exhausted T cells
(Tex). In the current study, we further characterize and quantify Tgy formation in pancreatic
cancer and identify a novel combinatorial approach to overcome Tgy leading to tumor cure
and formation of immunological memory.
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MATERIALS & METHODS

Animals

University of Minnesota Institutional Animal Care and Use Committee approved all animal
studies. We previously described Kras-SL-G12D+  7p53-SL-RIT2HI* - and padCre mice with
>99.6% genetic similarity to C57BL/6J mice (16). We used 6-12-week-old female and male
mice purchased from The Jackson Laboratory including C57BL/6J mice (000664) or mice
backcrossed to C57BL/6 >10 generations including //27ra”'~ (018078), /fngrl'~ mice
(003288), and 7nfrsfla™”~ (003242). //1(ESFP mice were generously provided by Dr. Sarah
Hamilton and described (21, 22). //27p28°GFP mice were generated and provided by Dr.
Ross Kedl (23).

Primary tumor epithelial cells

Autochthonous tumors from C57BL/6J KPC mice were cultured /in vitroto generate primary
PDA tumor epithelial cells as described (16, 20). The KPC2 and KPC2a CB-eGFP+ cells
(20) were maintained below passage 15 in Basic Media (in 500 mL DMEM (Gibco) +10%
FBS (Gibco) + 2.5 pg/ml Amphotericin B (Gibco) + 100 pg/ml pen/strep (Gibco) + 2.5 mg
dextrose (Fisher Chemical) at 37°C and 5% CO,. Media was sterile filtered and stored in the
dark at 4°C.

Orthotopic tumor cell implantation

After reaching surgical plane anesthesia, a small incision was made in the right abdomen to
access the pancreas. 1 x10° tumor cells were injected into the pancreas in 20 pl of 60%
matrigel (Discovery Labware) using an insulin syringe (Covidien) (20). Separate sets of
sutures were used to close the peritoneum and skin (Ethicon). For the orthotopic tumor re-
challenge experiments, a total of 1x10° CB+ KPC2a cells, or a 9:1 ratio of KPC2a: KPC2
(CB+:CB-) tumor cells, were implanted surgically into the pancreas in the same manner.

Production of CB1g1_109:H-2DP fluorescently labeled tetramer

H-2DP-restricted biotinylated monomer was produced by incubating CB1g3_109 peptide with
purified H-2DP and p2m followed by purification via Fast Protein Liquid Chromatography
system (Aktaprime plus, GE health care) as we described (18). Biotinylated monomer was
conjugated to streptavidin R-phycoerythrin or streptavidin BV421 (Invitrogen) to produce
fluorescent CB1g1_109:H-2DP tetramer, which we validated previously (20).

In vivo monoclonal antibody treatments

On day 7 post orthotopic tumor implantation and following tumor establishment within the
pancreas, 100 g of agonistic aCD40 (FGK45, BioXcell) was diluted in sterile saline and
injected intraperitoneally (i.p.). A separate cohort of tumor bearing mice received 200 pg of
aPD-L1 (10F.9G2, BioXcell) i.p on days 7, 10 and 12 post orthotopic tumor implantation.
Cohorts in Figure 1 received 200 pg alLag3 (clone C9B7W, BioXcell), aTim3 (RMT3-23,
BioXcell) or aTIGIT (clone 1G9, BioXcell) alone, or in combination with aPD-L1
(10F.9G2) i.p. on days 7,10 and 12. Combination treated animals received both antibodies at
the same timepoints. For /n vivo antibody blockade of 1L-27 or IL-10, 200 ug of alL-27p28
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(clone MM27.7B1, BioXcell) or alL-10R (clone 1B1.3A, BioXcell) was diluted in sterile
saline and injected i.p. on days 6, 10, 14, and 18 post orthotopic tumor implantation.

In vivo imaging
Abdominal hair was removed with Nair. High-resolution ultrasound imaging (Vevo 2100)
was used to visualize a defined hypoechoic mass in the murine pancreas using abdominal
landmarks (liver, portal vein, duodenum, spleen and kidneys) as described (16, 20). Tumor
volume based on ultrasound measurements was calculated using a modified ellipsoidal
formula: Tumor volume = 1/2(length x width?). For bioluminescent imaging, tumor-bearing
mice were injected with 100 ug of D-Luciferin (Promega) i.p. followed by image acquisition
11 minutes later using 0.5 second exposure time. Images were first acquired after 0.5 second
exposure time with a binning of 8. When luminescence saturation occured, additional
images with a binning of 2 and/or auto exposure setting were acquired. Tumor radiance was
quantified in photons per second using IVIS 100 and Living Image software (Xenogen).

Preparation of mononuclear cells from tissues

Spleens were mechanically dissociated to single cells. Red blood cells (RBCs) were lysed by
incubation in 1 mL of Tris-ammonium chloride (ACK) lysis buffer (GIBCO) for 1-2
minutes at room temperature in 15 mL conical tubes. 9 mL of T cell media (DMEM
(GIBCO) + 10% FBS (GIBCO), 100 ug/ml pen/strep (GIBCO), 20 mM L-glutamine
(GIBCO), 1x NEAA (GIBCO), and 50 uM p-mercaptoethanol (Sigma)) was added to
quench lysis. Cells were spun at 1400 rpm for 5 minutes and stored in T cell media on ice
until further analyses. Tumors were mechanically digested to single cells in a similar manner
including 2 additional wash steps to remove cell debris and pancreatic enzymes.

Flow cytometry

T cells were stained with CB101_109:H-2DP-PE or -BV421 tetramer (1:100) in the presence
of 1:500 Fc block (aCD16/32, Tonbo), and antibodies including murine CD45 (30F-11,
Biolegend), CD8a (53-6.7, Tonbo), CD44 (IM7, BD), CD62L (MEL-14, Biolegend), Klrgl
(2F1, Biolegend), Cxcr3 (CXCR3-172, eBioscience), PD-1 (343, Invitrogen), Tim-3
(RMT3-23, Biolegend), Lag-3 (C9B7W, Biolegend), Tigit (1G9, Biolegend), CD69
(H1.2F3, BD), CD103 (M290, BD), and/or CD49a (Ha31/8, BD) in the presence of live/
dead stain (Tonbo Ghost dye in BVV510 or APC ef780). For tetramer staining, we included a
dump channel with antibodies to CD11b (M1/70, Tonbo) and CD19 (1D3, BD). Antibodies
were diluted either 1:100 or 1:200 in FACs Buffer (PBS+2.5% FBS). Cells were fixed using
Foxp3 transcription staining kit (Tonbo) for 30 minutes at 4°C, washed and intracellular
stained with antibodies specific to Tox (TXRX, Invitrogen) and Granzyme B (NGZB,
eBioscience). Intracellular staining was performed for 1 hour by diluting 1:100 in Fix/Perm
buffer (Tonbo). For myeloid cells analysis, mononuclear cells were stained with 1:500 Fc
blockade (aCD16/32, Tonbo) in combination with monoclonal antibodies specific to murine
CD45 (30F11, Biolegend), CD19 (1D3, BD), NK1.1 (PK136, eBioscience), NKp46
(29A1.4, Biolegend), CD11b (M1/70, Tonbo), Ly6G (1A8, eBioscience), CD64 (X54-5/7.1.
Biolegend), F4/80 (BMS8, eBioscience), CD11c (N418, BD), I-AP (M5/114 15.2, Invitrogen),
CD8a (53-6.7, Tonbo), CD103 (M290, BD), Xcrl (ZET, Biolegend), SIRPa (P84,
Biolegend), PD-L1 (10F.9G2, Biolegend), Clec9a (7H11, Biolegend), CD40 (HM40-3,
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Biolegend) and/or intracellular IRF8 (V3GYWCH, eBioscience) in the presence of live/dead
stain (Tonbo Ghost dye in BV510 or APC ef780) for 30 minutes at 4°C in the dark. Cells
were fixed with 0.4% PFA for 15 minutes and cell counting beads (Thermo Fisher) were
added to each sample prior to acquisition using a Fortessa 1770 flow cytometer and BD
FACS Software. Data were analyzed using FlowJo software (version 10).

