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SUMMARY
The CD155/TIGIT axis can be co-opted during immune evasion in chronic viral infections and cancer. Pancre-
atic adenocarcinoma (PDAC) is a highly lethal malignancy, and immune-based strategies to combat this dis-
ease have been largely unsuccessful to date. We corroborate prior reports that a substantial portion of PDAC
harbors predicted high-affinity MHC class I-restricted neoepitopes and extend these findings to advanced/
metastatic disease. Using multiple preclinical models of neoantigen-expressing PDAC, we demonstrate that
intratumoral neoantigen-specific CD8+ T cells adopt multiple states of dysfunction, resembling those in tu-
mor-infiltrating lymphocytes of PDAC patients. Mechanistically, genetic and/or pharmacologic modulation
of the CD155/TIGIT axis was sufficient to promote immune evasion in autochthonous neoantigen-expressing
PDAC. Finally, we demonstrate that the CD155/TIGIT axis is critical in maintaining immune evasion in PDAC
and uncover a combination immunotherapy (TIGIT/PD-1 co-blockade plus CD40 agonism) that elicits pro-
found anti-tumor responses in preclinical models, now poised for clinical evaluation.
INTRODUCTION

Pancreatic cancer is the third leading cause of cancer-related

deaths in the United States (Siegel et al., 2020) and, despite

progress in improving chemotherapeutic regimens (Conroy

et al., 2011; Von Hoff et al., 2013), metastatic pancreatic adeno-

carcinoma (PDAC) continues to carry a dismal prognosis. While

insights regarding the molecular and cellular mechanisms of im-

mune evasion have fueled tremendous clinical successes in a

range of tumor types, microsatellite-stable PDAC, which repre-

sents greater than 98% of all patients (Eso et al., 2020), has

been largely refractory to available immune checkpoint blockade

(O’Reilly et al., 2019). Despite harboring an intermediate muta-

tional burden (Lawrence et al., 2013), recent whole-exome

sequencing (WES) efforts have demonstrated that a subset of

early-stage PDAC contains predicted neoepitopes (Bailey

et al., 2016; Balachandran et al., 2017). In fact, neoantigen-spe-
cific tumor-infiltrating lymphocyte (TIL) clones can be isolated

from a subset of PDAC patients (Gros et al., 2019; Parkhurst

et al., 2019; Sakellariou-Thompson et al., 2017; Tran et al.,

2015). Extensive profiling of the immune landscape in PDAC

has uncovered a complex microenvironment, characterized by

numerous immune-suppressive cell populations and a subset

of patients with exhausted/dysfunctional CD8+ T cells, marked

by elevated surface expression of the co-inhibitory receptor TI-

GIT (Liudahl et al., 2021; Steele et al., 2020). However, the tumor

reactivity of dysfunctional/exhausted CD8+ T cells in PDAC is

currently unknown.

Previous work has investigated neoantigen expression in

PDAC using transplantation of monolayer cell lines (Evans

et al., 2016) or autochthonous genetically engineered mouse

models (Hegde et al., 2020). However, the results of these

studies have thus far been contradictory, with monolayer-based

models leading to preponderant T cell-mediated rejection, while
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neoantigen expression paradoxically leads to tumor acceleration

in autochthonous PDAC.

Here we demonstrate that PDAC, including advanced/meta-

static lesions, harbors predicted high-affinity neoepitopes with

novel MHC class I binding ability relative to their wild-type coun-

terparts. Using multiple preclinical models of neoantigen-ex-

pressing murine PDAC paired with profiling of human PDAC,

we uncover the CD155/TIGIT axis as necessary and sufficient

to maintain immune evasion in PDAC. Finally, we reveal a com-

bination immunotherapy (TIGIT/PD-1/CD40a), which leverages

this dependency, capable of eliciting profound anti-tumor re-

sponses in preclinical models.

RESULTS

Both localized and advanced/metastatic human PDAC
harbor predicted high-affinity neoepitopes
Recent sequencing studies have challenged the claim that

pancreatic cancer harbors few predicted neoantigens (Bailey

et al., 2016; Balachandran et al., 2017). However, these efforts

have largely been limited to early-stage/resectable disease,

which represents a minority of patients (Ryan et al., 2014),

and have primarily focused on missense mutations, which

may significantly underestimate the total neoantigen burden

in PDAC.

To address the broader neoepitope landscape, we developed

a neoepitope prediction pipeline incorporating HLA allele typing,

mutation calling, variant effect prediction, and peptide:MHC

class I binding predictions; we also expanded the search space

to consider variants derived from missense, frameshift, and in-

frame insertion/deletion mutations (Figure S1A and STAR

Methods). Consistent with prior studies, we uncovered

numerous putative neoepitopes in early-stage tumors, profiled

as part of The Cancer Genome Atlas (TCGA) (Cancer Genome

Atlas Research Network, 2017) (Figure 1A and Table S1). Even

after excluding one patient with mismatch repair deficiency,

the majority of patients (86%, 127/148) harbored putative neoe-

pitopes, with 73% (108/148) harboring one or more neoepitopes

with predicted high-affinity (<50 nM) for MHC class I (Figure 1A).

We also examined novel predicted MHC class I binding, in which

variants were predicted to confer MHC class I binding (<500 nM)

or strong binding (<50 nM) relative to corresponding wild-type

sequences predicted to have low-affinity for MHC class I

(>1,000 nM) or frameshift-derived variants, which had no corre-

sponding wild-type sequence. Using this ‘‘non-binding-to-bind-

ing’’ analysis, 81% (120/148) of patients harbored one or more of

these potentially immunogenic neoepitopes (Figure 1B).

To extend these results, we examined advanced/metastatic

PDAC patients from the Dana-Farber Cancer Institute (DFCI)

PancSeq study (Aguirre et al., 2018), including 57 with matched

WES and RNA sequencing (RNA-seq). All (100%, 57/57) of these

advanced/metastatic patients harbored predicted neoepitopes,

with a sizable proportion (87%; 50/57) possessing predicted

high-affinity (<50 nM) neoepitopes (Figure 1C and Table S1).

The vast majority (98%; 56/57) harbored one or more ‘‘non-bind-

ing-to-binding’’ neoepitopes (Figure 1D). In aggregate, we found

that the overall PDAC neoepitope landscape is increased by

28.3% with the inclusion of frameshift and in-frame insertion/

deletion mutations (Figures S1B and S1C; Table S1).
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Neoantigen-expressing pancreatic organoids model
immune clearance and immune evasion
As a subset of both localized and advanced/metastatic PDAC

harbors predicted high-affinity MHC class I-restricted neoepi-

topes, we set out to develop improved preclinical models to

delineate the molecular and cellular mechanisms of immune

evasion in this subset of patients. Using CRISPR/Cas9-assisted

homology-directed repair, we generated knockins using defined

neoantigens, expressed from the Hipp11 safe harbor locus (Hip-

penmeyer et al., 2010). Specifically, we utilized a high-affinity

MHC class I-restricted antigen (OVA257–264 [SIINFEKL]), linked

on a polycistronic transcript to the red fluorescent protein

mScarlet (Bindels et al., 2016), or recently described endoge-

nously arising MHC class I-restricted neoantigens: missense

mutations in the laminin a4 subunit (‘‘LAMA4-G1254V’’) or in

a-1,3-glucosyltransferase (‘‘ALG8-A506T’’) (Alspach et al.,

2019; Gubin et al., 2014), fused to the C terminus of mScarlet

(Figure 2A). We derived ‘‘genetically defined’’ pancreatic

organoids (GDOs) from healthy pancreata of KrasLSL-G12D/WT;

Trp53flox/flox;H11neoantigen (‘‘KP;SIIN;’’ ‘‘KP;mLAMA4;’’ ‘‘KP;

mALG8’’) animals. Following ex vivo delivery of adenoviral Cre

recombinase, organoids expressed oncogenic Kras with loss

of the p53 tumor suppressor gene, in addition to stable and uni-

form neoantigen expression (Figures 2B and S2A). Orthotopic

transplantation of neoantigen-expressing organoids into im-

mune-deficient recipients, using either CD8 T cell depletion or

Rag2�/� animals, resulted in 100%penetrance of mScarlet-pos-

itive (mScarlet+) tumor formation (Figure 2C). In contrast, ortho-

topic transplantation of neoantigen-expressing organoids into

immune-competent recipients led to two predominant out-

comes: (1) immune-mediated clearance of all neoantigen-ex-

pressing tumor cells (no tumor upon necropsy, negative for

mScarlet expression [a surrogate for neoantigen expression],

termed ‘‘non-progressor’’) or (2) immune evasion (macroscopic

tumor that retained mScarlet expression; termed ‘‘progressor’’)

(Figures 2D, 2E, and S2B). In addition, we observed a subset

of immune-competent recipients that retained small areas of

mScarlet positivity in the absence of macroscopic tumor forma-

tion (termed ‘‘intermediate’’), potentially reflective of a state of

immune equilibrium (Figures 2D, 2E, and S2B). In line with this

hypothesis, progressor tumors were significantly smaller than tu-

mors that arose in the absence of an immune-selective pressure,

suggestive of a prior state of equilibrium before ultimate immune

escape (Figures 2F and S2C). While all three neoantigens evalu-

ated exhibit high-affinity for MHC class I, we were particularly

struck by the observation that a substantial portion of tumors

harboring the highly immunogenic neoantigen (SIINFEKL) were

able to escape immune control while maintaining antigen

expression, suggesting that further study of this ‘‘progressor’’

subset could offer insights into the range of immune-evasion

mechanisms employed in PDAC.

Flow cytometric profiling demonstrated a range of CD8+

T cell infiltration in immune-evasive tumors (Figure S2D), remi-

niscent of previous profiling efforts in human PDAC (Stromnes

et al., 2017). Likewise, histopathologic analysis of immune-

evasive tumors revealed both inter- and intra-tumoral heteroge-

neity, with some areas displaying T cell exclusion, a well-docu-

mented phenomenon in PDAC (Joyce and Fearon, 2015;

Stromnes et al., 2017), but with other areas displaying robust



Figure 1. A subset of pancreatic cancer har-

bors predicted MHC class I-restricted neoe-

pitopes

(A and B) Neoepitope landscape in TCGA_PAAD

(n = 148) by (A) predicted affinity for MHC class I or

(B) predicted non-binder (NB) to binder (B) or

strong binder (SB; <50 nM) neoepitopes.

