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SUMMARY

Pancreatic ductal adenocarcinoma (PDA) is a lethal cancer resistant to immunotherapy. We create
a PDA mouse model and show that neoantigen expression is required for intratumoral T cell
accumulation and response to immune checkpoint blockade. By generating a peptide:MHC
tetramer, we identify that PDA induces rapid intratumoral, and progressive systemic, tumor-
specific T cell exhaustion. Monotherapy PD-1 or PD-L1 blockade enhances systemic T cell
expansion and induces objective responses that require systemic T cells. However, tumor escape
variants defective in IFN-y-inducible 7gpZ and MHC class | cell surface expression ultimately
emerge. Combination PD-1 + PD-L1 blockade synergizes therapeutically by increasing
intratumoral KLRG1+Lag3-TNFa+ tumor-specific T cells and generating memory T cells
capable of expanding to spontaneous tumor recurrence, thereby prolonging animal survival. Our
studies support that PD-1 and PD-L1 are relevant immune checkpoints in PDA and identify a
combination for clinical testing in those patients with neoantigen-specific T cells.
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Burrack et al. investigate tumor-specific T cells during immunotherapy of pancreas cancer. T cells
accumulate intratumorally yet rapidly exhaust. Combined PD-1 + PD-L1 blockade promotes
peripheral T cell expansion, TNFa production, and eradication of spontaneous tumor recurrence in
50% of animals. Tumor variants defective in IFNy-inducible 7apZ and MHC class | ultimately

emerge.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDA) is a lethal malignancy with a dismal 5-year
survival rate of 9% (Chiaravalli et al., 2017). Lethality is due to late diagnosis, early
metastasis, and therapeutic resistance. Some immune-based treatment options are showing
clinical promise (Johnson et al., 2017; Vonderheide, 2018). However, a better understanding
of the requirements necessary to achieve antitumor T cell-mediated immunity will inform T
cell engineering approaches and new immune-based strategies for durable patient benefit.

Immune checkpoint blockade (ICB) is demonstrating remarkable clinical success in several
solid tumors (Hu-Lieskovan and Ribas, 2017). Some patients respond robustly, whereas
others either fail to respond or respond transiently before acquiring resistance. The extent of
cancer nonsynonymous mutations often correlates with clinical responses following an
immune checkpoint blockade (Le et al., 2015; Rizvi et al., 2015), presumably by creating
new epitopes (neoepitopes) that have a high binding affinity to MHC and are likely
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recognized as foreign by the immune system. Common epithelial cancers, such as breast,
ovarian, and pancreatic, often have low to moderate mutational burdens and are resistant to
an immune checkpoint blockade (Brahmer et al., 2012; Foley et al., 2016; Hamanishi et al.,
2015; Royal et al., 2010; Solinas et al., 2017). However, adoptive transfer of mutation-
specific T cells can result in clinical antitumor activity in some epithelial cancers (Tran et
al., 2014, 2016), with as few as 62 coding mutations (Zacharakis et al., 2018), suggesting the
potential to harness rare tumor-specific T cells.

The genetically engineered KrasC12D/*: Trp53R112H1+: 48 Cre (KPC) mouse model of PDA
is commonly used to study the human disease. There have been no spontaneous neoepitopes
identified in KPC mice, because of the few coding mutations reported (Evans et al., 2016;
Kinkead et al., 2018). Combination therapies appear necessary for transient benefit in this
model (Jiang et al., 2016; Steele et al., 2016; Winograd et al., 2015), presumably by
enhancing priming of T cells specific to self and tumor antigens. In contrast to KPC mice,
human PDAs harbor ~30-60 somatic coding mutations (Balachandran et al., 2017; Biankin
etal., 2012). A minor fraction (<1%) of PDA patients have abnormally high tumor
mutational load because of defects in mismatch-repair genes (Hu et al., 2018b). Although
few patients have been treated, a subset of these patients (five of eight) exhibited a clinical
response following PD-1 blockade, yet most responses were transient, consistent with
acquired resistance (Hu et al., 2018a, 2018b).

Despite a moderate mutational burden, we found that ~40% of resected human PDAs are
enriched for CD8+ T cells, and many of these T cells exhibited features of recent or
prolonged T cell receptor (TCR) signaling (Stromnes et al., 2017). These data are consistent
with both T cell-mediated recognition of tumor antigens and the genomic identification of a
putative immunogenic subset of PDAs (Bailey et al., 2016). Analyses of tumor neoepitopes
in a long-term survivor (LTS) cohort of PDA patients found that neoepitope quality,
including similarity to identified microbial epitopes, was a stronger predictor of survival
than neoepitope quantity (Balachandran et al., 2017). We thus set out to investigate the role
for specific antigen in pancreatic cancer immunotherapy outcomes.

Aside from our previous work on an engineered T cell therapy targeting the self and tumor
antigen mesothelin in KPC mice (Stromnes et al., 2015), there are few models to investigate
endogenous tumor antigen-specific T cell longitudinally in PDA. Therefore, the goal of this
study is to assess the fate of neoantigen-specific T cells in PDA to uncover why immune
therapies fail. Here, we develop a mouse model and a peptide:MHC tetramer that binds
endogenous PDA-specific CD8+ T cells and track the fate of these cells during immune
checkpoint blockade. The study is a substantive advance in our ability to investigate and
model tumor-specific T cell dysfunction in PDA and supports the idea that combination
PD-1 + PD-L1 blockade is advantageous therapeutically compared with manipulating either
pathway alone.
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Generation of an Immunotherapy-Responsive Pancreas Cancer Animal Model

The continual expression of mutant Krasand 7rp53 causes multifocal disease in KPC mice
(Hingorani et al., 2005). To develop a model that harbors a single tumor, we isolated primary
tumor epithelial cells (TECs) from KPC mice, previously backcrossed to C57BL/6
(Stromnes et al., 2015). We identified TECs that induced the accumulation of tumor-
associated macrophages (TAM), Ly6G+ granulocytes, and aSMA+ cancer-associated
fibroblasts (CAFs) with few vessels following orthotopic implantation (Figure 1A; Figure
S1A). Both autochthonous and orthotopic KPC tumors contained few CD8+ T cells and
negligible PD-L1 (Figure 1A).

We previously validated a click beetle red (CB) luciferase linked to eGFP for imaging
engineered T cells in PDA (Stromnes et al., 2015). CB is widely used for deep /n vivo
imaging (Branchini et al., 2017; Hall et al., 2018; Serganova et al., 2016; Smith et al., 2017;
Ur Rahman et al., 2017). To quantify orthotopic tumor growth in real time, we transduced
three independently derived polyclonal KPC TECs with a retrovirus that expressed CB-
eGFP. Next, we single cell-sorted CB-eGFP+ tumor cell clones (Figure 1B). Because KPC
mice are refractory to PD-1 or PD-L1 blockade (Steele et al., 2016; Winograd et al., 2015),
we tested if CB+ tumor clones respond to aPD-L1 (Figure 1C). Unexpectedly, aPD-L1
significantly decreased tumor size 7 days after the initial treatment (clone KPC3b; Figures
1D and 1E). We observed similar results with another CB+ clone (KPC2a; Figure 1F).
Because aPD-L1 can signal directly to both tumor cells (Clark et al., 2016) and
macrophages (Hartley et al., 2018), the requirement for T cells was tested. T cell depletion
abrogated aPD-L1 antitumor activity (Figures SIB-S1E), and aPD-1 worked similarly
(Figure 1F), indicating that T cells are required.

Intratumoral CD8+ T cell abundance is predictive of LTS in PDA patients (Balachandran et
al., 2017) and clinical responses following immune checkpoint inhibitors (Cristescu et al.,
2018; Tumeh et al., 2014). Tumor cell expression of CB-eGFP significantly increased
intratumoral CD8+ T cell frequency >20% (Figures S1F and S1G), resulting in a >1 log
increase in intratumoral CD8+ T cell number (Figure S1H). Most PD-1+ T cells infiltrating
CB+ tumors also co-expressed the integrin LFA-1 (Figure S11). aPD-L1 did not affect the
proportion or number of intratumoral CD8+ T cells (Figures SIF-S1H). However, in mice
harboring CB-eGFP+ tumors and treated with aPD-L1, splenic CD8+ T cell frequency
significantly increased (Figure S1J). Although splenic CD8+ T number remained unchanged
(Figure S1K), aPD-L1 significantly increased the proportion of splenic CD8+ T cells that
co-expressed PD-1 and LFA-1 (Figure S1L), likely reflecting enhanced T cell priming or
expansion.