In vitro T cell culture

A total of 5 x 108 splenocytes from //1(ESFP mice (21, 22) were cultured with anti-CD3 (1
pg/ml, clone 145-2¢11 BD) + anti-CD28 (5 pg/ml, clone 37.51, BD) * 50 ng/ml of
recombinant murine IL-27 (R&D systems) in T cell media similar to as described (24). For
the 7-day timepoint, IL-27 was replenished every 48 hours. Following either 2-day or 7-day
stimulation, unfixed cells were stained with a live/dead cell stain (Tonbo Ghost dye), CD45
(30F-11, Biolegend), CD8a. (53-6.7, Tonbo), CD4 (RM4-5, Tonbo), and Lag-3 (C9B7W,
Biolegend) diluted 1:100 — 1:200 in FACs Buffer (PBS + 2.5% FBS) and analyzed for GFP
expression by flow cytometry on the same day in triplicate. We stained additional samples
with the identical above antibodies which then were fixed and permeabilized using the
Foxp3 intracellular staining kit (Tonbo) followed by intracellular staining for Tox (TXRX,
Invitrogen).

VISNE and FlowSOM Analysis

In Figure 1, samples were concatenated and CD8+tetramer+ T cells were analyzed using
Flowjo version 10. The 6 clusters were identified in an unbiased manner using the
FlowSOM algorithm plugin for Flowjo (25), where each cell of the 4 samples was assigned
to one of 6 meta clusters based on expression of CTLA4, Tim3, Lag3, Tigit, IL-10, and PD1.
ViSNE analysis was performed with default settings of 1000 iterations, 20 perplexity, 200
Eta, 0.5 Theta, and the channels CTLA4, Tim3, Lag3, Tigit, IL-10, PD1, and Sample ID
were selected.

Intracellular cytokine staining and GFP quantification

To determine antigen-specific T cell cytokine production, single cell spleen and tumor
suspensions were cultured + CB1g1-109 peptide (1 pg/ml Genscript) and Golgiplug (1:500
BD Biosciences) for 4-5 hours at 37°C incubator. Cells were subsequently stained with live/
dead cell dye (Tonbo Ghost dye in BV510 or APC ef780) and antibodies including CD45
(30F-11, Biolegend), CD8a. (53-6.7, Tonbo), CD44 (IM7, BD), and Klrgl (2F1, Biolegend)
diluted 1:200 in FACs Buffer (PBS+2.5% FBS) for 30 minutes in the dark at 4°C. Cells were
fixed and permeabilized (BD Fixation Kit) and incubated with antibodies specific IFNy
(XMG1.2, Biolegend, 1:100) and TNFa (MP6-XT22, Biolegend, 1:100) diluted in
permeabilization buffer overnight in the dark at 4°C. To calculate the proportion of GFP+
immune cells in //ZESFP and //27p28eGFPtumor-bearing mice, we subtracted the mean
background GFP+ signal identified in cell subsets isolated from spleen and tumor of non-
reporter animals (n=3 mice per timepoint) from the GFP+ signal in cell subsets isolated from
spleen and tumor of //1CECFP or 1/27026¢GFP gnimals (n=3-7 mice per timepoint) in Figures
2B, 2D, 21, 2J and Supplemental Fig. 2G. Cells were collected using a Fortessa 1770 and
Facs Diva software (BD Biosciences) and data was analyzed using FlowJo software (version
10).
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Cell numbers normalized to tissue gram

Flow cytometry cell counting beads (Thermo Fisher) were added to each tube collected for
flow cytometry. The number of live CD45+ cells collected per tube was determined using
FlowJo analysis software and the equation: #CD45+ cells per tube (n) = (#Beads/#Cells) x
(Concentration of beads x Volume of beads added). Total number of cells collected from the
entire single cell suspension was determined by multiplying n by total number of stains. Cell
numbers were normalized to gram of tissue by dividing cell numbers by gram (spleen or
tumor).

Immunofluorescence

Tissues were embedded in OCT (Tissue-Tek) and stored at —80°C. 7 um sections were cut
using a Cryostat and fixed in acetone at —20°C for 10 minutes. Sections were rehydrated
with PBS + 1% bovine serum albumin (BSA) and incubated for 1 hour at room temperature
CD8-PE/Dazzle 594 (53-6.7, Biolegend, 1:100), panCK-FITC (Sigma-Aldrich, F3418,
1:200) and CD49a (Ha31/8, BD, 1:100) diluted in PBS + 1% BSA. Sections were washed
3X with PBS+1% BSA, 2X with PBS and mounted in DAPI Prolong Gold (Life
Technologies). Images were acquired on a Leica DM6000 epifluorescent microscope at the
University of Minnesota Center for Immunology using Imaris 9.1.0 (Bitplane).

TCGA database

PDA patient survival and gene expression data deposited in The Cancer Genome Atlas
(TCGA) were analyzed using Gene Expression Profiling Interactive Analysis (GEPIA),
http://gepia.cancer-pku.cn/.

Analysis of tumor escape variants

When tumor size was >108 radiance and/or >500 mm3, tumors from 3 mice that escaped
agonistic aCD40 (harvested at day 40-75), 2 tumors that escaped agonistic a CD40+aPD-
L1 (harvested at day 80) ,and 2 tumors that escaped aPD-1+aPD-L1 (harvested at day 80)
were expanded /n vitro as described (20). Following in vitro establishment of cell lines (~1
week), 3x10° KPC tumor epithelial cells per well were plated in 6-well plates in tumor
media. After 24 hours, supernatant was removed and replaced with tumor media + 50 ng/ml
recombinant mouse IFNy (R&D Systems). After ~48 h, adherent tumor cells were lifted in
10 mM EDTA (Invitrogen), washed and stained with antibodies directly conjugated to PD-
L1 (10F.9G2, BioLegend). Data were acquired on Fortessa flow cytometer (BD) using BD
FACSDiva software and analyzed using FlowJo v10. Re-derived cell lines were also plated
at equal numbers and cultured /n vitro = recombinant mouse IFN-y (100 ng/mL, R&D
Systems) for 24 hours in 6-well plates. Cells were lifted in 10 mM EDTA (Invitrogen), RNA
was extracted (QIAGEN RNeasy Mini Kit) and concentration/purity was assessed by
Nanodrop. cDNA was generated using RT Buffer Mix and RT Enzyme Mix (Thermo
Fisher). Real time PCR was performed in triplicate on a BioRad CFX96 Touch Real-Time
PCR Detection System by measuring SYBR Green (BioRad) fluorescence for 40 cycles
similar to as we described (20).
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Statistical Analysis

Statistical analyses were performed using GraphPad software (version 7.0). All mouse
experiments reflect n= 3-16 mice per group. Unpaired, two-tailed student’s T test was used
to compare 2-group data. One-way ANOVA and Tukey post-test were used for comparing
>2-group data. Log-rank (Mantel-Cox) test was used to test for statistically significant
differences in mouse survival. Data are presented as mean * standard error of the mean
(S.E.M.) and p<0.05 was considered significant. *, p<0.05; ** p<0.005; ***, p<0.0005.