(C and D) Neoepitope landscape in DFCI-PancSeq

(n = 57) by (C) predicted affinity for MHC class I or

(D) predicted NB to B or NB to SB neoepitopes.

See also Figure S1 and Table S1.
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CD8+ T cell infiltration into tumor nests (Figures S2E and S2F).

Importantly, this inter- and intra-tumoral heterogeneity of T cell

infiltration has been recently described in large-scale profiling

efforts of the immune contexture in human PDAC (Liudahl

et al., 2021; Steele et al., 2020). These data suggest that im-

mune-evasive neoantigen-expressing tumors with CD8 infiltra-

tion must either acquire defects in antigen processing/presen-

tation and/or tumor-reactive T cells must be rendered

dysfunctional over time.

To evaluate potential tumor-intrinsic mechanisms of immune

escape, we re-isolated organoids from both immune-evasive

KP;SIIN tumors and KP;SIIN tumors that arose in immune-defi-

cient animals for ex vivo characterization. We performed flow cy-

tometry to characterize neoantigen expression (assessed via

mScarlet expression) and surface expression of MHC class I

(H-2Kb, H-2Db) and MHC class II on tumor-derived organoids

(Figures 2G, S2G, and S2H). We observed no loss of neoantigen

expression and equivalent basal and induced surface expres-

sion of H-2Kb on organoids from immune-evasive tumors

compared with organoids from tumors that had never been

exposed to an immune-selective pressure (Figure 2G), suggest-

ing that loss of neoantigen or MHC class I surface expression

was not a driving factor in the observed immune evasion.
Wenext utilized an organoid/CD8+ T cell

co-culture system in which immune-

evasive (progressor) or immune-deficient

KP;SIIN tumor-derived organoids were

co-embedded in a three-dimensional

extracellular matrix with antigenically stim-

ulated OT-I CD8+ T cells (T cell receptor

transgenic for SIINFEKL in the context of

H-2Kb [Hogquist et al., 1994]). Both sets

of organoids underwent equivalent T cell-

dependent killing acrossmultiple E:T ratios

(Figure 2H and Video S1), definitively

demonstrating that organoids derived

from immune-evasive tumors retain neo-

antigen expression and antigen-process-

ing/presentation capacity.

Neoantigen-specific CD8+ T cells
adoptmultiple states of dysfunction
in immune-evasive tumors
As we observed evidence of an ongoing

CD8+ T cell response in immune-evasive

tumors, with retained neoantigen expres-
sion, we hypothesized that neoantigen-specific CD8+ TILs had

become dysfunctional in these tumors. CD8+ T cell exhaustion,

a state of T cell hypofunctionality (Blank et al., 2019), has been

observed in both murine (Winograd et al., 2015) and human

PDAC (Liudahl et al., 2021; Steele et al., 2020; Stromnes et al.,

2017); however, the (neo)antigen specificity, or even tumor reac-

tivity, of these CD8+ TILs has not been firmly established. We uti-

lized flow cytometric profiling to assess T cell exhaustion/

dysfunction within the neoantigen-specific compartment

(CD44hiTetramer+). We observed no significant differences in

the abundance of neoantigen-specific CD8+ T cells in progressor

versus non-progressor tumors/pancreata (Figures 3A, S3A, and

S3B), but, consistent with the hypothesis that neoantigen-spe-

cific CD8+ TILs become hypofunctional within immune-evasive

tumors, we observed a decrease in their proliferative capacity

over time (Figure 3B). Furthermore, as co-expression of multiple

co-inhibitory receptors helps distinguish a dysfunctional pheno-

type from activation (Chihara et al., 2018; Schietinger et al.,

2016), we examined co-inhibitory receptor expression (PD-1, TI-

GIT, TIM-3, LAG-3) on neoantigen-specific TILs and observed a

significant accumulation in co-expression of two or more co-

inhibitory receptors in immune-evasive tumors (Figures 3C,

S3A, and S3B). We also observed a significant increase in the
Cancer Cell 39, 1–19, October 11, 2021 3



Figure 2. Neoantigen-expressing pancreatic organoids model immune clearance and immune evasion in the same tissue and antigenic

context

(A) ‘‘H11-SIIN’’ (top) and ‘‘H11-mLAMA4’’ or ‘‘H11-mALG8’’ (bottom) genomic loci.

(B) Bright-field (left) and fluorescent (right) images of KP;SIIN pancreatic organoids.

(C and D) Bright-field (left) and fluorescence stereomicroscopic (right) images of 8-week tumors following orthotopic transplantation of neoantigen-expressing

pancreatic organoids into (C) immune-deficient or (D) immune-competent animals.

(E) Proportion of outcomes at 5 weeks post orthotopic transplantation (KP [n = 15]; KP;SIIN [n = 45]; KP;mLAMA4 [n = 25]; KP;mALG8 [n = 25]).

(legend continued on next page)
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co-expression of inhibitory receptors PD1+TIGIT+, PD1+TIM3+,

and PD1+LAG3+ in intermediate animals (Figure S3B), suggest-

ing that the acquisition of a hypofunctional phenotype may pre-

cede frank immune escape. To further investigate T cell dysfunc-

tion in these tumors, we examined terminally exhausted

(TIM3+TCF1lo) (Miller et al., 2019) neoantigen-specific TILs,

which were enriched exclusively in immune-evasive tumors

(Figure S3B). Additionally, we observed a minor population of

PD1+TCF1hi ‘‘progenitor-like’’ (Miller et al., 2019; Sade-Feldman

et al., 2018; Siddiqui et al., 2019) neoantigen-specific TILs (Fig-

ures S3A and S3B), suggesting that a subset of neoantigen-spe-

cific TILs within immune-evasive tumors may retain potential for

re-invigoration. To extend these observations beyond the SIIN-

FEKL antigen, we performed flow cytometric immunophenotyp-

ing on neoantigen-specific CD8+ TILs from immune-evasive

KP;SIIN, KP;mLAMA4, and KP;mALG8 tumors. We observed

similar patterns of T cell exhaustion within the neoantigen-spe-

cific CD8+ TIL compartment in all three neoantigen-expressing

models (Figure 3D).

To further elucidate potential mechanisms of immune evasion,

we performed single-cell RNA-seq (scRNA-seq) (Zheng et al.,

2017) on intratumoral neoantigen-specific CD8+ T cells sorted

from immune-evasive KP;SIIN tumors. After quality control

filtering, we retained 447 neoantigen-specific TILs, clustered

them into four distinct clusters, and identified genes that were

differentially expressed between cells in the four clusters (Fig-

ures 3E and 3F; Table S2). Consistent with flow cytometric char-

acterization, cells in the largest cluster (cluster 0) had higher

expression of genes associated with CD8+ T cell exhaustion

(Pdcd1, Havcr2, Lag3, Tox) (Figure 3F). We then scored the cells

for gene modules derived from mouse CD8+ T cells in defined

cell states from acute and chronic lymphocytic choriomeningitis

virus (LCMV) (Doering et al., 2012). In line with our earlier obser-

vations, cluster 0 was enriched for ‘‘T cell exhaustion’’ (CM1), but

intriguingly was also enriched for a ‘‘chronic effector’’ signature

(CM2) (Figure 3G). Cells in two smaller clusters (clusters 1 and

2) showed higher expression of naive/memory markers (Sell,

Ccr7, Klf2, Tcf7), potentially reflecting one or more aberrant

memory-like cell states, and those in another small cluster (clus-

ter 3) had higher expression of inhibitory Ly49 receptors (Klra6,

Klra7) (Figure 3F), thought to mark a subset of CD8+ T regulatory

cells previously described in autoimmunity (Kim et al., 2011; Sal-

igrama et al., 2019) and cancer (Singer et al., 2016). Pathway and

Gene Set Overdispersion Analysis (PAGODA) (Fan et al., 2016)

derived three de novo gene set signatures from our scRNA-

seq data that overlaid clusters 1 and 2 (Pagoda30) and cluster

0 (Pagoda36, Pagoda45) (Figure 3H and Table S2), further high-

lighting the heterogeneity within the neoantigen-specific CD8+

TIL compartment.

We next compared CD44hiTetramer+ (neoantigen-specific)

with CD44hiTetramerneg (NOT SIINFEKL-specific) CD8+ TILs

by flow cytometry. As expected, we observed that the
(F) Tumor/pancreas weights 8–10 weeks post orthotopic transplantation of KP;SI

‘‘P;’’ bar represents median).

(G) Flow cytometry of mScarlet (left) or surface MHC-I [H-2Kb] (right) on tumor-de

interferon-g (mean ± SD).

(H) Representative images of organoid/CD8 T cell co-culture with indicated E:T r

Statistical analyses in (F) and (G): two-sided Mann-Whitney U test (ns, non-signi
CD44hiTetramer+ subset exhibited a significantly higher propor-

tion of dysfunctional/exhausted TILs (Figure S3C), but intrigu-

ingly noted that a portion of CD44hiTetramerneg CD8+ TILs also

exhibit marks of T cell dysfunction/exhaustion. This may reflect

non-SIINFEKL tumor reactivity (tumor-associated antigen or

non-SIINFEKL neoantigen) or potential bystander effects. We

noted that TIGIT+PD1+ co-positivity best differentiated the neo-

antigen-specific compartment in these analyses, suggesting

that these immune axes may play an outsized role in T cell

dysfunction in this disease context.

Human PDAC harbors analogous populations of
exhausted intratumoral CD8+ T cells
To investigate whether these observations could be extended to

human PDAC, we isolated intratumoral CD8+ T cells from freshly

resected surgical samples for flow cytometric profiling. Of 13

specimens evaluated, nine had sufficient CD8+ TILs for further

immunophenotyping (range 202–17,895 live CD8+ TILs). In line

with previous reports (Stromnes et al., 2017), the majority

(67%–99%) of CD8+ TILs were CD45RO+ (Figure 4A), reflective

of prior antigen experience, with a substantial portion of intratu-

moral CD8+ T cells co-expressing multiple co-inhibitory recep-

tors (PD1+TIGIT+, PD1+LAG3+, PD1+TIM3+, TIGIT+TIM3+) (Fig-

ures 4B and S4A), consistent with our preclinical profiling. In

line with our murine models, we observed terminally exhausted

(TIM3+TCF1lo) CD8+ TILs in the majority of tumors (Figure 4C).