Flow cytometric analysis of nonlymphoid tissues can underestimate lymphocyte number
(Steinert et al., 2015). We therefore performed immunofluorescence (IF) staining for CD8+
T cells and PD-L1. Normal pancreas and autochthonous KPC PDA contained few CD8+ T
cells (Figure 1G). In contrast, CD8+ T cells were abundant in CB-eGFP+ KPC2a tumors,
resulting a ~1 log increase in CD8+ T cell number (Figures 1G-11). PD-L1 was undetectable
in normal ductal cells and autochthonous tumors and was significantly increased in KPC2a
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tumors (Figures 1G and 1J). Thus, this tumor model may reflect a subset of human PDAs
with CD8+ T cells and PD-L1 (Stromnes et al., 2017).

Neoantigen Is Required for Response to Immune Checkpoint Blockade

To test the hypothesis that the antitumor response following aPD-L1 required CB, we
administered aPD-L1 to mice with parental (KPC2), CB-eGFP+ (KPC2a), or KPC2TECs
transduced to express eGFP only. aPD-L1 induced objective responses to KPC2a tumors but
not parental (KPC2) or eGFP+ clones (KPC2-eGFP) (Figure 2A). aPD-L1 also significantly
decreased KPC2a tumor growth (Figure 2B), prolonged animal survival (Figure 2C), and
decreased tumor weights (Figure 2D). In contrast, aPD-L1 had no effect on parental or
eGFP+ tumor growth and animal survival (Figures 2E-2G). CB+ KPC clones were similar
to parental cells with respect to MHC class I, PD-L1 and mesothelin expression + IFNy
(Figures 2H and 2I).

Identification of an Immunodominant CB H-2DP Restricted Epitope in B6 Mice

We questioned the rationale for further study of the CB-specific T cell response because
other model antigens such as ovalbumin (Ova) are widely used. However, PdxZ-Cre-driven
KPC tumors that express Ova fail to establish tumors in B6 mice, because of T cell-
dependent rejection independent of therapy (Evans et al., 2016). To determine if this was
also the case in our B6 KPC cells, which originate from a p48Cre-driven KPC model, we
transduced similar parental KPC2 cells with Ova-eGFP, single cell-sorted to >99% purity,
and measured tumor growth following orthotopic injection. Ova+ tumors grew but at a
significantly reduced rate compared with the parental tumors (Figures S2A and S2B),
resulting in prolongation of mouse survival (Figure S2C). KPC-Ova+ clones that eventually
grew no longer expressed Ova-eGFP (Figure S2D). In contrast, in untreated mice, KPC-CB+
cells grew unabated until reaching euthanasia criteria (tumor volume > 500 mm3) and did
not confer a significant difference in mouse survival compared with mice with parental or
eGFP+ tumors (Figures S2E and S2F). Therefore, in contrast to CB, Ova expression drove
robust immune editing and antigen-loss variants independent of immunotherapy.

We therefore pursued identification of a CB-derived immunotherapy responsive epitope
(IRE). The H-2DP peptide binding motif contains an anchoring Asn residue is at position 5,
and Met, lle, or Leu is at the C terminus (Hudrisier et al., 1996). We identified CB peptides
predicted to strongly bind H-2DP and synthesized the top five 9-mer peptides (Table S1). We
then vaccinated B6 mice with peptides+aCD40+Polyl:C, which expands antigen-specific T
cells (Ahonen et al., 2004) via IL-15 and IL-27 (Klarquist et al., 2018).
CB191-109+aCD40+Polyl:C elicited significantly more IFNy-producing CD8+ T cells
compared with naive mice (Figures 3A and 3B), whereas T cell responses to other peptides
were not detected. Notably, CB1g1_109 Was the top-ranked peptide by all algorithms (Table
S1), with an estimated binding affinity of 3.6 nM to H-2DP. To test if expanding
CB101-109:H-2DP-specific T cells could control KPC2a growth, we vaccinated mice with
CB101-109taCD40+Polyl:C to elicit T cells that use mitochondrial metabolism (Klarquist et
al., 2018), which may boost T cell antitumor activity (Ho and Kaech, 2017). Tumor size
decreased in four of six vaccinated mice (Figure 3C). Similar to aPD-L1, vaccine failed to
control tumor growth (not shown). Thus, CB1g1_109 IS processed and presented /in vivo.
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We next generated a CB1g3_109:H-2DP fluorescently labeled tetramer to detect T cells that
express CB1;-109:H-2DP-specifc TCRs. To validate the tetramer, we vaccinated mice with
CB1p1-109taCD40+Polyl:C and 7 days later performed flow cytometry (Figure 3D). We
detected significantly more CD44M3h tetramer-binding CD8 T cells in vaccinated mice
(Figure 3E). Vaccination increased CB-specific T cell number more than 2 logs, and
tetramer detected more CB-specific T cells compared with IFN+y (Figure 3F).

We next investigated if T cell precursor frequency influenced disparate immune editing
outcomes in KPC clones expressing CB or Ova using a tetramer magnetic bead-based
enrichment protocol (Moon et al., 2007). The mean precursor number of Ovays7_og4:H-2KP-
specific T cells in B6 mice was 379 cells (Figures 3G and 3H), consistent with prior studies
(Jenkins and Moon, 2012; Obar et al., 2008). In contrast, the naive precursor number of
CB101-109:H-2DP-specific T cells averaged 33. To support the rigor of this approach, the two
tetramer-binding T cell populations were non-overlapping and not detected in the flow-
through. Thus, the naive precursor frequency of neoantigen-specific T cells may impact
resistance mechanisms in cancer, and neoepitopes that remain targets for immunotherapy
may be those that elicit antigen-specific T cells that have a low naive precursor frequency.

Immune Checkpoint Blockade Efficacy Requires Peripheral CB1g1_109:H-2DP-Specific T

Cells

We next investigated intratumoral CB1g1_109:H-2DP-specific T cell kinetics using the gating
strategy shown in Figure S3A. On day 7, tetramer+ T cells were detected at highest
frequency in PDA compa (Figures 4A and 4B). By day 14, 30%-40% of the tumor-
infiltrating CD8+ T cells bound tetramer. aPD-L1 significantly increased the frequency of
both circulating and splenic CB-specific T cells on day 12 (Figures 4C and 4D). In contrast,
aPD-L1 did not alter intratumoral CB-specific T cell frequency (Figure 4E). aPD-L1
significantly increased circulating CB-specific T cell number on day 15 (Figure 4F), a trend
also observed in spleen (Figure 4G). However, total circulating CD8+ T cell quantity was
unchanged (Figures S3B and S3C), indicating a selective expansion of tumor-specific T
cells. aPD-L1 did not significantly affect the number of intratumoral CB-specific T cells,
which decreased 5-fold between 21 and 43 days (Figure 4H). To investigate if intratumoral
antigen-specific T cell maintenance was due to enhanced T cell proliferation, we analyzed
Ki67 expression in tetramer-binding T cells. A significantly higher frequency of
intratumoral CB-specific T cells expressed Ki67 compared with splenic tetramer+ T cells
(Figure S3D). Unexpectedly, aPD-L1 significantly decreased the proportion of Ki67+ CB-
specific T cells (Figures 41-4K; Figure S3D). Because absolute numbers of tetramer+ T
cells did not increase, PDA may drive both T cell proliferation and death.

To test if aPD-L1 required recruitment of systemic T cells, we treated mice with FTY720,
which causes S1P1R internalization, promoting lymphocyte sequestration in lymph nodes
and preventing T cell trafficking into tissues (Chun and Hartung, 2010; Penaranda et al.,
2010) prior to PD-L1 blockade (Figure 4L). FTY720 alone had no effect on tumor growth
(Figure 4M). However, tumor weights were significantly greater in FTY720+aPD-L1-
treated cohorts compared with aPD-L1 (Figure 4N). Therefore, “resident” intratumoral
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lymphocytes appear insufficient for therapeutic effects of aPD-L1, and instead recruitment
of peripheral T cells is required for full therapeutic benefit.

Rapid Intratumoral and Progressive Systemic Dysfunction of Neoantigen-Specific T Cells

A significantly higher frequency of intratumoral tetramer+ T cells expressed activating and
inhibitory receptors PD-1, Lag3, Tim-3, and TIGIT compared with splenic tetramer+ T cells
(Figures 5A and 5B), consistent with a subset of human PDAs (Stromnes et al., 2017) and
chronic TCR signaling (McLane et al., 2019). aPD-L1 significantly decreased the
proportion of tetramer+ T cells that expressed Lag-3 (Figures 5A and 5B) and that co-
expressed multiple inhibitory receptors (Figure 5C; Figure S4A). We observed a similar
trend in splenic tetramer+ T cells (Figures 5C). Whereas ~75% of tetramer+ T cells
expressed Lag-3, only ~25% expressed Tim-3 (Figures 5A and 5B). In contrast, most
PD-1+tetramer+ T cells from orthotopic tumors derived from a different KPC CB+ tumor
cell clone preferentially expressed Tim-3 rather than Lag-3 (Figure S4B), suggesting tumor
cell intrinsic factors may affect the hierarchy of co-inhibitory receptor expression.

aPD-L1 increased the proportion (Figures 5D and 5E) and number (Figures S4C and S4D)
of tetramer+ T cells that produced IFNy following ex vivo re-stimulation with CB1g1-109
peptide. Intratumoral IFN-y-producing CB-specific T cells included both PD-1M8" and PD-1-
intermediate (PD-11"t) cell subpopulations, whereas splenic IFNy-producing T cells were
PD-11t (Figure 5D). aPD-L1 did not affect the amount of IFNy produced per T cell (Figure
S4E).