RESULTS

Tumor-specific T cells progressively lose Granzyme B and IFNy while increasing Tox and
IL-10 in PDA

Tox is a transcription factor that can both promote pathogenic CD8 effector (Tgrg) T cells
(26) and Tgx differentiation (27-30). We analyzed intratumoral CB1g;_109:H-2DP-specific T
cells (Supplemental Fig. 1A) for intracellular expression of Tox and GzmB at various
timepoints post orthotopic KPC2a (CB+) tumor implantation (Fig. 1A-B), a PDA mouse
model we previously described (20). Compared to splenic tetramer+ T cells, Tox was
elevated in intratumoral tetramer+ T cells 2-, 4- and 6-fold on days 7, 14 and 21,
respectively (Fig. 1C). Tox levels were significantly increased in intratumoral T cells on day
14 as compared to day 7 and decreased by day 21 (Fig. 1C). GzmB levels were highest on
day 7 and significantly decreased by day 14 in intratumoral tetramer+ T cells, (Fig. 1C-D).
The proportion of Tox+Gzmb+ intratumoral tetramer+ T cells also progressively decreased
(Fig. 1D). By day 21, most splenic tetramer+ T cells were Tox-Gzmb-, suggesting less
antigenic stimulation (Fig. 1D). Despite tumor-specific T cell accumulation in PDA, T cell
progressively were rendered defective in IFNy production following peptide re-stimulation
between days 7 and 14 (Fig. 1E and Supplemental Fig. 1B). In contrast, splenic tumor-
specific T cells maintained IFN+y production following TCR signaling even on day 21 (Fig.
1E and Supplemental Fig. 1B). We observed a similar loss of TNFa production by
intratumoral CB1q1_109-Specific T cells following ex vivo peptide re-stimulation (not shown
and (20)). Intratumoral tetramer+ T cells produced more IL-10 than splenic tetramer+ T
cells (Fig. 1F). Tetramer+ T cells tended to produce more IL-10 compared to tetramer- T
cells, suggesting a dependency on chronic TCR signaling (Supplemental Fig. 1C).
FlowSOM and VviSNE clustering of tetramer+ T cells identified clusters 4 and 5 that were
restricted to tumor and exhibited high expression of co-inhibitory receptors PD1, Lag3, and
Tigit while such expression was absent in cluster 2 in spleen (Fig. 1G-I and Supplemental
Fig. 1D). Moreover, cluster 5, which exhibited multiple coinhibitory receptor expression was
also particularly elevated in IL-10 compared to cluster 4 (Fig. 1H-I). IL-10 was significantly
increased in intratumoral tetramer+ T cells by day 14 post tumor implantation (Fig. 1J), a
timepoint we have previously shown to render tumors refractory to monotherapy aPD-L1
(20). Thus, 1L-10M9" (cluster 5) vs. IL-10!W (cluster 4) Tgx may represent a continuum of
Tex formation. We next tested the functional significance of several coinhibitory receptors
elevated in intratumoral T cells by administrating blocking antibodies starting on day 7 post
tumor implantation. Lag3 blockade alone, or in combination with aPD-L1, significantly
prolonged mouse survival and exhibited the strongest overall effect (Fig. 1K). However,
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alag3+aPD-L1 was not curative in most animals suggesting additional factors in the TME
contribute to Tgyx formation and tumor escape.

Agonistic aCD40 abrogates intratumoral myeloid cell production of IL-27 and Tgx

formation

Due the enrichment of IL-10 in Tgx, we sought to identify a potential mechanism. IL-27 is a
heterodimeric cytokine that is composed of IL-27p28 and Epstein-Barr virus-induced gene 3
(Ebi3), which is shared with 1L-35 (31). IL-27 production by immunoregulatory dendritic
cells (DCs) promotes the expansion of IL-10-producing CD4 T cells (32) and peripheral
tolerance (33, 34). IL-27 also promotes CD8 T cell coinhibitory receptor expression (24) and
is linked to Tgx program in melanoma (35). We identified high /L27p28 significantly
correlated with decreased overall survival in PDA patients (Fig. 2A). To first investigate the
Kinetics of /L27p28expression in PDA, we implanted KPC2a tumor cells into the pancreas
of //127p285FF reporter mice (23). //27p28°CFP was progressively increased in intratumoral
CD45+ cells (Fig. 2B). In contrast, //27p28GFF was not detected in healthy pancreas (Fig.
2C and Supplemental Fig. 2A). To further identify //27028FP-expressing cell subsets, we
used a gating strategy shown in Supplemental Fig. 2B. cDC1s express Xcrl and are efficient
at cross-presenting cell-associated antigen to prime naive CD8+ T cells and cDC2s promote
naive CD4+ T cell priming (36-39). cDC1s co-expressed higher levels of IRF8 and
CLEC9A as compared to cDC2s (Supplemental Fig. 2C), validating our gating strategy.
1127p28 by granulocytes increased earliest following tumor implantation (day 7), followed
by cDC2s, TAMs, cDC1s (day 14), and B cells (day 21) (Fig. 2D). Tumor growth was
delayed in //27ra”'~ mice (Fig. 2E and Supplemental Fig. 2D) despite similar tumor-specific
T cell frequency (Fig. 2F) and number (not shown). A significantly lower proportion of
intratumoral tumor-specific T cells expressed Tox in //27ra”~ mice (Fig. 2G—H), suggesting
IL-27 may promote tumor growth via inducing Tgx. This effect was independent of tumor
size because Tox was increased in tetramer+ T cells at day 21 in //27ra”'~ mice compared to
tetramer+ T cells isolated on day 14 from wild type animals, timepoints when tumor size is
similar between these cohorts (Fig. 2E). As depleting a cytokine for therapeutic purposes
would require prolonged dosing, we began to test clinically applicable TME-modulating
approaches that may reprogram or change 1L-27 producing myeloid cells in PDA. Agonistic
aCDA40 significantly decreased //27p28 production by intratumoral CD45+ cells, including
granulocytes, TAMs and cDC2s (Fig. 21 and Supplemental Fig. 2E). As IL-10 can be
induced by IL-27 signaling in CD4+ T cells (32), we next analyzed how agonistic aCD40
impacted IL-10 by utilizing the /219 reporter mice. Agonistic aCD40 significantly
decreased I1L-10 production by total intratumoral CD45+ cells with a significant decrease in
IL-10 by TAMs (Supplemental Fig. 2F-G). Agonistic aCD40 significantly decreased
intratumoral CD8+ T cell IL-10 production (Fig. 2J). In contrast, aPD-L1 had no effect on
immune cell expression of these cytokines (Fig. 21-J and Supplemental Fig. 2E-G). The
decrease in IL-10 production following agonistic aCD40 correlated with a concomitant
increase in Granzyme B in intratumoral tetramer+ T cells (Fig. 2K). To investigate if IL-10
or IL-27 impacted tumor growth, we blocked either IL-10R or IL-27p28 as shown in
Supplemental Fig. 2H. Blocking either IL-10R or IL-27p28 significantly decreased tumor
size (Fig. 2L).
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The above data suggest that agonistic aCD40 may be altering IL-10 production in T cells by
decreasing IL-27 in myeloid cells. We therefore next tested if IL-27 directly enhanced IL-10
production in CD4 and CD8 T cells /n vitro. 1L-27 significantly increased IL-10 production
by CD8+ T cells on days 2 and 7, and by CD4+ T cells on day 2 post T cell activation (Fig.
2M-2N). Further, IL-27 increased the amount of 1L-10 produced by CD8+ T cells and
CDA4+ T cells (Fig. 20). However, IL-27 did not impact TOX or Lag3 expression in the in
vitro activated T cells (Fig 2P). While further studies are necessary, the results are consistent
with agonistic aCD40 mitigating IL-10 production by CD8+ T cells via downmodulation of
IL-27.