Progenitor-like (PD1+TCF1hi) CD8+ TILs have been demon-

strated to underlie the proliferative burst in response to PD-1

blockade (Miller et al., 2019; Siddiqui et al., 2019). We observed

PD1+TCF1hi CD8+ PDAC TILs in themajority of tumors, but these

represented a small subset of CD8+ TILs (Figure 4D), potentially

in line with the observed lack of clinical benefit using PD-(L)1

blockade as monotherapy in PDAC (Brahmer et al., 2012; O’Re-

illy et al., 2019). However, we also observed a population of HLA-

DR+Ki67+CD57neg CD8+ TILs in the majority of tumors (Fig-

ure 4E), suggesting that there are recently activated, prolifer-

ating, and non-senescent intratumoral CD8+ T cells in PDAC

with potential for therapeutic re-invigoration.

We next investigated T cell phenotypes in previously reported

scRNA-seq of human PDAC patients (n = 24) (Peng et al., 2019)

(Figures 4F, S4B, and S4C). We computationally ‘‘sorted’’

CD3+CD8+ and CD3+CD4+ cells and examined the expression

in these selected cells of T cell exhaustion-associated genes (en-

coding PD-1, TIGIT, TIM-3) and expression of gene signatures

derived from murine neoantigen-specific TILs (Figures 4F and

4G). All three gene signatures from murine neoantigen-specific

TIL profiling were expressed in specific subsets of CD8+ TILs

in human PDAC (Figure 4G). Collectively, these data suggest

that neoantigen-specific TILs from murine immune-evasive

PDAC reflect a subset of CD8+ TILs in human PDAC, suggesting

that these preclinical models accurately recapitulate a subset of

human disease.
IN pancreatic organoids (n = 5 ‘‘immune-deficient;’’ n = 24 ‘‘N;’’ n = 6 ‘‘I;’’ n = 30

rived organoids from progressor (n = 7) or immune-deficient (n = 5) animals ±

atios.

ficant; **p < 0.01; ***p < 0.001). See also Figure S2.
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Figure 3. T cell exhaustion typifies the neoantigen-specific TIL response in immune-evasive PDAC

(A) Flow cytometry of neoantigen-specific (CD44hiTetramer+) CD8+ T cells in tumors/pancreata at 9–10 weeks post initiation (mean ± SD).

(B) Ki67+ of CD44hiTetramer+CD8+ TILs from progressor tumors (mean ± SD).

(C) Inhibitory receptor (PD-1, TIGIT, TIM-3, LAG-3) co-positivity as indicated by color in CD44hiTetramer+CD8+ TILs from KP;SIIN tumors/pancreata (mean ± SD).

(legend continued on next page)
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Elevated expression of CD155 in murine and
human PDAC
Given the enrichment of neoantigen-specific T cell exhaustion/

dysfunction in murine immune-evasive tumors and the presence

of analogous populations in human PDAC, we next examined

inhibitory ligand expression. We evaluated PD-L1 (a ligand for

PD-1), Galectin 9 (a ligand for TIM-3), and CD155 (a ligand for

TIGIT) using immunohistochemical analysis of murine immune-

evasive PDAC tissue microarrays (TMAs). While we detected

occasional PD-L1 and/or Galectin 9 positivity, the vast majority

of tumor cells was negative or expressed low levels of these

inhibitory ligands (Figure S5A). This is consistent with prior re-

ports (Stromnes et al., 2017; Yarchoan et al., 2019) that have

shown human PDAC to be largely devoid of PD-L1. In contrast,

elevated CD155 expression was observed in a substantial frac-

tion of murine immune-evasive tumors (Figures 5A and S5A)

and human PDAC (Figure 5B). We computed H-scores (Hirsch

et al., 2003) for CD155 in both murine and human PDAC and

found that CD155 expression was significantly higher in tumor

samples compared with healthy pancreas controls (Figures 5A

and 5B), although it is important to point out that approximately

20% of human tumors showed no CD155 expression. While we

observed elevated CD155 expression, we cannot rule out the

contribution of additional inhibitory ligands that were not directly

assessed in this analysis.

To assess expression specifically within the malignant

compartment, we utilized murine tumor-derived organoids and

human PDAC patient-derived organoids. We observed elevated

surface expression of CD155 on both human (Figure S5B) and

murine (Figure 5C) tumor-derived organoids. In contrast, we

observed low basal expression of surface PD-L1 on murine tu-

mor-derived organoids (Figure 5D), although PD-L1 surface

expression could be induced with interferon-g (Figure S5C).

We observed elevated CD155 on organoids isolated from im-

mune-evasive tumors as well as organoids derived from tumors

never exposed to an immune-selective pressure, suggesting

that CD155 upregulation may be a frequent feature of pancreatic

tumorigenesis that is co-opted for immune evasion rather than

an acquired feature during immune escape.

To investigate the impact of genetic driver events on CD155

expression, we derived an allelic series of isogenic murine

GDOs: wild-type (WT), KrasLSLG12D/+ (K), Trp53flox/flox (P), and

KrasLSLG12D/+Trp53flox/flox (KP). We observed that surface

CD155 expression was unchanged upon expression of either

oncogenic Kras or loss of p53 alone but was significantly

increased in the presence of concomitant oncogenic Kras

expression and p53 loss (Figure 5C), suggesting a possible inter-

play between these canonical PDAC-associated oncogenic

events leading to upregulation of CD155 expression.

To extend this observation, we assessed mRNA expression of

PVR (encoding CD155), CD274 (encoding PD-L1), PVRL2

(encoding CD112), PDCD1LG2 (encoding PD-L2), and LGALS9
(D) Flow cytometric characterization of neoantigen-specific (CD44hiTetramer+) T

(E) Uniform manifold approximation and projection (UMAP) of scRNA-seq of neo

(F) Heatmap of differentially expressed genes between clusters with selected ge

(G and H) UMAPs overlaid with (G) gene module expression for ‘‘LCMV T cell e

PAGODA gene expression programs.

Statistical analyses in (A), (B), and (D): two-sided Mann-Whitney U test (ns, non-
(encoding Galectin 9) within PDAC patient samples from

TCGA, stratified on the basis of KRAS and/or TP53 mutational

status. In line with observations in murine PDAC, we observed

significantly elevated expression of CD155 (PVR) in PDAC

harboring both oncogenic KRAS and TP53 mutations/loss

(‘‘KP’’) compared with samples that were wild-type for either of

these genes (‘‘non-KP’’) (Figure 5E). We did not observe signifi-

cant differences in other inhibitory ligand expression between

these patient cohorts (Figure S5D). Of note, given the near uni-

versal presence of KRAS mutations in PDAC, we were unable

to isolate the effects of KRAS mutation from TP53 mutation/

loss in this disease context. To evaluate whether a similar para-

digm extends beyond PDAC and to attempt to isolate the effects

of each oncogenic event, we stratified TCGA datasets from lung

(LUAD) and colon (COAD) adenocarcinoma based onKRAS and/

or TP53 mutational status. While in lung adenocarcinoma muta-

tion of either KRAS or TP53 alone were associated with elevated

expression of CD155 (PVR) (Figure S5E), only the combination of

oncogenic KRAS and TP53 mutation/loss (KP) was associated

with elevated CD155 (PVR) expression in colon cancer (Fig-

ure 5F), highlighting potential tissue-specific differences in

CD155 (PVR) regulation.

To further investigate the role of the CD155/TIGIT axis in hu-

man PDAC immune evasion, we leveraged our neoepitope pre-

dictions (Figure 1) to stratify patients by overall neoepitope

burden (<500 nM) and then queried CD155 expression. Tumors

with a high burden (top 25%) of predicted neoepitopes exhibited

on average a significantly elevated CD155 expression compared

with tumors with a low burden (bottom 25%) (Figure 5G). Like-

wise, as our earlier analyses suggested that a substantial portion

of PDAC harbors neoepitopes with high-affinity for MHC class I

(<50 nM) or that acquire the ability to bind to MHC class I

(‘‘non-binding-to-binding’’), characteristics which correlate with

increased immunogenic potential (Wells et al., 2020), we queried

whether a higher burden of neoepitopes within these classes

also associates with CD155 expression. We observed signifi-

cantly elevated CD155 expression in patients with more ‘‘non-

binding to binding’’ neoepitopes (Figure S5F) and in patients

with predicted high-affinity neoepitopes (Figure S5G), suggest-

ing a potential functional role for the CD155/TIGIT axis in medi-

ating immune evasion in human pancreatic cancer.

Preclinical activity of TIGIT/PD-1/CD40a combination
immunotherapy in neoantigen-expressing PDAC
Next, we set out to investigate the relevance of the CD155/TIGIT

axis in a therapeutic context. As T cell dysfunction is associated

with both chronic antigen stimulation and suboptimal co-stimu-

lation (Wherry and Kurachi, 2015), we reasoned that the combi-

nation of CD40 agonism plus rationally guided immune check-

point blockade (ICB) might be able to overcome T cell

dysfunction in these tumors. CD40 is expressed on the surface

of antigen-presenting cells (APCs) and is crucial for mediating
ILs at 5 weeks post initiation (bar represents median).

antigen-specific (CD8+CD44hiTetramer+) TILs from immune-evasive tumors.

nes highlighted.

xhaustion’’ (CM1) and ‘‘LCMV T cell chronic effector’’ (CM2) or (H) indicated

significant; *p < 0.05). See also Figure S3 and Table S2.
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Figure 4. Human PDAC harbors exhausted CD8+ TILs

(A–E) Flow cytometric profiling of human PDAC CD8+ TILs for: (A) CD45RO; (B) inhibitory receptor (TIGIT, PD-1, TIM-3, LAG-3) co-expression; (C) TIM3+TCF1lo;

(D) PD-1+TCF1lo and PD-1+TCF1hi; or (E) HLA-DR+Ki67+CD57neg. Bars represent median.

(F) UMAP of human PDAC scRNA-seq data (n = 24 patients) (Peng et al., 2019).

(G) Computationally sorted cell subsets and UMAPs overlaid with indicated genes/signatures.

See also Figure S4.
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Figure 5. Elevated CD155 expression within the malignant compartment in murine and human PDAC

(A and B) Immunohistochemical analysis of CD155 on (A) murine and (B) human PDAC TMAs, quantified by H-score (right).

(C and D) Flow cytometry of surface (C) CD155 or (D) PD-L1 on GDOs (wild-type [WT], KrasLSLG12D/+ [K], Trp53flox/flox [P], KrasLSLG12D/+Trp53flox/flox [KP]) or tumor-

derived organoids (progressor, immune-deficient).