We next asked how the phenotype and function of tumor-specific T cells evolved over time.
The spleen steadily increased in weight, likely reflecting increased tumor growth and
myeloid-promoting cytokines (Stromnes et al., 2014). Splenic CB-specific T cells became
progressively dysfunctional over time, which correlated with an increase in the proportion of
tetramer+ T cells that expressed PD-1 and to a lesser extent, Lag-3 (Figure 5F). Notably,
although the absolute numbers of both splenic PD-1+ and PD-1- tetramer+ T cells slightly
increased over time (Figure S4C), the numbers of both intratumoral PD-1+ and PD-1-
tetramer+ T cells tended to decrease (Figure S4D). Thus, systemic antigen-specific T cell
dysfunction may present a barrier to immunotherapy. Intratumoral CB-specific T cells
rapidly lost the ability to produce IFN-y between days 7 and 14 (Figure 5G). aPD-L1 caused
a significant decrease in tumor weight at days 14 and 22 (Figure 5G) and increased IFNy
production by tumor-specific T cells at day 22. At day 22, increased intratumoral CB-
specific T cell function correlated with a reduction in the proportion of tetramer-binding T
cells that expressed Lag-3 or PD-1 (Figure 5G). Although the proportion of PD-1+, Lag3+,
Tim-3+, or Tigit+ tetramer+ T cells increased progressively, absolute number of tetramer +
T cells expressing these markers instead decreased over time (Figures S4C and S4D).

Circulating neoantigen-specific T cells may identify patients who benefit from
immunotherapy (Gros et al., 2016). We therefore further investigated tetramer+ T cell
phenotype in circulation. Circulating tetramer+ T cells were CD44MNCD62L -, an effector
phenotype (Figure 5H). PD-1 decreased progressively over time on circulating tetramer+ T
cells, and more than 60% of circulating tetramer+ T cells continually expressed KLRG1
(Figure 5H). In contrast, most intratumoral CB-specific T cells were KLRG1- (Figure S4F).
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Circulating tetramer-binding T cells from vaccinated mice transiently expressed KLRG1 and
instead progressively differentiated toward a central memory phenotype (Figure S4G).

Dual PD-L1 + PD1 Blockade Alters Intratumoral T Cell Function, Phenotype, Antitumor
Activity, and Longevity

To test whether PDA evaded therapy or if dosing was insufficient, we treated tumor-bearing
mice with prolonged PD-1 or PD-L1 antibody alone or in combination. Tumor size
immediately decreased in all mice treated with aPD-L1 or aPD-1 (Figures 6A and 6B;
Figure S5A). Following an initial objective response, most aPD-L1-treated mice (four of
five) showed tumor stasis while on therapy. In contrast, two of five aPD-1-treated mice
clearly rebounded while on therapy. Tumors gradually returned in four of five aPD-L1-
treated and four of five aPD-1-treated mice (median survival 43 versus 48 days,
respectively; Figure 6C). Tumors remained bioluminescent, indicating that prolonged
immunotherapy did not select for antigen-loss variants (Figures 6A and 6B; Figure S5A).
Prolonged a.PD-L1 treatment did not increase median survival compared with short-term
treatment (Figure S5B). However, one of five of the mice treated with aPD-1 and one of five
of the mice treated with aPD-L1 survived indefinitely (>80 days) with no detectable tumor
on the basis of bioluminescent imaging (Figure 6C; Figure S2A), necropsy, and flow
cytometry of eGFP+CD45~- cells in pancreas (Figure S5C). Three of five aPD-1-treated
mice exhibited mild signs of vitiligo during therapy (Figure S5D), suggesting that PD-1
inhibition may promote autoimmunity to skin self-antigens and consistent with dermatologic
complications in patients (Sibaud et al., 2016).

In contrast to monotherapy, all mice treated with dual PD-1 + PD-L1 blockade had
undetectable tumor on day 14 (Figures 6A and 6B; Figure S5A). One of the dual-treated
mice died on day 22, which was not due to tumor growth. Following cessation of therapy,
tumor radiance fluctuated, reflecting a cycle of tumor recurrence and immunological control
(Figures 6A and 6B; Figure S5A). Overall, 50% of the dual-treated mice survived
indefinitely (Figure 6C), suggesting synergy with dual blockade and consistent with results
in a melanoma animal model (Hartley et al., 2018).

We next analyzed if tumor control correlated with changes in CB-specific T cells in
circulation. In contrast to control mice in which circulating tetramer+ T cell number
remained <1 x 104 T cells/ml, all treated mice increased circulating tetramer+ T cell number
>1 x 104 T cells/ml at 2 weeks (Figure 6B). Notably, in the two LTSs that received
monotherapy, tetramer+ T cells became undetectable in circulation following tumor
clearance (Figure 6D), suggesting that these T cells required antigen for persistence. In dual-
treated mice, however, circulating tetramer+ T cells fluctuated with tumor burden (Figure
6B) and persisted in the LTS in the absence of tumor antigen (Figures 6D and S5C). Around
day 50, 10%-15% of the circulating tetramer+ T cells began to re-express the central
memory marker CD62L in dual-treated mice (Figure S5E). Thus, circulating neoantigen-
specific T cell fluctuations may identify cyclical patterns of tumor control and recurrence.

We did not observe a significant increase in frequency or number of tetramer+ T cells
following dual blockade at day 14 (not shown). However, dual blockade significantly
increased the proportion of intratumoral KLRG1+Lag3- tetramer+ T cells while decreasing
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the proportion of PD-1+tetramer+ T cells (Figures 6E and 6F), resulting in a 2.5-fold
increase in intratumoral KLRG1+tetramer+ T cell number compared with monotherapy (not
shown). Significant alterations in Lag3 and PD-1 expression on splenic tetramer+ T cells
following dual blockade were also noted (Figure S5F). Dual blockade significantly increased
the proportion (Figures 6G and 6H) and number (Figure 61) of intratumoral TNFa-
producing CB-specific T cells. In contrast, the number of IFN-y-producing CB-specific T
cells following single or dual blockade was similar in PDA (Figure S5F).

CB-specific T cell accumulation plateaued at day 14 post-tumor implantation (Figure 4H),
and continual encounter with persistent antigen can render T cells refractory to PD-1
blockade because of epigenetic mechanisms (Pauken et al., 2016; Philip et al., 2017,
Schietinger et al., 2016; Sen et al., 2016). Therefore, we next compared the impact of dual
blockade that may be more clinically relevant by enrolling mice at a later time point (day
14). Although delayed single blockade (aPD-L1) had a minimal impact on tumor growth,
delayed dual blockade (aPD-1 + aPD-L1) caused objective responses in 100% of the
treated mice (Figure 6J; Figure S5H). Delayed single blockade had no benefit on median
survival time (MST) compared with untreated mice (Figure 6K). In contrast, delayed dual
blockade significantly prolonged animal survival compared with untreated controls (p =
0.0392, MST 42 versus 22 days).

Tumor Escape Variants Fail to Express MHC | because of a Defect in Tap1 following IFNy

Signaling

A previous study showed that at the time of tumor relapse, CD8 T cells were restricted to the
tumor margin (Zaretsky et al., 2016). However, CD8+ T cells remained prominent in PDA,
whereas PD-L1 expression became undetectable at later time points (Figure 7A). To identify
mechanisms of immune evasion, we re-derived tumor cells that evaded immunotherapy.
KPC2a re-derived tumor cells were low for MHC class | and PD-L1 without exogenous
cytokine, similar to the parental line (KPC2) and to the KPC2a cells prior to orthotopic
injection (Figure 7B). In response to IFN-y, PD-L1 was similarly upregulated in all cell lines
tested (Figure 7B). However, whereas IFNvy induced expression of both MHC class | alleles
(H-2DP and H-2KP) on both the parental and KPC2a cells pre-transfer, neither MHC class |
allele was expressed on the cell surface of all escape variants following IFN-y incubation
(Figure 7B).