Agonistic aCD40 and aPD-L1 blockade therapy promote pancreatic cancer eradication

Because CD40 agonist decreased IL-27 by intratumoral myeloid cells, we next tested if
agonistic aCD40 enhanced immune checkpoint blockade using aPD-L1. After tumor
establishment, mice were randomly enrolled to receive aCD40, aPD-L1, or the combination
(Fig. 3A). Tumors relapsed following either monotherapy yet were undetectable following
aCD40+aPD-L1 (Fig. 3B-C). The combination significantly prolonged animal survival
resulting in cures in 63% (10/16) animals (Fig. 3D). Therefore, we next investigated the
individual contribution of these therapies on tumor-specific T cells by first measuring
cytokine-producing tumor-specific T cells at 1-week post therapy, a timepoint at which
tumor size is equivalent and thus would not be a contributing variable to T cell phenotype or
function (Fig. 3E). We found agonistic «CD40 alone failed to increase the number of IFN-y-
producing tumor-specific CD8+ T cells in spleen or tumor (Fig. 3F). In contrast,
combination therapy significantly increased the number of intratumoral T cells producing
IFNy or co-producing IFNy and TNFa (Fig. 3F). aPD-L1 monotherapy or aCD40+a.PD-
L1 increased splenic CB-specific T cell number on day 14 (Fig. 3G), consistent with
enhanced peripheral T cell priming, survival, and/or proliferation post-aPD-L1 treatment
similar to our prior study (20). aCD40+aPD-L1 also increased intratumoral CB-specific T
cell number (Fig. 3G). Similar to cytokine results, agonistic a CD40 failed to increase the
number of tumor-specific T cells in spleen and tumor. These results are consistent with a
failure of agonist aCD40 alone to prime T cells in a vaccination setting (40). While the
frequency of tetramer+ T cells increased in the spleen post agonistic aCD40+aPD-L1 on
day 14 (Supplemental Fig. 3A), it was unchanged in the tumor, potentially reflecting an
influx of additional T cell antigen specificities and consistent with an increase in total
intratumoral CD8+ T cells (Supplemental Fig. 3B). Intratumoral CB1g1_109:H-2DP-specific
T cells contracted >5 fold between days 14 and 21 following aCD40+aPD-L1 (Fig. 3G),
coinciding with tumor clearance.

Klrgl is expressed on effector T cells during acute viral infection (41, 42), on both short-
lived (43) or long-lived effector cells (44), and is downregulated during memory transition
(45). Our prior study showed that Klrgl and Lag3 could distinguish functional effector from
exhausted T cells in PDA, with Klrgl+Lag3- tumor-specific T cells correlating with tumor
control (20). There is an inverse relationship between Tox and Klrgl expression in CD8 T
cells during viral infection (29, 30). Both aCD40 monotherapy and aCD40+aPD-L1
increased the proportion of intratumoral Klrgl+tetramer+ T cells on day 14 (Fig. 3H). By
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day 21, however, Klrgl+ tetramer+ T cells markedly decreased following aCD40 (Fig. 3H),
suggesting aCD40 may promote short-lived effector T cells at the expense of Tgx.

We previously showed that endogenous intratumoral tumor-specific T cells upregulate PD-1,
Lag-3, TIGIT, and Tim-3 and are rapidly rendered exhausted (20). Therefore, we next
assessed if inhibitory receptor expression and Tox were impacted by these immunotherapies.
Tox was increased in tumor-specific T cells in the tumor vs. spleen (Fig. 31-3J), consistent
with chronic antigen stimulation. aCD40 and aCD40+aPD-L1 significantly decreased Tox
+ tetramer+ T cells in PDA (Fig. 31). aCD40 or aCD40+aPD-L1 significantly decreased
the proportion of intratumoral CB-specific T cells that co-expressed multiple inhibitory
receptors (Supplemental Fig. 3C). Tox was also decreased in intratumoral non-tetramer-
binding CD8+ T cells following combination therapy (Supplemental Fig. 3D).
aCD40+aPD-L1 significantly decreased tumor weight in the rapidly growing orthotopic
parental CB- KPC model (Supplemental Fig. 3E). However, we did not observe tumor
regressions in this model suggesting that the therapeutic effects of this combination require
the presence of neoantigen-specific T cells. Future studies that incorporate chemotherapy
may help activate endogenous tumor-reactive T cells in tumors with lower antigenicity (12).

aCD40+aPD-L1 promotes long-lived effector and resident memory T cells capable of
tumor rejection

Tissue resident memory T cells (Trpm) gene signatures correlate with improved outcomes in
breast, skin, and lung cancer (46-48). While well-studied in mucosa, Trp, formation in
pancreas is less clear. Therefore, we tested if tetramer+ T cells persisted long-term in cured
immunotherapy-treated mice and if they exhibited phenotypic traits of Tgp. 12-15% of
CD8+ T cells were tetramer+ in pancreas as well as sites for PDA metastasis including liver
and lung (Fig. 4A). Numerically, most tetramer+ T cells resided in the spleen, however (Fig.
4B). Pancreas-residing tetramer+ T cells were enriched for Ty markers CD49a and CD103
(Fig. 4C-D) yet lacked CD69 (Supplemental Fig. 4A), perhaps reflecting tissue-dependent
variability of CD69 on Trpy (49). Tetramer+ cells expressed higher PD-1 and Lag-3 in
pancreas compared to spleen (Fig. 4D and Supplemental Fig. 4B), which may be due to
epigenetic modification of the PD-1 locus (50). CD49a and CD103 MFI was highest in
pancreas tetramer+ T cells (Supplemental Fig. 4C), potentially due to differences in
surrounding tissue or prior antigen encounter. Rare CD8+CD49a+ T cells were detected in
close contact with CD49+ stromal cells in pancreas from cured mice yet not in control
pancreas or tumor (Supplemental Fig. 4D). To test if memory T cells could reject tumors, we
re-challenged a separate cohort of cured mice on day 100, which rapidly rejected CB+
tumors (Fig. 4E-F, and Supplemental Fig. 4E-F). Further, 66% (2/3) mice rejected a 9:1
ratio of CB+:CB- tumor re-challenge (Fig. 4E-F and Supplemental Fig. 4E—F), consistent
with engaging tumor-reactive memory of T cells specific to native tumor antigens. On day
30 post challenge, pancreas weight was normal in the 5/6 animals with no /in vivo tumor
growth (Supplemental Fig. 4G) and we readily detected tetramer+ T cells in pancreas from
recipients (Supplemental Fig. S4H-I). Tetramer+ T cell number increased 10-fold in
circulation and 100-fold within the pancreas compared to control cured mice (Fig. 4G). The
contribution of systemic vs. resident memory T cells to the overall anti-tumor effect is
warranted in future studies.
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Abrogating Tnfrsfla in non-tumor/host cells overcomes immune escape following
aCD40+aPD-L1 therapy

To investigate how tumors escaped aCD40+aPD-L1 in the fraction of animals, we re-
derived tumor escape variants (EVs) from mice treated with aCD40 (n=3) or aCD40+a.PD-
L1 (n=2). Compared to tumor cells prior to implantation, EVs expressed lower CB-eGFP,
and one lost CB-eGFP entirely (Fig. 4H and Supplemental Fig. 4J). Similar to our prior
study targeting the PD1 pathway (20), EVs were defective in 7gp7 induction following
culture with IFN+y (Fig. 41) resulting in low cell surface MHC class | (hot shown), while
retaining IFNy-induced PD-L1 (Supplemental Fig. 4J).