(E and F) Empirical cumulative distribution function analysis of CD155 (PVR) expression in (E) TCGA_PAAD or (F) TCGA_COAD within indicated genetic cohorts.

(G) CD155 (PVR) expression in TCGA_PAAD stratified by total neoepitope burden (high: top 25%; low: bottom 25% from Figure 1A) (bar represents median).

Statistical analyses: two-sidedMann-Whitney U test (A and B), Welch’s t test (C and D), Kolmogorov-Smirnov (E–G). ns, non-significant; *p < 0.05. Bars represent

median (A–D, G). See also Figure S5.
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Figure 6. TIGIT/PD-1/CD40a combination immunotherapy elicits anti-tumor responses in immune-evasive PDAC

(A) Waterfall plot of evaluable tumors at 4 weeks of treatment.

(B) Spider plots of treatment response to PD-1/CD40a (top) and TIGIT/PD-1/CD40a (bottom).

(C) Representative staining of CD8a, cytokeratin 19 (CK19), CD155, and PD-L1 of responders following 4 weeks of TIGIT/PD-1/CD40a.

(legend continued on next page)
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crosstalk between APCs and T cells (Johnson et al., 2017; Von-

derheide, 2018). Agonistic CD40 antibodies bypass the need for

CD4+ T cell help (Ribas et al., 2001) and can enhance anti-tumor

responses with ICB (Byrne and Vonderheide, 2016; Ma et al.,

2019; Vonderheide, 2020; Winograd et al., 2015). Importantly,

the PD-1/PD-L1 and TIGIT/CD155 axes coordinately function

to dampen a productive CD8+ T cell response, and co-blockade

has demonstrated synergy in preclinical models and in early-

stage clinical trials (Anderson et al., 2016; Hung et al., 2018; Ro-

driguez-Abreu et al., 2020).

Following orthotopic transplantation of KP;SIIN organoids into

immune-competent animals and confirmation of tumor estab-

lishment, animals were randomized by baseline tumor volume

to receive mono- or dual-ICB, in the presence or absence of

CD40 agonism, at 6 weeks post initiation. Specifically, animals

were allocated to an isotype control arm or therapeutic arms

(CD40 agonist [CD40a], anti-PD-1, anti-TIGIT, anti-TIGIT/PD-1,

anti-PD-1 + CD40a, anti-TIGIT + CD40a, anti-TIGIT + anti-PD-

1 + CD40a) for treatment over 4 weeks, and tumors were longi-

tudinally evaluated via high-resolution ultrasound imaging. Tu-

mor response was determined using modified RECIST criteria

(Gao et al., 2015), previously validated for volumetric tumor

response in preclinical models. As expected, isotype control-

treated tumors grew unabated with 0% objective response

rate (ORR) and 0% disease control rate (DCR) (n = 15, Figures

6A and S6A). Consistent with clinical observations, mono- or

dual-ICB (PD-1, TIGIT, PD-1/TIGIT) exhibited no tumor re-

sponses (0% ORR/DCR for monotherapy; 0% ORR and 22%

DCR with TIGIT/PD-1 co-blockade [n = 9–10 per arm], Figures

6A and S6A). CD40a monotherapy resulted in an 11% ORR

and 33%DCR (n = 9, Figures 6A and S6A), but themajority of an-

imals quickly progressed through monotherapy. When CD40a

was combined with either PD-1 blockade or TIGIT blockade,

we observed primarily disease stabilization with few tumor re-

sponses (9% ORR, 54% DCR with PD-1/CD40a; 0% ORR,

18% DCR with TIGIT/CD40a [n = 11 per arm], Figures 6A, 6B,

and S6A), potentially consistent with the early clinical promise

of CD40a/PD-1 combinations currently being evaluated in clin-

ical trials (O’Hara et al., 2021). In contrast to all other combina-

tions investigated, TIGIT/PD-1 co-blockade plus CD40 agonism

(TIGIT/PD-1/CD40a) produced significant tumor responses

(46% ORR, 71% DCR) with 23% complete responses (mCR)

(n = 48, Figures 6A and 6B). These data support the hypothesis

that combinatorial strategies to simultaneously boost and rein-

vigorate an anti-tumor immune response are needed to over-

come the profoundly immunosuppressive PDAC microenviron-

ment and, furthermore, that TIGIT blockade may overcome

pre-existing or acquired resistance to CD40a/PD-1 therapy. As

TIGIT blockade has already demonstrated safety/tolerability in

human patients, with hints of efficacy in other tumor types
(D) Representative multiplex fluorescent immunohistochemistry with NanoString

TIGIT/PD-1/CD40a.

(E and F) Flow cytometric analysis of (E) CD8+ T cells and (F) G-MDSCs (CD45+C

(G) Differential protein expression in ‘‘CD8 high’’ versus ‘‘CD8 low’’ AOIs in non-re

rate (FDR) < 0.05.

Statistical analyses: two-sided Mann-Whitney U test of percent change at 4 week

model with Benjamini-Hochberg FDR (G). ns, non-significant; *p < 0.05; **p < 0.0

See also Figure S6.
(Harjunp€a€a and Guillerey, 2020; Rodriguez-Abreu et al., 2020;

Schnell et al., 2020), and combination CD40 agonism + PD-1

blockade has shown safety and early clinical promise in PDAC

(Vonderheide, 2020; O’Hara et al., 2021), TIGIT/PD-1/CD40a is

poised for rapid clinical evaluation.

To investigate mechanisms of effectiveness and resistance to

TIGIT/PD-1/CD40a combination therapy, we treated animals

harboring immune-evasive tumors with TIGIT/PD-1/CD40a as

described above. Tumors were tracked using weekly ultrasound

imaging to facilitate assignment into responder (partial [mPR] or

complete [mCR] responses), stable disease (mSD), or non-

responder (progressive disease [mPD]) categories. Following

28 days of treatment, tumors (or remaining pancreatic tissue in

the case of complete response) were harvested for flow cyto-

metric profiling, conventional immunohistochemical analysis,

or spatially resolved multiplexed protein profiling using Nano-

String GeoMx DSP.

We observed abundant intratumoral CD8+ T cells in responder

animals (Figures 6C and 6D), with a less pronounced CD8+ infil-

trate with clear areas of T cell exclusion in non-responder ani-

mals (Figures S6B–S6D). Immunohistochemical analysis also

demonstrated elevated PD-L1 andCD155within the tumor-adja-

cent stroma (TAS) and at the tumor-stromal interface (TSI) of

responder tumors (Figure 6C), potentially reflecting amechanism

of acquired resistance to CD40 agonism, which may be over-

come through TIGIT/PD-1 co-blockade.

To further characterize changes in the immune microenviron-

ment following TIGIT/PD-1/CD40a therapy, we performed flow

cytometric immunophenotyping of CD45+ cell subsets following

28 days of control or experimental (TIGIT/PD-1/CD40a) therapy.

We observed an increase in CD8+ T cell infiltration into responder

(mCR/mPR) tumors and a concomitant decrease in immunosup-

pressive myeloid subsets, most strikingly in granulocytic

myeloid-derived suppressor cells (G-MDSCs) (Figures 6E and

6F). We also observed a significant decrease in overall myeloid

infiltration (CD11b+) and monocytic MDSCs, but not in tumor-

associated macrophages, following TIGIT/PD-1/CD40a (Figures

S6E–S6H).

We next employed NanoString GeoMx DSP, which utilizes

oligonucleotide-tagged antibodies containing a photocleavable

linker and UV illumination of defined areas of interest, to enable

spatially resolved high-plex protein labeling of tumors following

TIGIT/PD-1/CD40a therapy. Consistent with our prior analyses,

we observed abundant intratumoral CD8+ T cells in responder

animals, with CD8+ T cells largely restricted to the periphery of

non-responder tumors. In both responder and non-responder

tumors, we observed markers of effector T cell function (Gran-

zyme B) and proliferation (Ki67) in areas of high CD8+ T cell infil-

tration, but observed elevated expression of MDSC markers

(CD11b, Ly6G/C) in areas of T cell exclusion uniquely in non-
GeoMx DSP areas of interest of a responder tumor (mPR) following 4 weeks of

D11b+F4/80lowLy6ClowLy6Ghigh) (mean ± SD).

sponder tumors following 4 weeks of TIGIT/PD-1/CD40a. Red: false discovery

s of therapy (A); two-sided Mann-Whitney U test (E and F); linear mixed-effect

1; ***p < 0.001; ****p < 0.0001.
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Figure 7. Elevated CD155/TIGIT signaling is sufficient to promote immune evasion in autochthonous PDAC

(A) Lentiviral vectors to generate autochthonous neoantigen-expressing PDAC or control.

(B) Retrograde pancreatic ductal instillation of lentivirus.

(legend continued on next page)
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responder tumors (Figures 6G, S6C, and S6D), suggesting a po-

tential role for MDSC-mediated T cell exclusion in resistance to

therapy.

Collectively, these data support CD8+ T cell re-invigoration as

a key marker of response and suggest that T cell exclusion,

possibly mediated by G-MDSCs, may be a key driver of resis-

tance. However, future studies will be needed to uncover poten-

tial biomarkers in tumors prior to treatment that can be used to

select patients most likely to benefit from therapy.

The CD155/TIGIT axis is sufficient to promote immune
evasion in PDAC
As an orthogonal approach to our organoid-based preclinical

models, we adapted retrograde pancreatic duct delivery (Chiou

et al., 2015) to generate a genetically tractable autochthonous

mouse model of neoantigen-expressing PDAC. Specifically,

we engineered the lentiviral vector used to initiate PDAC in

KrasLSL-G12D/+;Trp53fl/fl (KP) animals to additionally encode a

defined neoantigen (‘‘mScarletSIIN;’’ OVA257–264 [SIINFEKL]

and OVA323–339) (Figure 7A). Retrograde ductal instillation (Fig-

ure 7B) of Cre-expressing lentivirus led to histologically

confirmed pancreatic intraepithelial neoplasia (PanIN) and/or

PDAC formation in �90% of immune-deficient or immune-

competent animals by 9 weeks post initiation (Figure S7A). To

examine the effects of neoantigen expression in autochthonous

PDAC, we performed parallel surgeries in immune-competent

and immune-deficient (CD8a-depleted) KP animals. Analogous

to Cre expression alone, �90% of immune-deficient animals

transduced with mScarletSIIN developed histologically

confirmed PanIN/PDAC by 9 weeks post initiation (Figure S7A).