To investigate the mechanism of defective cell surface MHC class | molecules, we
performed qPCR for genes involved in antigen processing and presentation in cell lines
cultured in the presence or absence IFN+y. Although we observed minor variability among
the independent escape variants with respect to MHC alleles, all (four of four) had a defect
in 7ap1 expression following IFNvy (Figure 7C). Two of four tumor escape variants also had
a defect in immunoproteosome subunits Lmp2and, to a lesser extent, Lmp/7. In contrast,
B2mand a control gene, Msi/n (not induced by IFN+y), were unchanged. Gene expression
was not different in tumor escape variants in the absence of cytokine (Figure 7D). These data
suggest that defects in 7apZ following IFN-y signaling may promote immunotherapy
resistance in PDA.
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DISCUSSION

Pancreas cancer is considered a poorly immunogenic cancer. However, the genetic and
immunologic heterogeneity of human PDA is emerging (Bailey et al., 2016; Balachandran et
al., 2017; Stromnes et al., 2017; Tiriac et al., 2018). Indeed, a subset of human PDAs contain
a distinct T cell infiltrate (Bailey et al., 2016; Stromnes et al., 2017). Tumor cell intrinsic
differences underlie some variation in intratumoral T cell infiltration in KPC mice (Li et al.,
2018). However, no neoantigens have yet been identified in KPC mice to investigate
endogenous tumor-specific T cells, presumably because of the paucity of coding mutations
in this model (Evans et al., 2016; Kinkead et al., 2018). Here, we develop a system to track
the longevity and functionality of endogenous PDA-specific T cells. Consistent with our
prior study of engineered T cells in KPC PDA (Stromnes et al., 2015), we show that tumor
antigen-specific T cells preferentially accumulate in PDA.

We show that CB is immunogenic in B6 mice and identify the immunodominant H-2DP-
restricted CB1p1_109 epitope. CB luciferases are commonly used for robust /7 vivo imaging
in mice (Branchini et al., 2017; Hall et al., 2018; Serganova et al., 2016; Smith et al., 2017;
Stromnes et al., 2015; Ur Rahman et al., 2017). CB induces priming, intratumoral
accumulation, and rapid intratumoral dysfunction of CB-specific T cells in PDA. Results
that contrast to the Panc02 model, which harbors >800 mutations and detection of
neoepitope-specific T cells requires therapy (Kinkead et al., 2018). Despite producing an
epitope that has a 3.6 nM estimated binding affinity to H-2DP (top 0.01% of 40,000 peptides
tested in NetMHC), cells that express CB are not rejected unless an immunoregulatory axis
is perturbed, which likely masked the immunogenicity of CB in previous studies. As such,
CB-specific T cells model T cells specific to neoantigens that respond following PD-L1
blockade in patients. A limitation of the present work is that the tumor-specific T cells are
specific to a foreign antigen rather than a naturally acquired neoantigen. However, clinically
relevant neoepitopes are likely more similar to foreign than self-epitopes (Balachandran et
al., 2017).

During infection, the size of the naive precursor T cell frequency correlates with magnitude
of effector T cell response in mice (Kotturi et al., 2008) and humans (Schmidt et al., 2011)
(reviewed in Jenkins and Moon, 2012). Using tetramer pull-down, we identified a ~1 log
increase in the number of naive Ova-specific CD8+ T cells versus the number of naive CB-
specific T cells in B6 mice. These results suggest that for neoepitopes that bind MHC
strongly, a high precursor frequency of neoepitope-specific T cells (modeled by
Ovays7_o64:H-2KP-specific T cells) may promote antigen-loss variants, whereas a low
precursor frequency (modeled by CB1g;_109:H-2DP-specific T cells) may instead result in
preservation of neoantigen and induction of T cell exhaustion in PDA. Future studies that
either modify the peptide MHC binding affinity or naive T cell precursor frequency are
necessary to support this premise. Applying this paradigm to enumerate T cell precursor
frequency specific to epitopes in shared driver mutations, viral epitopes in virally induced
cancer, and shared self and tumor antigens is feasible in humans (Pittet et al., 1999).

Our study suggests that PD-L1 blockade acts systemically in PDA. We show that PD-L1
blockade induces the systemic expansion of tumor-specific T cells and recruitment of
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circulating T cells was critical for efficacy. Thus, aPD-L1 may not only re-invigorate
intratumoral T cells. Unexpectedly, we also show a progressive dysfunction of systemic
antigen-specific T cells in tumor-bearing mice, which could be due to IL-10, IL-35 (Das and
Bar-Sagi, 2019), and/or TGFp (Bellone et al., 1999). An additional advantage of our model
is the ability to track circulating tumor-specific T cells, which we show can serve as a
biomarker for tumor burden, tumor immunogenicity, and immunological response. In dual-
treated mice, the kinetics of circulating CB-specific T cells reflected continual cycles of
tumor recurrence and control and acquired phenotypic features consistent with generating
memory T cells.

Tumor escape is a frequent consequence of immunotherapy, and following PD-L1 blockade,
we show that tumor escape variants with a defect in MHC class | expression following IFNy
emerged. Acquired resistance following PD-1 blockade in a single PDA patient was reported
(Hu et al., 2018a). Mutant KRAS, which is the most common gene mutated in PDA, is
associated with HLA expression defects (He et al., 2013), and HLA loss is a common
mechanism of acquired resistance (reviewed in Garrido et al., 2016). A lack of cell surface
HLA has been attributed to defects in p2 m (Gettinger et al., 2017; Restifo et al., 1996;
Zaretsky et al., 2016), loss of heterozygosity at the HLA locus (Tran et al., 2016), a decrease
in antigen presentation machinery (Donia et al., 2017), epigenetic silencing (Paulson et al.,
2018), or defects in IFNyR signaling (Zaretsky et al., 2016). In our study, because IFN-y-
inducible PD-L1 expression is maintained, and PD-L1 and HLA operate via a similar IFN-y
signaling axis converging on IRF1 (Garcia-Diaz et al., 2017), IFNvy signaling appears intact.
Instead, we show a specific defect in 7gp following IFNvy. Because hypermethylation of
7ap1 occurs in colorectal cancer (Ling et al., 2017), this is one potential mechanism to
assess in future studies.

We show that PD-1 and PD-L1 are relevant immune checkpoints in PDA. We identify that
dual PD-1 + PD-L1 blockade elicits qualitatively distinct T cells with greater potential to
respond to tumor recurrence compared with monotherapy. Dual blockade qualitatively
changed intratumoral T cell phenotype by altering KLRGL1, PD-1, and Lag3 expression and
enhanced TNFa production. These observations are consistent with reports that TNFa. may
be a linchpin cytokine mediating tumor-immune equilibrium (Park et al., 2019) and suggest
that dual blockade may alter the program of intratumoral T cell exhaustion, which can be
imprinted within the first 2 weeks of antigen exposure (Philip et al., 2017) and includes loss
of TNFa (Williams et al., 2017). Delaying dual blockade by 1 week retained survival
benefit, whereas delayed monotherapy did not prolong survival. Further investigation into
whether dual blockade affects the proportion of terminally versus progenitor exhausted T
cell subpopulations (Miller et al., 2019) is warranted. Although single-agent PD-1 or PD-L1
antibodies are being tested in combination with numerous other drugs, combination PD-1 +
PD-L1 blockade has not been tried in humans as far as we can identify. A clinical trial using
a PD-1-PD-L1 bi-specific antibody is recruiting (ClinicalTrials. gov identifier
NCT03936959). Our study suggests that this combination could be potentially beneficial in
which there is a pre-existing endogenous antitumor T cell response and warrants further
investigation in less immunogenic settings.
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STARXMETHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents including novel cell lines
generated in this report should be directed to and will be fulfilled by the Lead Contact,
Ingunn Stromnes (ingunn@umn.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—University of Minnesota Institutional Animal Care and Use Committee
approved all animal studies. We previously backcrossed the

Krast-SL-G12D+ Trp53L SL-R172H/* n48CTe (KPC) mice to > 99.6% C57BL/6J background
(Stromnes et al., 2015) and were generously provided by Drs. Philip Greenberg and Sunil
Hingorani at the Fred Hutchinson Cancer Research Center (Seattle, WA). All orthotopic
experiments used 6-11 week old female and male C57BL/6J mice (Jackson laboratories).

Cell lines—Primary tumor epithelial cells were isolated from C57BL/6 KPC mice as
described (Stromnes et al., 2015) and maintained below passage 15. Primary tumor cells
were transduced with retroviral vectors CBR-GFP (Stromnes et al., 2015), or similar
Ovalbumin-GFP or GFP only. Following transduction, GFP+ cells were single cell sorted to
establish clonal cells and cells were grown in basic media: 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.