We hypothesized that the functional loss of IFNy and TNFa production by Tgy in PDA
may contribute to tumor escape following aCD40+aPD-L1. To begin to test this hypothesis,
we orthotopically implanted KPC2a tumors into mice that lacked /fngrl or Tnfrsflaonly on
host cells and treated animals at day 7 + a CD40+aPD-L1 as shown in Figure 3. /fngri™~
recipients failed to eradicate tumors following aCD40+a PD-L1 (Fig. 4J-K), demonstrating
a critical role for IFNvy signaling on non-tumor/host cells for antitumor activity. In contrast,
tumor growth was mitigated in untreated 7nfrsfla~~ mice and remarkably, a CD40+aPD-
L1 led to tumor eradication in all 7nfrsfla~~ mice (Fig. 4J-L). While both wild type (WT)
and Tnfrsfla”~ mice generated numerically similar long-lived memory tetramer+ T cells in
blood following aCD40+aPD-L1 and cure (not shown), most circulating tetramer+ T cells
were CD44+CD62L- and positive for Cxcr3 or Klrgl consistent with a long-lived effector
memory phenotype rather than central memory (Fig. 4M). In cured 7nfrsfla™~ mice, a
higher proportion of circulating tetramer+ T cells were CD44+CD62L+, consistent with a
central memory phenotype (Fig. 4M). Tumors did not recur in 100% of 7nfrsfla”~ mice
following aCD40+aPD-L1 resulting in prolonged survival compared to untreated 7nfrsfia
~~mice (Fig. 4N). Thus, TNFa signaling on host cells can promote pancreatic cancer
escape during immunotherapy.

DISCUSSION

Immune checkpoint blockade is transforming the standard of care for many advanced
malignancies. However, PDA is largely resistant to PD-1 and CTLA-4 inhibition (7). We
previously showed that aPD-L1 fails to reinvigorate intratumoral Tgy. Instead, aPD-L1
expands peripheral tumor-specific T cells required for transient antitumor effects (20). PD-1
blockade induces clonal replacement of T cells in human skin carcinoma (51), consistent
with expanding peripheral T cells. As PD-1 is induced following TCR signaling, we posit
that PD-1 may suppress high affinity tumor-specific T cells that are a target for PD-1/PD-L1
blockade. Based on our results that a combination of PD-L1 blockade, agonistic aCD40 and
interfering with Tnfa signaling results in cures in 100% of PDA-bearing animals, we
hypothesize that there are three requirements for PDA eradication: 1) expansion of
functional high-affinity tumor-antigen specific T cell clone(s), 2) abrogating suppressive
intratumoral myeloid cell function, and 3) interfering with chronic inflammatory signaling
induced by TNFa. Thus, our study provides a framework to inform the development of
effective immunotherapy combinations, including T cell engineering strategies for patient
treatment (16, 52).
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While PDA-specific CD8+ T cells lose critical effector functions in the TME, we show that
they retain and/or acquire new potentially regulatory functions including IL-10. As IL-10 is
a suppressive cytokine, autocrine 1L-10 may undermine T cell antitumor activity. We
demonstrate 1L-27 increases IL-10 in activated CD8+ and CD4+ T cells in vitro, consistent
with a prior study that IL-27 induces IL-10 in CD4+ T cells (32). However, IL-27 did not
increase TOX or Lag3 expression by /n vitro activated T cells suggesting that the effects of
agonistic aCD40 on these T cell markers may extend beyond IL-27 in vivo. However, the in
vitro studies did not include chronic TCR signaling. Further investigation into the role
autocrine 1L-10 during Tgx differentiation during chronic antigen encounter is of interest.

PD-L1 blockade did not alter intratumoral myeloid cell IL-27p28 and intratumoral CD8+ T
cell IL-10 production. In contrast agonistic aCD40 significantly decreased both IL-27p28 in
myeloid cells and IL-10 in CD8+ T cells. Further investigation will be required to identify
how agonistic aCD40 interferes with intratumoral myeloid cell production of IL-27.
Possibilities include expanding a new wave of myeloid precursors, reprogramming
intratumoral myeloid cells, or indirectly by induction of functional intratumoral antigen-
specific T cells. Paradoxically, when used in a vaccination setting, agonistic aCD40
combined with a TLR agonist promotes T cell priming via IL-27 production by cDC1s (23,
53). The identical IL-27p28 reporter strain (23) was used in these two distinct biological
contexts. In a tumor setting, multiple intratumoral myeloid subsets express IL-27, which is
progressively increased during tumor growth and may be dependent on antigen-specific T
cells that are chronically activated. Abrogating IL-27 in DCs sustains IFNvy production by
CDA4+ T cells, exacerbating hepatitis in a mouse model (54). IL-27 signaling in DCs can
induce peripheral T cell tolerance, mitigate autoimmunity (33, 34) and promote inhibitory
receptor expression on T cells (24, 35). /L27 polymorphisms are observed in patients with
chronic inflammatory diseases (55, 56). Finally, as high /L27P28 significantly correlates
with decreased overall survival in PDA patients (Fig. 2A), our study supports a
predominantly regulatory role for IL-27 in PDA.

Either abrogating IL-27 or administration of agonistic aCD40 significantly reduced the
proportion of intratumoral tumor-specific T cells that expressed Tox, which is required for
Tex survival during chronic antigen stimulation (27-30). Tox appears insufficient to identify
Tex, however, as it is also expressed in functional Tggg early after tumor implantation (Fig.
1) and after in vitro activation (Fig. 2). The role of Tox appears context dependent as it was
required to drive highly functional and pathogenic T cells in the central nervous system (26).

Although agonistic aCD40 likely has additional anti-tumor affects, our results suggest
agonistic aCD40 may operate by decreasing myeloid cell IL-27 production resulting in
switching intratumoral T cell fate from the Tox+ Tgyx lineage toward to short-lived Klrgl+
effector T cells. As agonistic aCD40 alone is insufficient for cure, the expansion of either
qualitatively and/or quantitatively new T cell clones in the periphery following aPD-L1,
potentially expanding higher affinity T cell clones, is operating in a non-redundant manner
from agonistic aCD40 and is necessary for cure. We find no evidence that agonistic aCD40
alone promotes T cell priming to a tumor-specific antigen, consistent with prior studies in a
vaccination setting where agonistic aCD40 without TLR signaling poorly primed antigen-
specific CD8+ T cells (40). Instead, we find agonistic aCDA40 alters the TME and

J Immunol. Author manuscript; available in PMC 2021 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Burrack et al.

Page 13

intratumoral T cell differentiation. Our favored hypothesis is that agonistic a CD40 alters the
cross-talk between tumor-specific T cells and myeloid cells within the TME, thereby
overriding the contribution of chronic TCR signaling toward Tgx and instead instructing T
cell fate toward cytotoxic effector T cells. Alternatively, agonistic a CD40 may instead
qualitatively alter the program of T cell differentiation in the periphery.