Tumors that developed in the absence of CD8+ T cells retained

neoantigen expression within PanIN/PDAC lesions (Figures 7C

and 7E). In contrast, approximately 50% of immune-competent

animals initiated with mScarletSIIN failed to develop tumors by

9 weeks post initiation (Figures 7D, S7B, and S7C), consistent

with observations of immune clearance using neoantigen-ex-

pressing organoids. However, unlike our organoid-based

models, we observed a subset of animals (�40%) that devel-

oped macroscopic tumors which failed to maintain mScarlet

expression (assessed by both fluorescence stereomicroscopy

and immunohistochemical analysis), suggestive of immune edit-

ing (Figures 7D and S7D). This difference can likely be attributed

to site-specific effects of stochastic lentiviral integration in the

autochthonous model, compared with expression from a safe

harbor locus in our organoid-based models. Lastly, while less

frequent than in our organoid-based model, a reproducible sub-

set (7%–20%) of immune-competent animals initiated with

mScarletSIIN developed immune-evasive tumors (Figures 7D,

7E, and S7E). While we observed a robust neoantigen-specific

CD8+ TIL response in both early- and late-stage lesions (Figures
(C and D) Bright-field (left) and fluorescence stereomicroscopic (right) images of r

(C) CD8a-depleted or (D) immune-competent animals.

(E) Proportion of animals with mScarlet positivity as assessed by fluorescence s

(F) Lentiviral vectors and R26-dCas9-VPR knockin allele used to modulate CD15

(G) Flow cytometric assessment of surface CD155 on pancreatic organoids follo

(H) Proportion of animals with mScarlet positivity by fluorescence stereomicrosco

modulation.

See also Figure S7.
S7F and 7G), immune-evasive autochthonous tumors harbored

intratumoral neoantigen-specific CD8+ T cells with co-expres-

sion of multiple co-inhibitory receptors (including PD-1+TIGIT+)

(Figure S7G), analogous to observations in our organoid-based

models and in human PDAC.

We took advantage of both the relative rarity of immune-

evasive tumors and the genetic tractability of this model to eval-

uate whether genetic or pharmacologic modulation of the

CD155/TIGIT axis could promote immune evasion. To investi-

gate the effect of tumor-specific inhibitory ligand expression,

we re-engineered the mScarletSIIN lentivirus to additionally ex-

press the cDNA for Pvr (encoding CD155) (Figure 7F). Using len-

tiviral transduction of organoids, we confirmed the expected up-

regulation of surface CD155 (Figure 7G). As an orthogonal

approach, we utilized CRISPR activation (CRISPRa) to upregu-

late CD155 from the endogenous Pvr locus. To facilitate efficient

in vivoCRISPRa, we generated a knockin allele at the Rosa26 lo-

cus (Soriano, 1999) to enable Cre-mediated conditional expres-

sion of dCas9-VPR (Chavez et al., 2015) (Figure 7F). Using lenti-

viral transduction of KP;dCas9-VPR organoids, we validated two

single guide RNAs (sgRNAs) targeting the promoter of Pvr, both

of which upregulated surface CD155 to similar levels as cDNA

expression (Figure 7G). One of the two sgRNAs tested

(Cd155a.2) consistently led to more uniform upregulation of sur-

face CD155, and thus we opted to proceed with this sgRNA for

in vivo evaluation.

To evaluate the effects of tumor-restricted inhibitory ligand

overexpression in autochthonous neoantigen-expressing

PDAC, we randomized KP animals to receive retrograde ductal

instillation of control (mScarletSIIN) or CD155-mScarletSIIN len-

tiviruses. In parallel, KP;dCas9-VPR animals were instilled with

mScarletSIIN lentivirus additionally encoding either a non-tar-

geting control sgRNA or Cd155a.2. Using either cDNA- or

CRISPRa-mediated overexpression, tumor-specific CD155 up-

regulation resulted in an increase in the proportion of immune

evasion. Specifically, Pvr cDNA elicited 39% (n = 31) mScarlet+

tumors (an increase from 25% [n = 16] in control animals) and

Cd155a.2 CRISPRa led to 42% (n = 12) immune evasion (an in-

crease from 18% [n = 11] in control animals) (Figure 7H), sug-

gesting that forced elevation of CD155 promotes immune

evasion in PDAC.

Finally, to assay the effect of elevated TIGIT activity, we initi-

ated autochthonous PDAC in KP animals using mScarletSIIN

and randomized animals immediately following pancreatic duct

surgery to receive a TIGIT agonistic antibody (clone 1G9) (Dixon

et al., 2018) or an isotype control antibody. In line with our obser-

vations modulating CD155, 44% (n = 25) of animals in the TIGIT

agonist arm exhibited immune evasion, compared with 24% (n =

21) of isotype control-treated animals (Figure 7H). While no

approach was as effective as complete CD8 depletion,
epresentative 9-week autochthonous tumors generated using mScarletSIIN in

tereomicroscopy, 9 weeks post initiation.

5 (Pvr) expression in autochthonous PDAC.

wing transduction with indicated lentiviruses.

py at 9–12 weeks post initiation following indicated genetic or pharmacologic
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collectively these data reinforce the functional importance of the

CD155/TIGIT axis in PDAC immune evasion.

DISCUSSION

Neoantigen-specific CD8+ T lymphocytes, which recognize

cognate antigen presented in the context of MHC class I, are

thought to underlie the success of current immune-based stra-

tegies (Snyder et al., 2014). Our present study bolsters the

finding that a subset of patients with microsatellite-stable

pancreatic cancer harbor predicted MHC class I-restricted

neoepitopes, even in advanced/metastatic disease. Addition-

ally, by expanding the search space for potential neoepitopes

to include in-frame insertion/deletion and frameshift mutations,

we demonstrate that the landscape of potentially immunogenic

neoepitopes in PDAC can be substantially increased. Although

our neoepitope predictions do not directly assess immunoge-

nicity, our findings are in line with numerous prior reports that

have identified endogenous neoantigen-reactive CD8+ TILs

from a subset of human PDAC patients (Gros et al., 2019;

Meng et al., 2019; Parkhurst et al., 2019; Sakellariou-

Thompson et al., 2017); however, the absolute proportion of

human patients with immunogenic neoantigens remains to be

determined.

To model this subset of patients, we generated multiple

orthogonal preclinical models of neoantigen-expressing pancre-

atic cancer and demonstrated that PDAC undergoes all three

phases of immunosurveillance (Dunn et al., 2004), with a subset

of animals successfully evading immune clearance despite

continued tumor-specific expression of a high-affinity neoanti-

gen.While previous efforts have explored neoantigen expression

in preclinical PDAC models (Evans et al., 2016; Hegde et al.,

2020), both orthotopic transplantation of pancreatic organoids

and retrograde pancreatic duct delivery of lentiviruses offer the

flexibility and genetic tractability to interrogate new and diverse

neoantigen(s) and leverage CRISPR-mediated gene perturba-

tions to rapidly evaluate biological hypotheses. The incorpora-

tion of defined neoantigens facilitates the tracking and immuno-

phenotyping of tumor-reactive CD8+ T cells, but these are not

the only potential (neo)antigens present in these tumors. mScar-

let, used as a surrogate for neoantigen expression, is a foreign

protein and may also contribute MHC class I-restricted and/or

class II-restricted neoantigens. Furthermore, there may be addi-

tional mutations accumulated during tumorigenesis. Future

studies will be needed to evaluate the functional consequences

of varying affinity neoantigens and defined MHC class II neoan-

tigens in PDAC. Additionally, it is important to note that KP;SIIN

organoids do not express the neoantigen as part of amature pro-

tein, and hence may not recapitulate all aspects of endogenous

antigen processing.

Using scRNA-seq and flow cytometric profiling of immune-

evasive murine PDAC, we uncovered multiple classes of CD8+

TILs with markers of dysfunction and identified similar popula-

tions of intratumoral CD8+ T cells in human PDAC, suggesting

that these preclinical models accurately recapitulate a subset

of human PDAC. While both murine and human PDAC promi-

nently feature CD8+ TILs with markers of dysfunction, we also

observed non-terminally exhausted CD8+ TILs and evidence of

an ongoing intratumoral immune response. However, it is impor-
14 Cancer Cell 39, 1–19, October 11, 2021
tant to point out that in the case of human PDACwe were unable

to assess the tumor reactivity of these populations. We likewise

demonstrated the presence of ‘‘progenitor-like’’ (PD1+TCF1hi)

CD8+ TILs in human and murine PDAC, the latter of which are

found within the neoantigen-specific TIL compartment, suggest-

ing the potential for re-invigoration with ICB. The near complete

lack of clinical benefit provided by PD-(L)1-directed ICB in hu-

man PDAC, an observation that is accurately recapitulated in

our preclinical models, suggests that PDAC may employ addi-

tional mechanisms of immune evasion that serve to limit the

anti-tumor immune response.

Our characterization of the neoantigen-specific immune

response has functionally implicated the co-inhibitory receptor

TIGIT, and its high-affinity ligand CD155, as a critical axis driving

PDAC immune evasion. We demonstrate that CD155 is ex-

pressed on the surface of murine and human PDAC tumor cells,

both in vivo and ex vivo. As CD155 has been reported to be up-

regulated by oncogenic KRAS in cell culture (Ikeda et al., 2003;

Nishi et al., 2020), it is tempting to speculate that the CD155/TI-

GIT axis might represent a critical immune checkpoint in addi-

tional KRAS-driven tumors. Our data support this and also sug-

gest a potential synergy between KRAS and TP53 mutations to

upregulate CD155, further refining the complex regulation of

this inhibitory ligand.

We also demonstrated that TIGIT is expressed on a subset of

human and murine TILs, and in the latter case further delineated

that tumor-reactive (neoantigen-specific) CD8+ TILs express

high levels of TIGIT. Tumor-specific overexpression of CD155

in neoantigen-expressing autochthonous pancreatic cancer

leads to an increased proportion of immune-evasive tumors,

and these results can be recapitulated using an agonistic TIGIT

antibody. Thus, increased signaling through the CD155/TIGIT

axis is sufficient to promote immune evasion in PDAC. While

we were able to functionally interrogate the CD155/TIGIT axis

in murine PDAC, it is important to emphasize that all of our hu-

man analyses are correlative. Clinical evaluation of TIGIT

blockade in human pancreatic cancer patients will be needed

to elucidate the functional significance of this immune axis in hu-

man PDAC immune evasion. In addition to CD8+ T cells, TIGIT is

also expressed on regulatory T cells and natural killer cells (An-

derson et al., 2016; Kurtulus et al., 2015), and TIGIT-mediated

ligation of CD155 on the surface of dendritic cells can promote

a more tolerogenic cytokine milieu and impact T cell priming

(Yu et al., 2009). Future studies will be needed to dissect the con-

tributions of the CD155/TIGIT axis within these various cell com-

partments and their roles in PDAC immune evasion.