METHOD DETAILS

Production of retrovirus and transduction—Briefly, 2.2 x 108 Platinum-E (Plat-E,
ATCC) retroviral packaging cells were plated on 10 cm tissue culture-treated plates in Plat-E
media with antibiotic selection (DMEM + 10%FBS + 20mM L-glutamine + 100 U/ml Pen/
strep + 10 pg/ml Blasticidin + 1 pg/ml Puromycin) for 24 h at 37°C, 5% CO,. On day 2,
Plat-E cells were transfected with Retroviral vectors containing CBR-GFP (Stromnes et al.,
2015), Ovalbumin-GFP, or GFP using Effectene (QIAGEN). On day 3, Plat-E media was
replaced with basic media (DMEM + 10% FBS + 20 mM L-glutamine+ 100 U/ml Pen/strep)
and cells incubated at 32°C + 5% CO5. On days 4 and 5, viral supernatants were harvested
and passed through a 0.45 pM filter for immediate use.

MHC class | and PD-L1 staining following incubation with IFNvy in vitro—3x10°
KPCtumor epithelial cells per well were cultured in 6-well plates in basic 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, PE/Cy7, BioLegend) and MHC class | alleles H-2DP (KH95, PerCP/Cy5.5,
BioLegend) and H-2KP (AF6-88.5, PE, BD PharMingen) as well as primary antibody
against mesothelin (clone B35, MBL) followed by a polyclonal secondary antibody goat
anti-Rat conjugated to Alexa Fluor 488 (Thermo Fisher). Data were acquired on Fortessa
flow cytometer (BD) using FACSDiva software (BD) and analyzed using FlowJo version 10.
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Orthotopic surgery—RBriefly, after reaching surgical plane anesthesia via isoflurane, a
small incision was made in the right flank to access the pancreas. Next, 5 x10% KPC cells
were injected into the pancreas in 20 ul of 60% matrigel (Discovery Labware) using an
insulin syringe (Covidien) as described (Chai et al., 2013). Separate sets of sutures were
used to close the peritoneum and skin (Ethicon).

In vivo monoclonal antibody and FTY720 administration—200 pg of aPD-1
(RMP1.14, BioXCell) or aPD-L1 (10F.9G2, BioXcell) diluted in saline were injected IP on
days 7, 10, and 12 following orthotopic tumor implantation. For prolonged treatments, mice
received 2 injections per week for 3 weeks also starting at day 7 post orthotopic tumor
implantation. For FTY720 experiments, mice were injected with 0.5 mg/kg FTY720
(Cayman Chemical) diluted and administered according to manufacturer’s instructions in
1:1 solution of ethanol:PBS immediately prior to injection.

Tumor measurements by IVIS or high-resolution ultrasound—Abdominal hair
was removed using Nair. For bioluminescence, mice were injected with 100 pg of D-
Luciferin (Promega) i.p. followed by image acquisition 11 minutes later using 0.5 s exposure
time. Biodistribution and tumor radiance was quantified in photons per second using IVIS
100 and Living Image software (Xenogen). High-resolution ultrasound imaging was
conducted using Vevo 2100 (Visual Sonics). Identification of a tumor mass was by location
within the pancreas, anatomic landmarks, hypoechoic features, and with clear tumor
boundaries (Stromnes et al., 2015). Tumor volume based on ultrasound measurements were
calculated using a modified ellipsoidal formula (Jensen et al., 2008): Tumor volume =
1/2(length x width?).

Identification of a click beetle epitope in C57BL/6 mice—To determine peptides
with strong affinity to H-2DP, click beetle red amino acid sequence was analyzed using
epitope prediction algorithms: syfpeithi (http://www.syfpeithi.de/bin/MHCServer.dll/
EpitopePrediction.htm), BIMAS (https://www-bimas.cit.nih.gov/), and netMHC (version
4.0, http://www.chs.dtu.dk/services/NetMHCY/). Five peptides with ranking scores from the 3
algorithms were chosen for an /n vivo competition priming assay. B6 mice were vaccinated
with 100 pg of peptides along with 50 pg agonistic aCD40 (FGK145, Bioxcell) and 50 g
poly I:C (Sigma). Seven days post vaccination, splenocytes from primed and naive mice
were re-stimulated /n vitro with individual peptides for 4-5 h in the presence of Brefeldin A
(BD Biosciences) followed by intracellular cytokine staining and flow cytometric analysis.

Peptide:MHC tetramers and magnetic bead-based detection from naive mice—
H-2DP-restricted biotinylated monomer was produced by incubating CB1g1_109 peptide with
purified H-2DP and B2 m followed by purification via Fast Protein Liquid Chromatography
system (Aktaprime plus, GE health care) as described (Altman et al., 1996; Murali-Krishna
et al., 1998). Biotinylated monomer was conjugated to streptavidin R-phycoerythrin
(Invitrogen) to produce CB1g;_109/H-2DP tetramer. SIINFEKL-H-KP tetramer was provided
by the NIH tetramer core facility at Emory University conjugated to fluorochrome (http://
tetramer.yerkes.emory.edu/reagents/class-1-mhc). To detect naive precursor CD8 T cells
binding either peptide:MHC reagent, single cell suspensions of splenocytes were stained
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with tetramer for 60 minutes at room temperature, followed by 30 minute incubation at 4°C
with magnetic beads conjugated to PE or APC, followed by enrichment using LS columns
(Miltenyi), as described (Moon et al., 2007)

Preparation of mononuclear cells from tissues—Spleens were mechanically
dissociated to single cells and red blood cells (RBCs) were lysed by incubation in ACK lysis
buffer (GIBCO) for 1-2 minutes at room temperature in 15 mL conical tubes. 9 mL of T cell
media (500 mL DMEM (GIBCO) + 10% FBS (GIBCO), 100 ug/ml pen/strep (GIBCO), 20
mM L-glutamine (GIBCO), 1x NEAA (GIBCO), and 50 uM betamercaptoethanol (Sigma))
was added to quench lysis. Cells were then spun at 1400 rpm for 5 minutes, resuspended in
FACS buffer, and stained. Tumors were digested using 1 mg/ml collagenase IV (Sigma
Aldrich) for 30 min in a 37°C shaker followed by mechanical digestion to single cells.

Flow cytometry of circulating tetramer+ T cells—Peripheral blood mononuclear
cells (PBMCs) were collected in 20 mM EDTA in Eppendorf tubes. PBMCs were spun for 8
minutes at 10,000 rpm at 20°C and serum was removed. RBCs were lysed with ACK Lysis
buffer (GIBCO) for 8 minutes at room temperature (rt). If incomplete lysis occurred, cells
were spun down for a second time at 12,000 rpm for 30 s and the ACK lysis step was
repeated. Mononuclear cells were stained 1:100 with CB1g;_109/H-2DP-PE tetramer in the
presence of Fc block 1:100 (aCD16/32, Tonbo), and monoclonal antibodies at 1:100
specific to CD45 (30-F11, Biolegend), CD8a (53-6.7, ebioscience), LFA-1 (clone H155-78,
Biolegend), CD44 (clone IM7, BD), CD62L (MEL-14, Biolegend), PD-1 (J43, Invitrogen),
KLRG1 (2F1, Biolegend), Tim-3 (RMT3-23, Biolegend), Lag-3 (C9B7W, Biolegend).
CD19 (1D3, BD), F4/80 (T45-2342, BD), and CD11c (N418, BD) were used for a dump
channel along with ghost dye BV510 at 1:500 (Tonbo). Antibodies were diluted in FACs
buffer (PBS + 2.5% FBS) and cells were stained at room temperature in the dark for 60
minutes and then added to 100 pl of cell counting beads (Sigma Aldrich). Stained cells were
fixed with 0.4% paraformaldehyde and stored overnight in the dark at 4°C prior to FACs
acquisition using a Fortessa 1770 flow cytometer and Facs Diva software (BD Biosciences)
and analyzed using FlowJo software (version 10).

Flow cytometric analysis of T cells from tissues—To determine peptide-specific
cytokine production, single cell suspension of spleen and tumor were cultured in complete T
cell media in the presence of Golgiplug (1:500 BD Biosciences) and CB1g1-109 peptide (1
pg/ml Genscript) for 5 hours at 37°C. Next, cells were stained for Ghost live-dead (Tonbo),
CD45, CD8a, CD44, PD-1 as described above, then fixed and permeabilized (BD Fixation
Kit) and stained for intracellular expression of IFNy (XMG1.2, Biolegend, 1:100) and
TNFa (MP6-Xt22, Biolegend, 1:100) overnight in the dark at 4°C. To profile the phenotype
of splenic and intratumoral T cells, mononuclear cells were stained with CB1g;_1g9/H-2DP-
PE tetramer (1:100) in the presence of 1:500 Fc block (anti-CD16/32, Tonbo), and
monoclonal antibodies to the following antibodies were used for surface stain (same clones
as stated above): CD45, CD8, CD44, PD-1, Tim-3, Lag-3, and TIGIT (1G9, Biolegend).
Following fixation with the intracellular fixation and permeabilization Foxp3 kit (Tonbo),
Ki67 (B56, Biolegend) was used to stain the cells for 30 minutes in the dark on ice. Cells
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were washed and analyzed using a Fortessa 1770 flow cytometer and Facs Diva software
(BD Biosciences) and analyzed using FlowJo software (version 10).