Functional IL-27 is produced by activated antigen-presenting cells and is comprised of two
subunits, Ebi3 and 1L-27p28 (31). Reporter mice demonstrate enhanced IL-27p28
expression within 6 hours following vaccination (23). Expression of both Ebi3 (57) and
IL-27p28 (58) are upregulated following CD40 signaling. In addition, signaling through
TLR3, 4, or 9 also promote IL-27p28 expression (59). IL-27p28 can be secreted
independently of Ebi3 and in this form is known as IL-30. IL-30 is produced by prostate
cancer stem cells and drives immunotherapy resistance and metastasis (60), raising the
possibility that 1L-27p28 blockade may have had IL-27R independent effects. Nonetheless,
in our system //27ra”~ mice had impaired tumor growth and fewer Tox+ T cells suggesting
IL-27 signaling promotes Tgx. In addition, Ebi3 can pair with IL12p30 to generate IL-35
which is secreted by T cells and B cells (61). Intratumoral B cells secrete IL-35 which
suppresses CD8 T cell expression of CXCR3, CCL5, and IFN+y through STAT3 signaling
(62). Thus, additional cytokines in the TME related to IL-27 may participated in immune
suppression. Notably, 1L-35 promotes T cell exhaustion whereas IL-27R signaling had no
significant effect on tumor growth in a subcutaneous B16 melanoma model (63), suggesting
a TME-role for these cytokines. Understanding the hierarchy is the challenge ahead and may
depend upon the extent that a tumor-specific T cell response is engaged.

Trm development in many tissues is well-characterized (49, 64, 65). Improved outcomes are
associated with a Tgy signature in some human malignancies (46-48). However, the factors
that govern pancreas Ty differentiation and maintenance are unclear, especially in the
context of cancer immunotherapy. We show that PD-1 remains elevated on pancreas-residing
memory tumor-antigen specific T cells following aCD40+aPD-L1 treatment and cure,
despite no evidence for remaining tumor. Tumor-specific T cells in the pancreas also
acquired a Ty phenotype including expression of CD44, PD-1, CD49a and CD103. The
PD-1 locus can become epigenetically fixed in T cells (50), which may explain our
observation of PD-1 retention in pancreas Trpm. Since aCD40+aPD-L1 promoted a Tryp
phenotype to a greater extent in the pancreas compared to the lung and liver, such
differences may be indicative of the characteristics of the surrounding tissue or dependent on
if T cells experienced antigen at that site. In the pancreas, Trpm-like tetramer+ T cells appear
to associate with CD49a+ stromal cells, which is expressed by mesenchymal stem cells that
express pro-survival and anti-inflammatory factors (66). Notably, a CD40+a.PD-L1-treated
mice not only cured tumor but rendered mice resistant to orthotopic tumor re-challenge with
neoantigen+ PDA as well as in a mixed tumor cell setting in which a fraction of tumor cells
did not express the target neoantigen. The contribution of CD4+ vs. CD8+ memory T cells
reactive to native PDA antigens to the overall antitumor effect remains to be identified.

A striking and unexpected result from our study is the regulatory role of Tnfrl signaling on
non-tumor/host cells during pancreatic cancer immunotherapy. Previously, we thought that
the loss of TNFa production in both endogenous and engineered intratumoral exhausted
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CD8+ T cells (16, 20) was a detriment to antitumor immunity. There are additional sources
of TNFa in PDA, however, including TAMs which are abundant in PDA (67). Tnfrsfla -
mice have increased susceptibility to intracellular pathogens demonstrating Tnfr1 signaling
is critical for some TNFa pro-inflammatory function (68). However, chronic inflammation
may not be beneficial to tumor immunity (69). Contrasting with our study, TNFa was
critical for establishing tumor-immune equilibrium in a melanoma model (70). However,
prior studies in PDA models show both tumor-promoting and anti-tumor effects of TNFa
(71) and its blockade can enhance chemotherapy efficacy by reducing tumor desmoplasia
(72). Tnfrl signaling on bone-marrow derived cells also promotes gastric tumor progression
(73). TNFa blockade uncouples toxic autoimmune colitis from efficacy of PD-1+CTLA4
blockade and increases efficacy in a colorectal cancer mouse model (74). During chronic
viral infection, chronic TNFa promotes PD-1 on T cells and perturbing Tnfr1 restores
antiviral immunity through relieving persistent NFxB signaling (75). Thus, the role for
TNFa in cancer immunity is context dependent and further investigation of the relevant
source and target cell for interfering with immunotherapy in PDA is of particular interest.
There are numerous TNFa inhibitors clinically approved and some initially tested in the
clinic and can interfere with immune-related adverse events (irAEs) following immune
checkpoint blockade in cancer patients (76). Together, our study supports the further
investigation into how to combine TNFa inhibitors to promote immunotherapy efficacy.

Although still ongoing, interim analysis of an early phase clinical trial of a CD40 agonist,
gemcitabine + nab-paclitaxel with or without a PD-1 inhibitor has therapeutic benefit in
newly diagnosed metastatic pancreatic cancer (17). The promising clinical results support
the validity of our animal model that permits interrogating PDA-specific T cells and
highlight the possibility that a substantial fraction of human PDAs contain endogenous
tumor-reactive T cells despite a relatively low mutational burden.
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KEY POINTS
. Intratumoral T cells lose IFNy and GzmB and express elevated Tox and 1L10
. Agonistic aCD40 abrogates intratumoral 1L27, IL10 and Tgx

. aCD40+aPD-L1 and abrogating 7nfrsflaon host cells promotes tumor
clearance
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FIGURE 1. Tumor-specific T cells progressively lose Granzyme B and IFN+y while increasing Tox
and IL-10 in PDA.

(A) Expression of Tox and GzmB gated on CB1g;_109:H2DP tetramer+ CD8 T cells. n=4-5
mice per timepoint. (B) Overlay of GzmB in splenic and intratumoral tetramer+ T cells over
time. (=), no intracellular stain control. n=4-5 mice per group. (C) Mean fluorescence
intensity (MFI) of Tox (left) and GzmB (right) in CB1q1_109:H2DP tetramer+ CD8 T cells.
Data are mean + S.E.M. **, p<0.005, unpaired two-tailed student’s T test. n=4-5 mice per
group. (D) Proportion of CB1g1_109:H2DP tetramer+ CD8 T cells in spleen (left) and tumor
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(right) positive for Tox and/or GzmB. Data are mean + S.E.M. n=4-5 mice per group. (E)
Proportion of splenic (left) or intratumoral tumor (right) CD8+ T cells that produce IFN-y in
response to ex vivo CB1g3-_109 peptide re-stimulation and/or bind CB1g1_109:H2DP tetramer
over time. Data are mean + S.E.M., n=3-5 mice per time point. (F) Proportion of
CD8+tetramer+ T cells that are positive for eGFP on day 21 post orthotopic tumor
implantation into 11106GFP tumor-bearing mice. (G) An unbiased FlowSOM Tsne analysis
was performed on CD8+tetramer+ T cells in concatenated spleen and tumors from 2
independent KPC2a-tumor bearing mice on day 21 post orthotopic tumor implantation. Left
plot: Tsne plot specifying sample location where each dot is a single CD8+tetramer+ T cell.
S1, spleen 1; S2, spleen 2; T1, tumor 1; T2, tumor 2. Right plot: The 6 clusters (C0-C5)
were identified by a FlowSOM algorithm plugin for Flowjo, where each cell of the 4
samples was assigned to one of 6 clusters based on expression of CTLA4, Tim3, Lag3, Tigit,
IL-10, and PD1. (H) Marker intensity in cell clusters from Figure 1G. Pink circles, cluster 5.
(1) An unbiased FlowSOM algorithm identified 6 clusters based on tetramer+ CD8 T cell
expression of CTLA4, Tim3, Lag3, Tigit, IL-10, and PD1 in all 4 samples. Marker intensity
shows high IL-10 in cluster 5. (J) Expression of IL-10 in CD8+ tetramer+ T cells over time
in KPC2a tumor-bearing IL-106GFP reporter mice was determined by flow cytometric
analysis of GFP. *, p<0.05, **, p<0.005. One-way Anova with a Tukey post-test. (K)
Kaplan-Meier survival curve of tumor-bearing mice treated aLag3 (clone C9B7W), aTim3
(RMT3-23) or aTIGIT (clone 1G9) alone or in combination with aPD-L1 (10F.9G2).
aLAG3 significantly prolonged survival compared to controls (p=0.0011). a LAG3+aPD-L1
significantly prolonged survival compared to a LAG3 alone (0=0.0091). a Tigit significantly
prolonged survival compared to controls (p=0.0035). Asterisks indicate significant
differences compared to control mice. Significance was determined by a Log-rank (Mantel-
cox) test. n=4-10 mice per group.
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FIGURE 2. Agonistic aCD40 abrogates intratumoral myeloid cell production of IL-27 and Tgx