A number of scenarios have been proposed to explain how

PDAC evades the anti-tumor immune response, and previous re-

ports have implicated almost every step in the cancer-immunity

cycle (Chen and Mellman, 2013). PDAC may bypass immune

surveillance through loss of MHC class I surface expression (Ya-

mamoto et al., 2020), exclusion of T cells (Joyce and Fearon,

2015; Li et al., 2018; Stromnes et al., 2017), induction of dysfunc-

tional T cell programs (Steele et al., 2020; Stromnes et al., 2017),

deficiencies in type I conventional dendritic cells (Hegde et al.,

2020; Lin et al., 2020), and/or recruitment of immune-suppres-

sive cell populations (Bayne et al., 2012; Beatty et al., 2015;

Stromnes et al., 2014). However, the majority of prior studies

have been unable to isolate the effects of tumor and/or
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microenvironmental perturbations on the neoantigen-specific

immune response. While our data support a crucial role for neo-

antigen-specific T cell dysfunction and the CD155/TIGIT axis in

PDAC immune evasion, it is likely that multiple facets of the tu-

mor-immunity cycle are disrupted in PDAC. Indeed, we

observed areas of T cell exclusion within immune-evasive ani-

mals in our model systems, suggesting that this may also

contribute to immune escape in a subset of animals. Additionally,

beyond the CD155/TIGIT axis, we uncovered multiple states of

dysfunction within the neoantigen-specific TIL compartment,

which can be functionally interrogated in future studies.

Immune modulation has emerged as a promising therapeutic

strategy for numerous tumor types, but rationally guided combi-

natorial strategies that boost the endogenous anti-tumor im-

mune response and prevent T cell exhaustion are likely neces-

sary in PDAC (Johnson et al., 2017). CD40 agonism has been

extensively evaluated in preclinical PDAC models (Byrne and

Vonderheide, 2016; Ma et al., 2019; Morrison et al., 2020; Wino-

grad et al., 2015) and combination therapy using PD-1/CD40a +

cytotoxic chemotherapy has demonstrated early-stage clinical

promise in PDAC patients (Vonderheide, 2020; O’Hara et al.,

2021). Using multi-arm, randomized, and blinded preclinical tri-

als, we demonstrate that TIGIT/PD-1 co-blockade plus CD40

agonism can reinvigorate an effective anti-tumor immune

response in a subset of animals with immune-evasive PDAC.

Mechanistically, we observed increased expression of inhibitory

ligands followingCD40 agonist containing combination immuno-

therapy. While tumor cells displayed elevated CD155 expression

at baseline, we observed increased PD-L1 and CD155 expres-

sion within the TAS/TSI following treatment. These results sug-

gest that the PD-1/PD-L1 and CD155/TIGIT axes may represent

non-redundant mechanisms of acquired resistance to CD40

agonist-based therapies and further support strategies that

leverage co-blockade of these inhibitory axes. In addition, our ef-

forts point to a potential role for MDSC-mediated T cell exclusion

as a mechanism of resistance to TIGIT/PD-1/CD40a. Future

studies in additional preclinical PDAC models will evaluate the

requirement for high-affinity neoantigens in mediating this

response and directly address additional combination strategies

to overcome these resistancemechanisms. While our profiling of

the neoantigen-specific immune response in PDAC nominates

additional immune checkpoints for future preclinical evaluation,

combinatorial targeting of TIGIT/PD-1/CD40a represents a

particularly promising approach for rapid clinical translation.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

In vivo mAb TIGIT antagonist Absolute Antibody 1B4

Cat# Ab01258-1.1

In vivo mAb PD-1 antagonist BioXCell 29F.1A12

Cat # BE0273

RRID:AB_2687796

In vivo mAb CD40 agonist BioXCell FGK4.5/FGK45

Cat# BE0016-2

RRID:AB_1107647

In vivo mAb Rat IgG2a isotype control BioXCell 2A3

Cat# BE0089

RRID:AB_1107769

In vivo mAb Mouse IgG1 isotype control BioXCell MOPC-21

Cat# BE0083

RRID:AB_1107784

In vivo mAb CD8a BioXCell 2.43

Cat# BP0061

RRID:AB_1125541

In vivo mAb TIGIT agonist BioXCell 1G9

Cat # BE0274

RRID:AB_2687797

FC: anti-Human CD3 BD Biosciences UCHT1

Cat# 612896; RRID: AB_2870184

FC: anti-Human CD8 BD Biosciences SK1

Cat# 612755; RRID: AB_2870086

FC: anti-Human CD45RO BD Biosciences UCHL1

Cat# 564292; RRID: AB_2744410

FC: anti-Human CD57 BD Biosciences HNK-1

Cat# 359621; RRID: AB_2565929

FC: anti-Human HLA-DR BD Biosciences G46-6

Cat# 612981; RRID: AB_2870252

FC: anti-Human/Mouse Ki67 BD Biosciences B56

Cat# 563756; RRID: AB_2732007

FC: anti-Human LAG3 BioLegend 11C3c65

Cat# 369331; RRID: AB_2734421

FC: anti-Human PD-1 BD Biosciences EH12.1

Cat# 563076; RRID: AB_2737990

FC: anti-Human/Mouse TCF-1 Cell Signaling Technologies C63D9

Cat# 6709S; RRID: AB_2797631

FC: anti-Human TIGIT Invitrogen MBSA43

Cat# 25-9500-41; RRID: AB_2573547

FC: anti-Human TIM3 BD Biosciences 7D3

Cat# 565567; RRID: AB_2744370

FC: anti-Mouse CD4 BioLegend RM4-5

Cat# 100530; RRID: AB_389325

FC: anti-Mouse CD4 BD Biosciences RM4-6

Cat# 612843; RRID: AB_2870165

FC: anti-Mouse CD8a BD Biosciences 53-6.7

Cat# 563786; RRID: AB_2732919
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FC: anti-Mouse CD8a BioLegend 53-6.7

Cat# 100738; RRID: AB_11204079

FC: anti-Mouse CD8a BioLegend 53-6.7

Cat# 100701; RRID: AB_312740

FC: anti-Mouse CD44 BioLegend IM7

Cat# 103047; RRID: AB_2562451

FC: anti-Mouse CD44 BioLegend IM7

Cat# 103057; RRID: AB_2564214

FC: anti-Mouse CD44 Invitrogen IM7

Cat# 11-0441-82; RRID: AB_465045

FC: anti-Mouse CD45 Invitrogen 30-F11

Cat# 47-0451-82; RRID: AB_1548781

FC: anti-Mouse CD45 BioLegend 30-F11

Cat# 103149; RRID: AB_2564590

FC: anti-Mouse EpCam BioLegend G8.8

Cat# 118216; RRID: AB_1236471

FC: anti-Mouse H-2Db Invitrogen 28-14-8

Cat# 11-5999-82; RRID: AB_465361

FC: anti-Mouse H-2Kb BioLegend AF6-88.5

Cat# 116518; RRID: AB_10564404

FC: anti-Mouse Ki67 BD Biosciences B56

Cat# 563756; RRID: AB_2732007

FC: anti-Mouse Ki67 BD Biosciences B56

Cat# 561277; RRID: AB_10611571

FC: anti-Mouse LAG3 Invitrogen C9B7W

Cat# 11-2231-82; RRID: AB_2572484

FC: anti-Mouse MHC-II (I/A-I/E) BioLegend M5/114.15.2

Cat# 107643; RRID: AB_2565976

FC: anti-Mouse PD-1 BioLegend 29F.1A12

Cat# 135241; RRID: AB_2715761

FC: anti-Mouse PD-L1 BioLegend 10F.9G2

Cat# 124315; RRID: AB_10897097

FC: anti-Mouse PD-L1 BioLegend 10F.9G2

Cat# 124312; RRID: AB_10612741

FC: anti-Mouse TIGIT Invitrogen GIGD7

Cat# 46-9501-82; RRID: AB_11150967

FC: anti-Mouse TIM3 BioLegend RMT3-23

Cat# 119721; RRID: AB_2616907

FC: anti-Mouse CD172a BioLegend P84

Cat# 144006; RRID: AB_11204425

FC: anti-Mouse XCR1 BioLegend ZET

Cat# 148204; RRID: AB_2563843

FC: anti-Mouse CD11c eBioscience N418

Cat# 25-0114-81; RRID: AB_469589

FC: anti-Mouse B220 BioLegend RA3-6B2

Cat# 103258; RRID: AB_2564053

FC: anti-Mouse Ly-6C BioLegend HK1.4

Cat# 128012; RRID: AB_1659241

FC: anti-Mouse PD-L1 BioLegend 10F.9G2

Cat# 124321; RRID: AB_2563635

FC: anti-Mouse CD11b BioLegend M1/70

Cat# 101243; RRID: AB_2561373

FC: anti-Mouse F4/80 BioLegend RA3-6B2

Cat# 123116; RRID: AB_893481
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FC: anti-Mouse Ly-6G BioLegend 1A8