Calculation of cell numbers per gram of milliliter of tissue—Spleen and tumors
were weighed ex vivoto calculate total grams of tissue used for single cell suspensions for
flow cytometry. The number of cell counting beads and number of live CD45+ cells
collected per tube were determined using FlowJo 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) or milliliters (blood samples) collected.

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 min.
Sections were rehydrated with PBS + 1% bovine serum albumin (BSA) and incubated for 1
hr at rt with primary antibodies to goat anti-mouse PD-L1 (R&D Systems, AF1019 1:500),
rat anti-mouse CD31 (BD, 1:100), rabbit anti-mouse Lyvel (Novus, 1:500), CD8a (BD, 53—
6.7, 1:100), panCK-FITC (Sigma-Aldrich, F3418, 1:200) diluted in PBS + 1% BSA. Slides
were washed 3X in PBS + 1% BSA and incubated with anti-goat AF647 (Jackson
ImmunoResearch, 1:500), anti-rat AF546 (Invitrogen, 1:500), and anti-rabbit AF647 (Life
Technologies, 1:500) for 1 hr at rt in the dark. Additional panels included F4/80 in PE
(Tonbo, BM8.1, 1:100), alpha-SMA (Invitrogen, 1A4, 1:00), rabbit anti-mouse Ly6G (BD,
1:100). Following staining slides were then washed 3X with PBS + 1% BSA, washed 3X
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). To determine CD8 T cell number, individual
cells and DAPI-stained nuclei from n = 3 mice per group and a minimum of n = 3 fields per
mouse were manually counted and recorded by an investigator blinded to the experimental
conditions with the assistance of Cell Counter plug-in in Fiji2.0. PD-L1 staining intensity
was measured by pixel intensity from n = 3 mice per group and a minimum of n = 3 fields
per mouse using Fiji2.0.

Gene expression of antigen presentation genes in PDA cell lines—KPC2a
tumors from 2 mice treated with aPD-L1 (harvested at day 45), 1 mouse treated with aPD-1
(harvested at day 45), and one mouse treated with dual blockade (harvested at day 63) were
expanded /n vitro using culture conditions described above. Parental, KPC2a, and re-derived
cell lines were plated at equal numbers and cultured /n vitro + recombinant mouse IFNy
(100ng/mL, R&D Systems) for 24 hours in 6-well plates. Cells were lifted in 10mM 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. MSLN was used as a negative control and ATP5b as a reference gene because they
are unlikely to be influenced by IFN-y. Calculations were performed according to the
geNorm method to calculate fold change and standard error (Vandesompele et al., 2002).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad software. All mouse experiments reflect
n = 3-8 mice per group per time point. Student’s t test was used to compare 2-group data.
One-way ANOVA and Tukey post-test were used for multiple comparisons. Log-Rank
Mantel Cox test was used to test for statistical differences in mouse survival. Data are
expressed as mean £ SEM p < 0.05 was considered significant. *, p < 0.05; ** p < 0.005;
*** p < 0.0005.

DATA AND CODE AVAILABILITY

This study did not generate or analyze large datasets/code.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A peptide:MHC tetramer is created to study pancreas cancer-specific T cells
PD-L1 blockade expands peripheral T cells required for antitumor efficacy

Tumor escape variants defective in IFN+y-inducible 7apZ and MHC class |
emerge

PD-1 + PD-L1 blockade enhances T cell functionality and longevity and
promotes cure
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Figure 1. Generation of an Immunotherapy-Responsive Pancreas Cancer Animal Model
(A) Representative immunofluorescent (IF) staining of wild-type mouse pancreas (top row),

primary tumors isolated from a genetically engineered KPC mouse (middle row), and a
polyclonal KPC TECs following orthotopic implantation into B6 pancreas at 3 weeks post-
implantation (bottom row). Images depict cytokeratin+ (CK) tumor cells, CD8+ T cells,
F4/80+ macrophages, Ly6G+ neutrophils, PD-L1, aSMA cancer-associated fibroblast
(CAFs), CD31+ endothelial cells, and Lyve-1+ lymphatic venules. Scale bar, 25 uM.

(B) Histogram overlay of CB-eGFP+ KPC clones generated from three independent KPC
mice. Shown are representative clones (h = 3) from the three independent polyclonal KPC

tumor epithelial cell lines (KPC1-3).
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(C) Timeline for orthotopic tumor cell injection, aPD-L1 treatments (blue arrows), and IVIS
imaging.

(D) Representative 1VIS imaging of tumor bioluminescence at 7 days (prior to treatment)
and 14 days following the initial aPD-L1 injection (day 21 post-tumor).

(E) Radiance of tumor bioluminescence following orthotopic injection of a CB+KPC clone
(KPC3b) and following aPD-L1 treatment. Data are mean + SEM. *p < 0.05 (unpaired two-
tailed Student’s t test). n = 5 mice per group.

(F) Radiance of tumor bioluminescence following orthotopic injection of a CB+KPC clone
(KPC2a) and following treatment with either aPD-1 or aPD-L1. Data are mean + SEM. *p
< 0.05 and **p < 0.005 (unpaired two-tailed Student’s t test). n = 5 mice per group.

(G) Representative IF of CD8+ T cells, cytokeratin (CK+) tumor cells, and PD-L1 in wild-
type mouse pancreas, primary tumor isolated from a genetically engineered KPC mouse, and
KPC2a (CB+) orthotopic tumors isolated from B6 mice + aPD-L1. Scale bars, 50 uM (left
and middle columns) and 10 uM (right column, inset).

(H) CD8+ T cell number per all nucleated cells in IF sections. Data are mean = SEM. n = 3—
5 mice per group.

(1) CD8+ T cell number per field of view in IF sections. Data are mean £ SEM. n = 3-5 mice
per group.

(J) PD-L1 intensity was quantified through pixel intensity measurement by Fiji 2.0.

Data in (H)—(J) are mean £ SEM. *p < 0.05, **p < 0.005, and ***p < 0.005 (one-way
ANOVA, with a post hoc test to correct for multiple comparisons). Data are representative of
n = 3-6 mice per group. See also Figure S1.
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Figure 2. CB Expression Is Required for Immune Checkpoint Blockade Response
(A) Representative ultrasound images of pancreatic tumors in B6 mice orthotopically

implanted with KPC2a (CB-eGFP+), KPC2 parental, or KPC2-eGFP tumor cells. Pancreas
mass, yellow cross section; K, kidney; S, spleen.

(B) Mean tumor volume £ SEM. n =5 mice per cohort. *p < 0.05 and **p < 0.005 (unpaired
two-tailed Student’s t test).

(C) Kaplan-Meier survival curve of mice bearing orthotopic tumors. Significance was
determined using a log rank (Mantel-Cox) test. n = 5 per group.

(D) Mean tumor weight in grams + SEM at day 22 or at endpoint (EP; tumors > 500 mm3).
Each dot is an independent mouse. n = 5 mice per group. *p < 0.05 (unpaired two-tailed
Student’s t test).
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(E) Mean tumor volume = SEM of KPC2 parental or KPC-eGFP+ cells. n = 3-6 mice per
group.

(F) Kaplan-Meier survival curve of mice bearing KPC2 parental or KPC-eGFP+ orthotopic
tumors £ aPD-L1. n = 3-6 mice per group.

(G) Mean tumor weight in grams + SEM at day 22 or at endpoint (EP; tumors > 500 mm3).
Each dot is an independent mouse. n = 3—6 mice per group.

(H) Representative histograms of the indicated cell surface proteins in KPC2 parental and
KPC2a clones * 48 h pre-treatment with recombinant mouse IFNy.

(1) Mean fluorescence intensity (MF1) of H-2DP, PD-L1, and mesothelin (MslIn) expression
by independent KPC parental tumor cells (n = 3) and their respective CB+ clones (KPC-CB)
+ IFNy. Each dot is an independent clone. Statistical significance was determined using
Student’s t test to compare the induction of protein expression following IFNy. *p < 0.05,
**p < 0.005, and ***p < 0.005. Representative of two independent experiments.
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Figure 3. Identification of an Immunodominant CB H-2DP Restricted Epitope
(A) Number of IFN-y-producing T cells per spleen from naive or peptide/aCD40/Polyl:C

vaccinated C57BL/6 mice following ex vivo re-stimulation with the indicated peptide. Each
dot is an independent mouse. n = 6 per group. *p < 0.05 (unpaired two-tailed Student’s t

test).