formation.

(A) Disease-free survival (DFS) in PDA patients with tumors that express high (n=89) or
low (n=89) /L27P28. Graph was generated using the GEPIA (http://gepia.cancer-pku.cn/).
Significance was determined by a log-rank test. (B) Proportion of CD45+ cells that are GFP
+ following orthotopic KPC2a tumor cell injection into //27p28CFPmice. Data are mean +
S.E.M. **, p<0.005, unpaired two-tailed student’s T test. n=3-5 mice per timepoint. (C)
Proportion spleen- or pancreas-residing CD45+ cells that are GFP+ from untreated
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1127p2829% reporter mice. Data are mean + S.E.M. n=4 mice per group. (D) Proportion of
the indicated intratumoral immune cell subsets that express GFP. Cells were prepared from
KPC2a orthotopic tumors isolated from //27p28°CFP mice and gated accordingly to
Supplemental Fig. 2B. Data are mean + S.E.M. n=3-5 mice per timepoint. (E) Tumor
weight in grams from //27ra"!* at either day 14 (D14) or day 21 (D21) and //27ra”'~ mice at
day 21 (D21) post tumor implantation. Data are mean = S.E.M. *, p<0.05, one-way ANOVA
with a Tukey’s post-test. n=4-6 mice per group. (F) Proportion of splenic (Spl) or
intratumoral (PDA) CD8+ T cells that bind CB1g1_109-H2-DP tetramer on day 21 post tumor
implantation in //27ra*'* and //27ra'~ mice. Each dot is an independent mouse. Data are
mean £ S.E.M. n=3-5 mice per group. (G) Representative PD-1 and Tox staining in
CD8+tetramer+ T cells isolated from spleen (blue) or tumor (red) from //27ra*"* (+/+, day
14) or /I27ra”’~ mice (-/-, day 21). Tumors were harvested at different timepoints to
normalize for tumor size. (H) Quantification of Fig. 2G. Data are mean £ S.E.M. Each dot is
an independent mouse. ***, p<0.0005, two-tailed unpaired student’s T test comparing
spleen vs. tumor. n=3-4 mice per group. (1) Proportion of cell subsets that express GFP in
untreated (=), aPD-L1 (aL1), or aCD40 (a40)-treated //27p28CFP-reporter animals.
Mononuclear cells were prepared from KPC2a orthotopic tumors (PDA) or spleen (Spl)
harvested from //27p28GFP mice on day 21 post tumor implantation. Data are mean +
S.E.M. n=3-5 mice per group. *, p<0.05; **, p<0.005, one-way ANOVA with a Tukey’s
post-test. (J) Representative flow cytometry plots of intratumoral CD8+ T cells isolated
from tumors isolated from untreated (=), aPD-L1- (aL1), or aCD40 (a40)-treated //1¢FCFP
mice on day 21. Plots are quantified data. Each dot is an independent animal. Data are mean
+ S.E.M. n=3-5 mice per group. *, p<0.05, one-way ANOVA with a Tukey’s post-test. (K)
Histogram overlays (left) and quantification (right) of GzmB in splenic or intratumoral
CB101-109:H-2DP-specific CD8+ T cells on day 14 post tumor implantation. Data are mean
+ S.E.M. Each dot is an independent mouse. **p<0.005, one-way ANOVA with a Tukey’s
post-test. n=3-5 mice per group. (L) Tumor weight in grams (g) from tumor-bearing B6
mice treated with alL-10R or alL27p28 as depicted in Supplementary Fig. 2H. n=4-7 mice
per group. Each dot is an independent animal. Data are mean + S.E.M. *, p<0.05, one-way
ANOVA with a Tukey’s post-test. (M) Flow cytometry plots gated on CD8 (top row) and
CD4 (bottom row) T cells isolated from the spleens of //Z¢ECFP reporter mice following /in
vitro activation with aCD3 + aCD28 + recombinant murine IL-27 (rIL-27) for 2 days.
Control cells were left unstimulated (No Stim). (N) Proportion of CD8 (top row) and CD4
(bottom row) T cells that are GFP+ on day 2 or day 7 post /n vitro activation as in Fig. 2M.
Data are mean + S.E.M. Each dot is a technical replicate. *p<0.05, ***p<0.0005, one-way
ANOVA with a Tukey’s post-test. (O) MFI of GFP in CD8 (top row) and CD4 (bottom row)
T cells on day 2 or day 7 post /in vitro activation as in Fig. 2M. Data are mean + S.E.M. Each
dot is a technical replicate. ***p<0.0005, one-way ANOVA with a Tukey’s post-test. (P)
Flow cytometry plots of Tox and Lag3 expression gated on CD8 (top row) and CD4 (bottom
row) T cells isolated from the spleens of //ZEFP reporter mice following /n vitro activation
with aCD3 + aCD28 + rIL-27 for 7 days. Proportion of CD8 (top) and CD4 (bottom) T
cells that co-express Lag3 and Tox on day 7. Data are mean + S.E.M. Each dot is a technical
replicate. ***p<0.0005, one-way ANOVA with a Tukey’s post-test.
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Figure 3. Agonistic aCD40 and a.PD-L 1 blockade promote pancreatic cancer eradication.
(A) Schematic for testing aPD-L1, aCD40 or the combination following tumor