Cat# 127622; RRID: AB_10643269

FC: anti-Human PVR/CD155 BD Biosciences Tx24

Cat# 744880; RRID: AB_2742557

FC: anti-Mouse CD155 BD Biosciences Tx56

Cat# 748221; RRID: AB_2872652

FC: anti-Mouse CD155 BD Biosciences 3F1

Cat# 743256; RRID: AB_2741379

IHC: anti-Mouse CD4 Abcam EPR19514

Cat# ab183685; RRID: AB_2686917

IHC: anti-Mouse CD8 Abcam EPR21769

Cat# ab217344; RRID: AB_2890649

mfIHC: anti-Mouse CD8-AF647 Abcam EPR21769

Cat# ab237365

IHC: anti-Mouse CK19 DHSB Troma-III

N/A; RRID: AB_2133570

IHC: anti-RFP Rockland Cat# 600-401-379; RRID: AB_2209751

IHC: anti-Human CD155/PVR Abcam EPR22672-151

Cat# ab267788

IHC: anti-Mouse CD155/PVR LSBio Cat# LS-B12331

IHC: anti-Mouse CD155/PVR LSBio Cat# LS-C376428

IHC: anti-Mouse CD155/PVR LSBio Cat# Ab233102

IHC: anti-Mouse PD-L1 LSBio Cat# LS-C746930

IHC: anti-Mouse Galectin-9 LSBio Cat# LS-B6275; RRID: AB_11045131

IHC: anti-Mouse anti-smooth muscle actin Abcam Cat# ab5694; RRID: AB_2223021

Bacterial and Virus Strains

Adenovirus (Ad-CMV-Cre) Viral Vector Core, University of Iowa Ad5-CMV-Cre

One Shot Stbl3 chemically competent

E. coli

Thermo Fisher Scientific Cat# C7373-03

Biological Samples

Human pancreatic cancer tumor microarray BioMax Cat# PA1002b

Human pancreatic cancer biospecimens This manuscript Massachusetts General Hospital; Collected

under IRB# P001858

Human healthy peripheral blood

mononuclear cells

StemCell Cat# 70025.1

Human pancreatic cancer organoids This manuscript Massachusetts General Hospital; Collected

under IRB# P001858

Chemicals, Peptides, and Recombinant Proteins

Recombinant human IL-2 Peprotech Cat# AF-200-02

B-27 Invitrogen Cat# 17504044

N-acetylcysteine Sigma-Aldrich Cat# A9165

Nicotinamide Sigma-Aldrich Cat# N0636

EGF Novus Biologicals Cat# NBP2-34952

A 83-01 Cayman Chemical Cat# 9001799

SB 202190 Cayman Chemical Cat# 10010399

PGE2 Cayman Chemical Cat# 14010

Nutlin-3a Sigma-Aldrich Cat# SML0580

OVA (257 - 264); SIINFEKL peptide Anaspec Cat# AS-60193-1

Recombinant murine interferon-

gamma (IFNg)

Peprotech Cat# 315-05
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Recombinant mouse leukemia inhibitory

factor (mLIF)

Amsbio Cat# AMS-263-100

CHIR-99021 AbMole Cat# M1692

PD-0325901 AbMole Cat# M1763

Collagenase, Type 4 Worthington Cat# LS004189

Corning� Matrigel� Growth Factor

Reduced (GFR) Basement Membrane

Matrix, Phenol Red-free

Corning Cat# 356231

TrypLE Express Life Technologies Cat# 12604-013

FastDigest Esp3I Thermo Fisher Cat# FD0454

UltraComp eBeads�Compensation Beads Thermo Fisher Cat# 01-2222-42

Tris-EDTA pH 9 Abcam Cat# ab93684

H-2K(b) 257-264 SIINFEKL monomer NIH Tetramer Core Facility N/A

H-2K(b) mouse mAlg8 503-510 ITYTWTRL

monomer

NIH Tetramer Core Facility N/A

H-2K(b) mouse mLama4 1254-1261

VGFNFRTL monomer

NIH Tetramer Core Facility N/A

Critical Commercial Assays

GeoMx Solid Tumor Morphology

Kit (Mouse)

Nanostring Cat# 121300304

GeoMx Immune Cell Profiling (Mouse) Nanostring Cat# 121300106

GeoMx IO Drug Target (Mouse) Nanostring Cat# 121300107

GeoMx Immune Activation Status (Mouse) Nanostring Cat# 121300117

GeoMx Immune Cell Type (Mouse) Nanostring Cat# 121300118

GeoMx Protein Slide Prep FFPE Nanostring Cat# 121300312

GeoMx Hybridization Code Pack (Protein) Nanostring Cat# 121300401

GeoMx Master Kit Nanostring Cat# 100052

GeoMx DSP Collection Plate Nanostring Cat# 100473

Deposited Data

Murine scRNA-seq data This manuscript GEO accession#: GSE163059

Human scRNA-seq data Peng et al. (2019) Genome Sequencing Archive; CRA001160

TCGA (PAAD, COAD, LUAD) RNA-seq The Cancer Genome Atlas Research

Network (TCGA)

gdac.broadinstitute.org

TCGA (PAAD) WES The Cancer Genome Atlas Research

Network (TCGA)

gdac.broadinstitute.org

PancSeq WES/RNA-seq Aguirre et al. (2018) dbGaP; phs001652.v1.p1

Experimental Models: Cell Lines

KP*1 mESC line This manuscript N/A

Organoid lines, see Table S3 This manuscript N/A

L-WRN cell line ATCC Cat# CRL-3276

Cultrex HA-R-Spondin1-Fc 293T cell line Trevigen Cat# 3710-001-K

Leading Light Wnt reporter cell line Enzo Cat# ENZ-61002

Green-Go Sánchez-Rivera et al. (2014) N/A

Experimental Models: Organisms/Strains

C57BL/6J-KP;Rosa26CAG-LSL-dCas9-VPR-P2A-

mNeonGreen

This manuscript N/A

C57BL/6-Tg(TcraTcrb)1100Mjb/J (OT-I) Jackson Laboratory Cat# 003831

C57BL/6-Rag2tm1.1Cgn/J (Rag2-/-) Jackson Laboratory Cat# 008449

C57BL/6J-KrasLSL-G12D/+;Trp53flox/flox (KP) Jackson et al. (2001); Marino et al. (2000) N/A

C57BL/6J Jackson Laboratory Cat# 000664
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Oligonucleotides

CRISPRa sgRNAs, see Table S5 This manuscript N/A

CRISPR-KO sgRNAs, see Table S5 This manuscript N/A

Recombinant DNA

Hipp11-mScarletSIIN targeting vector This manuscript N/A

Hipp11-mScarletmLAMA4 targeting vector This manuscript N/A

Hipp11-mScarletmALG8 targeting vector This manuscript N/A

Rosa26-dCas9-VPR-mNG targeting vector This manuscript N/A

U6-sgfiller-eCas9-T2A-BlastR This manuscript N/A

U6-sgH11.1-eCas9-T2A-BlastR This manuscript N/A

U6-sgR26.1-eCas9-T2A-BlastR This manuscript N/A

LV-PGK-Cre This manuscript N/A

LV-PGK-Cre-EFS-mScarletSIIN This manuscript N/A

LV-PGK-PVR-P2A-Cre-EFS-mScarletSIIN This manuscript N/A

LV-U6-sgRNAfiller-PGK-Cre-EFS-

mScarletSIIN

This manuscript N/A

LV-U6-sgNT-PGK-Cre-EFS-mScarletSIIN This manuscript N/A

LV-U6-sgPvra.1-PGK-Cre-EFS-

mScarletSIIN

This manuscript N/A

LV-U6-sgPvra.2-PGK-Cre-EFS-

mScarletSIIN

This manuscript N/A

PsPax2 Addgene Cat# 12260; RRID: Addgene_12260

Pmd2.G Addgene Cat# 12259; RRID: Addgene_12259

SP-dCas9-VPR Addgene Cat# 63798; RRID: Addgene_63798

Software and Algorithms

Vevo Lab software Fujifilm-Visualsonics N/A

Flowjo v10 software BD Biosciences N/A

GraphPad Prism 9 GraphPad N/A

QuPath Bankhead et al. (2017) N/A

R The R Project for Statistical Computing R-project.org

cBioPortal The cBioPortal for Cancer Genomics cbioportal.org

OptiType Szolek et al. (2014) https://github.com/FRED-2/OptiType

seq2hla Boegel et al., 2012 https://github.com/TRON-Bioinformatics/

seq2HLA

Samtools Li et al. (2009) http://samtools.sourceforge.net

RazerS 3 Weese et al. (2012) https://www.seqan.de/apps/razers-3/

Strelka2 Kim et al. (2018) https://github.com/Illumina/strelka

Scalpel Narzisi et al. (2014) http://scalpel.sourceforge.net

Manta Chen et al. (2016) https://github.com/Illumina/manta

UCSC genome browser Haeussler et al. (2019) https://genome.ucsc.edu/util.html

Picard NA http://broadinstitute.github.io/picard/

VCFtools Danecek et al. (2011) https://vcftools.github.io/index.html

Ensemble Variant Effect Predictor McLaren et al. (2016) https://uswest.ensembl.org/info/docs/

tools/vep/index.html

pVACtools Hundal et al. (2020) https://pvactools.readthedocs.io/en/latest/

NetMHC-4.0 Andreatta and Nielsen (2016) http://tools.iedb.org/mhci/

NetMHCpan-4.0 Jurtz et al. (2017) http://tools.iedb.org/mhci/

SMM Kim et al. (2009) http://tools.iedb.org/mhci/

SMMPMBEC Peters and Sette (2005) http://tools.iedb.org/mhci/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Cell Ranger 10x Genomics https://github.com/10XGenomics/

cellranger

Seurat Butler et al. (2018) https://satijalab.org/seurat/install.html

SCDE Fan et al. (2016) https://github.com/hms-dbmi/scde

biomaRt Durinck et al. (2005), 2009 https://github.com/grimbough/biomaRt

scRNA-seq analysis code This manuscript https://github.com/Zack-Ely/PDAC-

Cancer-Cell

Neoepitope prediction code This manuscript https://github.com/Zack-Ely/PDAC-

Cancer-Cell

Other

Vevo3100/LAZRX ultrasound and

photoacoustic imaging system

Fujifilm-Visualsonics N/A

GeoMx Digital Spatial Profiler Nanostring N/A

Incucyte S3 Sartorius N/A

gentleMACS� Octo Dissociator Miltenyi Biotec Cat# 130-095-937

LSR II HTS-2 BD Biosciences N/A

LSR Fortessa BD Biosciences N/A

Aria IIIu sorter BD Biosciences N/A

whole_exome_agilent_1.1_refseq_

plus_3_boosters.targetIntervals.bed

Agilent/UCSC https://cghub.ucsc.edu
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Tyler Jacks

(tjacks@mit.edu).

add Materials availability
Plasmids generated in this study have been deposited to Addgene. Mouse lines and organoid lines generated in this study will made

available to the broader scientific community upon request to the lead contact.