(B) Representative CD44 and IFNy staining of splenic CD8+ T cells following ex vivo

stimulation with CB1g1_109 peptide. Plots are gated on live, CD45+CD8+ T cells.

(C) Tumor radiance from control or vaccinated B6 mice on days 7 (D7) and 14 (D14).

(D) Gating strategy for validating fluorescently labeled CB10;_109:H-2DP -tetramer-binding
CD8+ T cells.
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(E) Representative CD44 and CB1g;_109:H-2DP -tetramer staining of splenocytes isolated
from naive and CB1g;-109-immunized mice at day 7 post-vaccination. Plots are gated on
live, CD45+ CD8+ Dump- T cells as shown in Figure 3D. n = 6 mice per group.

(F) Mean number of CB1g1_109-Specific T cells per spleen in naive (=) or vaccinated B6
mice was determined by tetramer staining or measuring IFN-y-producing T cells in response
to CB1g1-109 peptide ex vivo £ SEM. n = 4 mice per group. *p < 0.05 (one-way ANOVA,
with a post hoc test to correct for multiple comparisons).

(G) Representative plots of CB1g1-109:H-2DP and Ovays7_sg4 :H-2KP tetramer staining of
naive B6 splenocytes following tetramer staining and magnetic bead-based tetramer
enrichment. Gates are on live CD45+ CD8+ Dump- T cells.

(H) Number of CB1p1_109:H-2DP- and Ovays7_s64:H-2KP-specific T cells in naive B6 mice.
Each dot is an independent mouse, and data are mean £ SEM. ***p < 0.0005 (unpaired two-
tailed Student’s t test). See also Table S1 and Figure S2.
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Figure 4. Immune Checkpoint Blockade Efficacy Requires the Recruitment of Systemic
CB101-109:H-2DP-Specific T Cells

(A) Representative CB1g1-_109:H-2DP-tetramer staining of blood, splenic, or intratumoral
CD8+ T cells £ aPD-L1 at the indicated time points post-tumor implantation.

(B) Mean frequency of tetramer+ T cells of total CD8+ T cells in spleen (spl) or tumor (Tu)
+ SEM on days 7, 14, 22, and 43 post-tumor implantations. n = 4 or 5 mice per group. **p <
0.005 and ***p < 0.0005 (unpaired two-tailed Student’s t test).

(C-E) Mean frequency of tetramer+ T cells of total CD8+ T cells + aPD-L1 in blood (C),
spleen (D), and tumor (E). Error bars are SEM. n = 3-6 mice per group. *p < 0.05 and **p <
0.005 (unpaired two-tailed Student’s t test).
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(F-H) Mean CB1g1_109:H-2DP-specific T cell number in blood (F), spleen (G), and tumor
(H) following tumor implantation. Error bars are SEM. n = 3-6 mice per group. **p < 0.005
(unpaired two-tailed Student’s t test).

(1) Representative plots of PD-1 and Ki67 staining gated on tetramer+CD8+ T cells at day
14,

(J and K) Proportion of CD8+tetramer+ T cells that express Ki67 in spleen (J) and tumor
(K). Error bars are SEM. n =4 or 5 mice per group. *p < 0.05 (unpaired two-tailed Student’s
t test).

(L) Timeline for FTY720 treatment (black arrowhead) and aPD-L1 (red arrow).

(M) Representative images of tumor radiance at 7 and 14 days post- KPC2a injection. n = 3
mice per group.

(N) Tumor weight in grams at 14 days post-orthotopic KPC2a injection. n = 3 mice per
group. *p < 0.05 (one-way ANOVA, with a post hoc test to correct for multiple
comparisons). Data are mean + SEM.

See also Figure S3.
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Figure 5. Rapid Intratumoral and Progressive Systemic Dysfunction of Neoantigen-Specific T

Cells

(A) Frequency of PD-1, Lag3, Tim3, and TIGIT expression by tetramer+ T cells in the
spleen (Spl) and tumor (Tum) at day 22 post-tumor implantation. Each dot is an independent
mouse, and data are mean + SEM. *p < 0.05, **p < 0.05, and ***p < 0.005 (one-way
ANOVA, with a post hoc test to correct for multiple comparisons).

(B) Representative plots of markers quantified in (A).

(C) Mean frequency of CB1g1_109:H-2DP-specific CD8+ T cells that express none (0), one
(PD-1), or co-express 2, 3, or 4 inhibitory receptors at day 22.
(D) Proportion of total CD8+ T cells producing IFNy following ex vivo re-stimulation with
CB101-109 peptide at day 22.
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(E) Number of tetramer+ T cells producing IFNy at day 22. Data are mean + SEM, and each
dot is an independent mouse. *p < 0.05 (one-way ANOVA, with a post hoc test to correct for
multiple comparisons).

(F) Progressive phenotypic and functional changes in splenic tetramer+ CD8+ T cells in
mice bearing KPC2a tumors + aPD-L1. Data are mean + SEM. n =4 or 5 mice per group.
(G) Progressive phenotypic and functional changes in intratumoral tetramer+ CD8+ T cells.
Data are mean £ SEM. *p < 0.05 (unpaired two-tailed Student’s t test). n = 4 or 5 mice per
group.

(H) Analysis of the indicated antigens on circulating tetramer+ T cells following aPD-L1
treatment. Data are mean + SEM. n = 4 or 5 mice per group. See also Figure S4.
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Figure 6. Combined PD-L1 + PD1 Blockade Promotes Tumor Eradication and T Cell Persistence
in the Absence of Antigen

(A) Radiance of tumor growth in mice treated with either aPD-L1 or aPD1, combination
aPD-L1 + aPD1 (dual). Gray box indicates treatment period. Each line is an independent
mouse. Arrow indicates unexpected death.
(B) Number of tetramer+ T cells per milliliter in blood and mean tumor radiance. Symbol
indicates that some mice were euthanized because of tumor growth. Data are mean + SEM
for tetramer number. Data are mean for tumor radiance.
(C) Kaplan-Meier survival curve of mice in (A) and (B). n =4 or 5 mice per group.
(D) Proportion of tetramer+ T cells (gated on live CD45+CD8+ T cells) in blood at the
weeks (W) post-tumor. LTS, long-term survivors.
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(E) Proportion of intratumoral tetramer+ T cells that express KLRG1 and/or Lag3 at day 14.
Single, aPD-L1 only.

(F) Quantification of groups in (E). Data are mean + SEM. *p < 0.05, **p < 0.005, and ***p
< 0.0005 (one-way ANOVA with a Tukey post hoc test).

(G) Proportion of CD8+ T cells that produce TNFa following CB1g1-109 peptide re-
stimulation ex vivo.

(H) Proportion of CD8+ T that produce the indicated cytokines from tumors in mice treated
with single (aPD-L1) or dual (aPD-L1 + aPD-1) blockade at day 14. Data are mean +
SEM. *p < 0.05, **p < 0.005, and ***p < 0.0005 (one-way ANOVA with a Tukey post hoc
test).

() Number of CD8+ T cells per gram that produce TNFa from mice treated with single or
dual therapy at day 14. Each dot is an independent mouse. Data are mean + SEM. *p < 0.05,
**p < 0.005, and ***p < 0.0005 (one-way ANOVA with a Tukey post hoc test). See also
Figure S5.

(J) Tumor radiance following delayed single (aPD-L1) or delayed dual (aPD-L1 + aPD-1)
blockade beginning day 14 post-tumor implantation. Significant difference in tumor size at
day 21 was assessed using an unpaired two-tailed Student’s t test. Data are mean £ SEM.
(K) Kaplan-Meier survival curve of mice in treated as in (J). Control group is the same
animals shown in (C). Survival prolongation for delay dual (MST 42 days) versus untreated
(MST 22 days) was determined by a log rank test. See also Figure S5.

Cell Rep. Author manuscript; available in PMC 2021 March 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Burrack et al.

PD-L1

H-2D°

H-2K>

Delta Ct

Page 35

Tap1 Lmp7 Lmp2 H2db H2kb B2m Msin

KPC2a KPC2a $ . | ; KPe2
KPC2 KPC2a (escape #1) (rescape #2) 5= KPC2a-PT
L " 5 - B Kkpc2a-EV
' . 2
1 . " . 0m
| ’ H-2D° H-2K®
-
O 2o I o T
o o
C 100 = 75
© (1] l
L w £
SI ‘ o
© ©
éﬁf g e M B M | e i 1
1000 me2 10000 me 7
(9] (9] "
- g) L g) 1000 .
* 8 o s
(&) O 100 i
o cloaiiil [ comilhib o e z "
2 o I . I 2w I I
CB-GFP — . - :
B2m Msin
1000 60
[0) Q50
25 ()] j)}
W kPC2 S 1o € w
20 B KPC2a-PT S G w
£ M KPC2a-EV 2" 22
2 * b
= 1 ol M o
Q
+ 1o
(0]
o
o B ol ..ol

Figure 7. Tumor Escape Variants Fail to Express MHC | because of a Defect in Tapl following

IFNy

(A) IF staining for tumor cells (CK+), PD-L1, and CD8 in KPC2a tumors in control (=) or
aPD-L1 (+) at the indicated time points. Tumors were not easily identifiable in the mice that

received aPD-L1 at day 14. Scale bar, 50 uM.