implantation. (B) Fold change in tumor radiance 3 weeks post immunotherapy initiation was
determined by VIS imaging. Each bar is an independent mouse. n=4-5 mice per group. (C)
Representative tumor radiance from a single mouse from each experimental cohort treated as
shown in Figure 3B. Representative of n=4-5 mice per group. T, euthanasia required due to
tumor growth on day 21. (D) Kaplan-Meier survival curve of tumor-bearing mice treated
aPD-L1, agonistic aCD40 or the combination as shown in Figure 3A. Agonistic
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aCD40+aPD-L1 significantly prolonged survival compared to controls (p<0.0001), aPD-
L1 monotherapy (0<0.0001), and aCD40 monotherapy (=0.0028). aCD40 or aPD-L1
significantly prolonged survival compared to control animals (p=0.0021 and p<0.0001,
respectively). Control animals include both untreated (n=6) and isotype treated (n=3) mice.
A statistically significant difference was not detected between aCD40 vs. aPD-L1 cohorts
(p=0.0690). Asterisks indicate significant differences compared to control mice and
significance was determined by a Log-rank (Mantel-cox) test. n=4-16 mice per group. (E)
Spleen and tumor weights following aCD40, aPD-L1 or the combination in tumor-bearing
mice. Mice received aCD40, aPD-L1 or the combination as in Figure 3A. On day 14,
aCDA40 alone, or aCD40+aPD-L1, significantly increased spleen weight compared to
control and aPD-L1 cohorts (**p<0.005). By day 21, aPD-L1+aCD40 (***p<0.0005),
aPD-L1 (**p<0.005) or aCD40 (**p<0.005) significantly decreased tumor weight
compared to untreated (=) mice. Significance was determined by a one-way ANOVA with a
Tukey’s multiple comparison test. Data are mean = S.E.M. n=4—7 mice per group. (F)
Number of intratumoral IFN-y+ (left graph) or IFNy+TNFa+-producing CD8+ T cells
following a 4-hour ex vivo incubation with CB1g1_109 peptide. Cytokine staining was
determined by intracellular cytokine staining and flow cytometry. Cell numbers are
normalized to spleen and tumor gram. Data are mean + S.E.M. *p<0.05, **p<0.005,
***n<0.0005. Significance was determined by a one-way ANOVA with a Tukey’s post-test.
n=3-5 mice per group. (G) Number of splenic and intratumoral CB1q1_109:H-2DP-specific
CD8+ T cells normalized to tissue gram in tumor-bearing mice following aPD-L1, aCD40
or the combination. Data are mean + S.E.M. aCD40+aPD-L1 significantly increased tumor-
specific T cell number in spleen and tumor on day 14 compared to untreated or aCD40
cohorts, **p<0.005, one-way ANOVA with a Tukey’s post-test. n=4—7 mice per group. (H)
Representative flow cytometry plots for CD44 and Klrgl gated on live, CD8+tetramer+ T
cells on day 14 (left) and proportion of intratumoral CD8+tetramer+ T cells that express
KLRG1 over time (right). Data are mean = S.E.M. On day 14, aCD40 or aCD40+aPD-L1
significantly increased the proportion of intratumoral CD8+tetramer+ T cells that expressed
Klrgl. **p<0.005. Significance was determined for both graphs by a one-way ANOVA and
Tukey’s multiple comparison test. n=4—7 mice per group. (I) Representative flow cytometry
plots for PD-1 and Tox gated on CD8+tetramer+ T cells on day 14. n=3-4 mice per group.
(J) Proportion of intratumoral CD8+tetramer+ T cells that express Tox, PD-1 or Lag-3 on
day 14. Data are mean * S.E.M. Each dot is an independent mouse. *p<0.05, **, p<0.005,
one-way ANOVA with a Tukey’s post-test. n=3—-6 mice per group.
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Figure 4. Interfering with Tnfrsfal in host cells overcomes tumor escape following aCD40+a.PD-
L1

(A) Plots of CD8+tetramer+ T cells isolated from the indicated tissues at ~3 months
following aCD40+aPD-L1 gated on live CD8+ T cells. (B) Proportion (left graph) and
number (right graph) of CD8+tetramer+ T cells in spleen (S), pancreas (P), liver (Li) and
lung (Lu). Cell numbers are normalized to tissue gram. Data are mean + S.E.M. Each dot is
an independent animal. *p<0.05, one-way ANOVA with a Tukey’s multiple comparison test.
n=3 mice per group. (C) Representative CD103 and CD49a expression gated on
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CD8+tetramer+ T cells ~3 months’ post tumor challenge and aCD40+a.PD-L1 therapy.
Numbers are the frequency of tetramer+ T cells that co-express CD103 and CD49a. (D)
Proportion of CD8+tetramer+ T cells that express CD49a and CD103, PD-1, Lag3 in spleen
(S), pancreas (P), liver (Li) and lung (Lu). Data are mean = S.E.M. Each dot is an
independent animal. *p<0.05, one-way ANOVA with a Tukey’s multiple comparison test.
n=3 mice per group. (E) Tumor radiance was determined by IVIS imaging following
orthotopic KPC2a re-challenge (n=3) or 9:1 mixture of KPC2a CB+ with parental KPC2
CB-negative tumor (n=3) on day 100 post aCD40+aPD-L1. Red line, a recipient of the 9:1
CB+:CB- tumor with tumor outgrowth (see Figures S4E and S4F for tumor images). (F)
Tumor volume of the identical animals in Figure 4E (n=6) was determined also by high-
resolution ultrasound to quantify tumor volume independent of CB expression. Red line, one
of the recipients (mouse #5) of the 9:1 tumor combination had an outgrowth of CB- tumor
(see Figures S4H and S4l). (G) Number of CD8+tetramer+ cells in blood (BI), spleen (Spl)
and normal pancreas (Panc) from aCD40+aPD-L1-cured animals on day 100, or, 30 days
following orthotopic tumor re-challenge from mice. Cell numbers are normalized to tissue
gram or milliliter. Data are mean = S.E.M. Each dot is an independent animal. *p<0.05,
**<0.005, unpaired two-tailed student’s T test. (H) Mean fluorescence intensity (mfi) of
tumor cell CB-eGFP was determined by flow cytometry. CB-, parental KPC cell line and
negative control; Pre, KPC2a CB+ cell line prior to tumor implantation; EVs, escape
variants from 5 independent animals treated with aCD40 (n=3) or aCD40+aPD-L1 (n=2).
Data are mean + S.E.M. Each dot is an independent animal. *p<0.05, unpaired two-tailed
student’s T test. (1) Fold change in 7gpZ induction in KPC2a cells prior to implantation (Pre)
and EVs (from Fig. 4H, n=5) 48 h following recombinant IFN~y incubation, was determined
by gPCR and normalized to the housekeeping gene Afp5b. **p<0.005, ANOVA, with a
Tukey’s post-test. Each dot is a biological replicate, reflecting the mean of technical
replicates performed in triplicate. (J) Calculation of tumor radiance (p/sec/cm?/sr) from
animals in Fig. 4K and 4L was determined by IVIS. Each line is an independent animal. (K)
Tumor bioluminescent images in control or aCD40+aPD-L1-treated /fngrZ ™~ mice. t,
euthanasia due to tumor growth; asterisk, tumor lost CB-eGFP and therefore was not
detected by IVIS (not shown). (L) Tumor bioluminescent images in control or
aCD40+aPD-L1-treated 7nfrsfal™~ mice. (M) Representative flow cytometric staining of
effector and memory markers expressed by circulating CD8+tetramer+ T cells in cured
animals ~80-90 days after tumor implantation. Plots are gated on CD8+tetramer+ T cells
and quantified in the graph. Data are mean = S.E.M. n=4 mice per group. Each dot is an
independent animal. *p<0.05, unpaired two-tailed student’s T test. (N) Kaplan-Meier
survival curve of KPC2a orthotopic tumor-bearing /fngr’~ or TnfrasfI™~ mice treated with
isotype, or aCD40+aPDL1. Combination aCD40+aPDL1 significantly prolonged
TnfrasfI'~ mouse survival compared to control 77frasfI™'~ mice (p=0.0084).
aCD40+aPDL1 trended to prolong survival in /fagrZ™~ mice (p=0.063). Control
Tnfrasf1~~ mice survived significantly longer than control /fngr’~ mice (p=0.0101).
Statistical significance was determined by a Log-rank (Mantel-cox) test. Wild type mouse
survival curves are identical to wild type curves in Figure 3D.
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