(B) Cell surface expression of indicated proteins £ IFNy treatment in parental KPC2 cells,
KPC2a clone prior to implantation (pre-transfer), and two independent KPC2a escape

variants. Representative of n = 2 independent experiments.

(C) Fold induction of antigen processing and/or presentation genes following IFNy

treatment in parental KPC2 cells, KPC2a pre-transfer (KPC2a-PT), and four independently

re-derived KPC2a escape variants (KPC2a-EV). Data are mean + SEM.
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(D) Gene expression in cell lines from Figure 7C without IFN-y treatment normalized to
housekeeping gene ATP5b. Note that a higher the delta Ct indicates lower target gene
expression relative to ATP5b. All gPCR data were performed in triplicate.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-PD-L1 (clone 10F.9G2) Biolegend Cat No. 124313
Anti-MHC class | H-2Db (clone KH95) Biolegend Cat N0.111518
Anti-MHC class | H-2Kb (clone AF6-88.5) BD Cat No. 561072
Anti-mouse PD-1 (clone RMP1.14) BioXcell Cat No. BE0146
Anti-mouse PD-L1 (clone 10F.9G2) BioXcell Cat No. BE0101
Primary antibody against mouse mesothelin (clone B35) MBL Cat No. D233-3

Goat anti-rat secondary antibody conjugated to AF488

Thermo Fisher

Cat No. A-11006

Agonistic anti-mouse anti-CD40 (clone FGK45) BioXcell BE0016-2

Fc block (anti-CD16/32) Tonbo 70-1061-U100
Anti-CD45 (clone 30-F11) Biolegend 103147
Anti-CD8a (clone 53-6.7) Thermo Fisher 45-0081-82
Anti-CD44 (clone IM7) BD 564392
Anti-CD62L (clone MEL-14) Biolegend 104406
Anti-PD-1 (CD274, clone J43) Thermo Fisher 25-9985-82
Anti-KLRGL1 (clone 2F1) Biolegend 138408
Anti-Tim-3 (clone RMT3-23) Biolegend 119725
Anti-Lag-3 (CD223, clone C9B7W) Biolegend 125227
Anti-CD19 (clone 1D3) BD 563557
Anti-F4/80 (clone T45-2342) BD 565614
Anti-CD11c (clone N418) BD 744180

Ghost dye live-dead in BV510 Tonbo 13-0870-T500
Ghost dye live-dead in APCef780 Tonbo 13-0865-T500
Anti-IFN-gamma (clone XMG1.2) Biolegend 505810
Anti-TIGIT (clone 1G9) Biolegend 372706
Anti-CD69 (clone H1.2F3) Biolegend 104506
Anti-Ki67 (clone 16A8) Biolegend 652418

Goat anti-mouse PD-L1 R&D systems AF1019-SP
Rat anti-mouse CD31 BD 550274
Rabbit anti-mouse Lyve-1 Novus NB600-1008
Anti-panCK-FITC (clone C-11) Sigma-Aldrich F3418
Anti-goat AF647 Jackson Immunoresearch 705-605-147
Anti-rat AF546 Invitrogen A-11081
Anti-rabbit AF647 Life Technologies A27040
Anti-F4/80 (clone BM8) Tonbo 4801-U100
Anti-aSMA (clone 1A4) Thermo Flsher 14-9760-82
Rabbit anti-mouse Ly6G BD 551459
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Anti-LFA-1 (clone H155-78)

Biolegend

141008

Chemicals, Peptides, and Recombinant Proteins

FTY720 Cayman Chemical Cat No. 10008639
D-Luciferin Gold Bio LUCK-100
Poly I:C Sigma-Aldrich P1530
Recombinant mouse IFNy R&D systems 485-M1I-100
Click beetle red luciferase derived peptides Genscript N/A
Streptavidin R-PE Invitrogen S866

Red blood cell lysis buffer GIBCO A1049201
DAPI Prolong Gold Life Technologies P36931
Amphotericin B GIBCO 15290018
Penicillin/streptomycin GIBCO 10378016
Dextrose Fisher Scientific D15-500
L-glutamine Thermo Fisher 25030081
Blasticidin Thermo Fisher A1113903
Puromycin Thermo Fisher A1113803
EDTA Thermo Fisher 15575020
Collagenase IV Sigma Aldrich V900893
NEAA GIBCO 11-140-050
Betamercaptoethanol GIBCO M6250
D-PBS (no phenol red) GIBCO 14040133
Golgiplug BD 555029
OCT Tissue-Tek Electron Microscopy Sciences 6255001
Acetone Sigma Aldrich V800023
Critical Commercial Assays

BD fixation kit BD 554714
Foxp3 fixation and permeabilization kit Tonbo TNB-0607-KIT
Effectene kit QIAGEN 301425
QIAgen RNeasy kit QIAGEN 74104
SYBR Green master mix Thermo Fisher 4344463
High Capacity RNA to cDNA kit Thermo Fisher 438706
Experimental Models: Cell Lines

KPCPDA cells and clones This paper N/A

Plat-E cells CELL BIOLABS RV-101

Experimental Models: Organisms/Strains

C57BL/6J KPC mice

Fred Hutchinson Cancer Research Center

Stromnes et al., 2015

C57BL/6J mice Jackson laboratories 000664
Oligonucleotides (primers)
MsinR5 TGG ACC TTG TGA ACG AGATTC 3’ This paper IDT
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REAGENT or RESOURCE SOURCE IDENTIFIER
MsinF 5 TGG ATC AGG GAC TCA GGA TAG 3’ This paper IDT
H2-DbR 5" GGT GACTTC ACC TTT AGATCT GGG 3" Ly, D. et al, 2015 IDT
H2-DbF 5" AGT GGT GCT GCA GAG CAT TACAA 3’ Lv, D. et al, 2015 IDT
H2-KbR 5" GGT GAC TTT ATC TTC AGG TCT GCT 3"  This paper IDT
H2-KbF 5" GCT GGT GAA GCA GAG AGACTC AG 3’  This paper IDT
7apIR 5 AGT TCA GGC AGA AGT TGG AAG 3’ This paper IDT
TaplF 5 GCC CAG GTACAG AAT TCCC 3’ This paper IDT
Lmp2R 5 GGT TAT GTG GAC GCAGCT TA 3’ This paper IDT
Lmp2F 5 GGT GAC CAG GTA GAT GAC AC 3’ This paper IDT
Lmp7R 5 GCT GCT TTC CAA CAT GAT GC 3’ This paper IDT
Lmp7F5 CCG AGT CCC ATT GTC ATC TAC 3’ This paper IDT
ATP5DR 5 CAATGC AGG AAAGGATCACCA 3 This paper IDT
ATP5DF 5’ CAT CCA AAT GGG CAAAGG TG 3’ This paper IDT
Recombinant DNA
CBR-GFP retroviral vector Stromnes et al., 2015; Smith et al., 2017 N/A
GFP-only retroviral vector This report N/A
Ovalbumin-GFP retroviral vector This report N/A
Software and Algorithms
NetMHC version 4.0 http://cbs.dtu.dk/services/NetMHC/ N/A
SYFPEITHI http://www.syfpeithi.de/bin/MHCServer.dll/ N/A

EdiptopePrediction.htm
BIMAS https://bimas.cit.nih/gov/ N/A
FlowJo version 10 FlowJo N/A
FACS Diva BD N/A
GraphPad Prism N/A
1VIS100 with Living Image Software Xenogen N/A
Imaris9.1.0 Bitplane N/A
Vevo 2100 Visual Sonics Fujifilm N/A
Real Touch CFX96 PCR detection system BioRad N/A
Other
DMEM GIBCO 11960051
FCS GIBCO 26140079
Cell counting beads Sigma P7458
Magnetic beads conjugated to PE Miltenyi 130-048-801
Matrigel Discovery Labware 08-774-552
4.0 Sutures Ethicon 1611G
5.0 Sutures Ethicon 8580H
Magnetic beads conjugated to APC Miltenyi 130-090-855
LS Columns Miltenyi 130-042-401
QuadroMACS separator Miltenyi 130-090-076
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REAGENT or RESOURCE SOURCE IDENTIFIER
CBg1_199-H-2DP tetramer This report N/A
SIINFEKL-H-2K-b tetramer - APC http://tetramer.yerkes.emory.edu/reagents/class-1-mhc N/A
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