Data and code availability
The datasets generated and/or analyzed during the current study are available in the NCBI Gene Expression Omnibus (GEO) under

accession number: GSE163059. Computer code for neoepitope predictions and scRNA-seq analysis available at https://github.com/

Zack-Ely/PDAC-Cancer-Cell. Other software tools (including version numbers) for exome, RNA-seq, and scRNA-seq analyses are

listed in the Key resources table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All animal studies described in this study were approved by the MIT Institutional Animal Care and Use Committee. All animals were

maintained on a pure C57BL/6J genetic background. Generation of KrasLSL-G12D/+ and Trp53flox/flox (KP) mice has previously been

described (Jackson et al., 2001; Marino et al., 2000) and were bred in house. OT-I TCR transgenic mice have been previously

described (Hogquist et al., 1994). Rag2-/- mice have been previously described (Hao and Rajewsky, 2001). OT-I and Rag2-/- mice

were purchased from The Jackson Laboratory (JAX) or bred in house. KP;Rosa26CAG-LSL-dCas9-VPR-P2A-mNeonGreen mice were gener-

ated as part of this study (described in detail below).

mESC generation and CRISPR-assisted targeting
‘‘KP*1’’, aC57BL/6J KrasLSL-G12D/+; Trp53flox/flox (KP)murine embryonic stem cell (mESC) line, was generated by crossing a hormone-

primed C57BL/6J Trp53flox/flox female with a C57BL/6J KrasLSL-G12D/+; Trp53flox/flox male. At 3.5 days post-coitum, blastocysts were

flushed from the uterus, isolated, and cultured on a mouse embryonic fibroblast (MEF) feeder layer in ‘ESCM+LIF+2i’ [Knockout

DMEM (Gibco), 15% FBS (Hyclone), 1% NEAA (Sigma), 2 mM Glutamine (Gibco), 0.1 mM b-mercaptoethanol (Sigma-Aldrich) 50

IU Penicillin, 50 IU Streptomycin, 1000 U/ml LIF (Amsbio), 3 mM CHIR99021 (AbMole), 1 mM PD0325901(AbMole)]. After 5-7 days

in culture the outgrown inner cell mass was isolated, trypsinized and re-plated on a fresh MEF layer. ES cell lines were genotyped
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for KrasLSL-G12D/+;Trp53flox/flox, and Zfy (Y-chromosome specific). Primer sequences available upon request. ES cell lines were tested

for pluripotency by injection into host blastocysts from albino mice to generate chimeric mice.

DNAmixes (1:1 mix of ‘U6-sgH11-eCas9-T2A-BlastR’ + ‘H11-targeting vector’ [H11-mScarletSIIN, H11-mScarletLAMA4, or H11-

mScarletALG8]) or 1:1 mix of ‘U6-sgR26-eCas9-T2A-BlastR’ + ‘R26-dCas9-VPR targeting vector’) were ethanol precipitated prior to

DNA (1 mg) transfection of approximately 3*105 KP*1 mESCs in a gelatin-coated 24-well plate using Lipofectamine 2000 (Thermo

Fisher) according to the manufacturer instructions. mESCs were selected with Blasticidin (6 mg/mL) for 2 days, starting 36 hours

post-transfection, prior to low-density re-plating on MEF feeder lines in absence of Blasticidin. Large mESC colonies were manually

picked using a stereomicroscope, expanded and evaluated for correct integration using PCR with primers spanning both the 5’ and

3’ homology arms (primer sequences available on request). Correct clones by PCR evaluation were evaluated using Southern blot

analysis. Briefly, genomic DNA was digested overnight with NsiI-HF (for H11-mScaretSIIN targeting) or PacI (for R26-dCas9-VPR

targeting). Digestions were electrophoresed on 0.7% agarose gels and blotted to Amersham Hybond XL nylon membranes (GE

Healthcare). Samples were probed with 32P-labeled 5’ external, 3’ external, and internal probes applied in Church buffer (Church

and Gilbert, 1984) (probe sequences available on request).

Correctly targeted clones were injected into albino C57BL/6J blastocysts. Chimerism was assessed by coat color. Pancreatic or-

ganoids were isolated from chimeric animals and ‘‘donor’’ organoids were purified from the host pancreas using 72 hours of Puro-

mycin (6 mg/mL) selection (leveraging the presence of the Puromycin resistance gene within the LSL cassette upstream of Kras-

G12D) (Jackson et al., 2001).

Organoid generation and characterization
Pancreatic organoid isolation and propagation has been previously described (Boj et al., 2015). Briefly, for genetically-defined

pancreatic organoids, pancreata were manually dissected from genetically-engineered mice of the desired genotype. Pancreata

were then manually minced with razor blades and dissociated in pancreas digestion buffer [1x PBS, 125 U/mL collagenase IV (Wor-

thington)] for 20minutes at 37�C. Cell suspensions were filtered through 70 mmfilters, washed with 1x PBS and centrifuged with slow

deceleration. Cell pellets were resuspended in 100%growth-factor reducedMatrigel (Corning) and solidified at 37�C. Cells were sub-

sequently cultured in organoid complete media (minor modifications from previously described formulations (Boj et al., 2015) (see

details below) and monitored for organoid outgrowth. Organoids were passaged with TrypLE Express (Life Technologies) for at least

4 passages to purify the ductal component prior to Cre recombinase-mediated recombination. For recombination, organoids were

spinfected with adenoviral (Ad5-CMV-Cre) at a MOI >100 to ensure 100% recombination. All organoids were authenticated by gen-

otyping at Kras and Trp53 loci both prior to and following Ad-CMV-Cre to ensure proper recombination. See Table S3 for details on

organoid lines.

Murine and human tumor-derived organoidswere isolated following the same procedure as abovewith the exception of 30minutes

in pancreas digestion buffer. Tumor-derived organoids were passaged at least four times prior to experimental manipulation to re-

move contaminating cell types. Murine tumor-derived organoids were selected via resistance to Nutlin-3a (10 mM, Sigma-Aldrich) to

ensure purification of the malignant compartment. Pancreatic organoids were maintained in culture for <20 passages.

Media for pancreatic organoids was formulated based on L-WRN cell conditioned media (L-WRN CM) (VanDussen et al., 2019).

Briefly, L-WRN CM was generated by collecting 8 days of supernatant from L-WRN cells, grown in Advanced DMEM/F12 (Gibco)

supplemented with 20% fetal bovine serum (Hyclone), 2 mM GlutaMAX, 100 U/mL of penicillin, 100 mg/mL of streptomycin, and

0.25 mg/mL amphotericin. L-WRN CM was diluted 1:1 in Advanced DMEM/F12 (Gibco) and supplemented with additional RSPO-

1 conditioned media (10% v/v), generated using Cultrex HA-R-Spondin1-Fc 293T Cells. The following molecules were also added

to the growthmedia: B27 (Gibco), 1 mMN-acetylcysteine (Sigma-Aldrich), 10 mMnicotinamide (Sigma-Aldrich), 50 ng/mL EGF (Novus

Biologicals), 500 nM A83-01 (Cayman Chemical), 10 mMSB202190 (Cayman Chemical), and 500 nM PGE2 (Cayman Chemical). Wnt

activity of the conditioned media was assessed and normalized between batches via luciferase reporter activity of TCF/LEF activa-

tion (Enzo Leading Light Wnt reporter cell line).

T cell culture
OT-I splenocytes were harvested from C57BL/6J OT-I transgenic mice, and spleens were mashed through 70 mm filters. Red blood

cells were lysed with ACK buffer for 2 min before cell suspension neutralization with PBS and pelleted for plating. Splenocytes were

counted and adjusted to 1*106 cells/mL in T cell medium [RPMI 1640 (Corning) supplementedwith 10%heat-inactivated FBS, 20mM

HEPES (Gibco), 1 mM Sodium Pyruvate (Thermo Fisher), 2 mM L-Glutamine (Gibco), 50 mM b-mercaptoethanol (Gibco), 1X Non-

Essential Amino Acids (Sigma), 0.5X Pen/Strep (Gibco) with 10 ng/mL hIL-2 (Peprotech) and 1 mM SIINFEKL peptide (Anaspec)].

Splenocytes were activated for 24h at 37�C in a tissue culture incubator, before manual CD8a isolation according to manufacturer

instructions (Milteny Biotec). OT-I T cells were subsequently expanded 4-6 days in T cell medium with 10 ng/mL hIL-2 prior to orga-

noid co-culture.

Organoid + CD8 T cell co-culture
Pancreatic organoids were dissociated using TrypLE Express (Life Technologies) and single cell suspensions were generated by

vigorous resuspension. ActivatedOT-ICD8+ T cells (see above) and organoid cell numbers were determined bymanual hemocytom-

eter cell counting, and T cells + organoids were mixed at defined effector:target (E:T) ratios. Matrigel was then added (5 mL per well in

black-walled 96-well plates (Corning) for Incucyte live cell imaging; 20-50 uL per well for culture in 24-well plates; final 85%Matrigel)
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before solidification at 37�C. Cells were cultured in complete organoid medium supplemented with 10 ng/mL hIL-2 (Peprotech). In-

cucyte images of co-cultures were acquired every 4 hours (Brightfield and RFP channels) for 6-10 days for Incucyte live cell imaging

or imaged at Day 5-7 for larger cultures.

Orthotopic transplantation
Orthotopic transplantation of organoids was performed with minor modifications to previously reported protocols for orthotopic

transplantation of pancreatic monolayer cell lines (Kim et al., 2009). Briefly, animals were anesthetized using Isoflurane, the left sub-

costal region was depilated (using clippers or Nair) and the surgical area was disinfected with alternating Betadine/Isopropyl alcohol.

A small (�2 cm) skin incision was made in the left subcostal area and the spleen was visualized through the peritoneum. A small inci-

sion (�2 cm) was made through the peritoneum overlying the spleen and the spleen and pancreas were exteriorized using ring for-

ceps. A 30-gauge needle was inserted into the pancreatic parenchyma parallel to the main pancreatic artery and 100 mL (containing

1.25*105 organoid cells in 50% PBS + 50%Matrigel) was injected into the pancreatic parenchyma. Successful injection was visual-

ized by formation of a fluid-filled region within the pancreatic parenchyma without leakage. The pancreas/spleen were gently inter-

nalized and the peritoneal and skin layers were sutured independently using 5-0 vicryl sutures. All mice received pre-operative anal-

gesia with Bup-SR and were followed post-operatively for any signs of discomfort or distress. Organoid/Matrigel mixes were kept on

ice throughout the entirety of the procedure to prevent solidification prior to injection. For orthotopic transplantation, syngeneic

C57BL/6Jmice (aged 4-12 weeks) were transplanted. Male pancreatic organoids were only transplanted back into male recipients.

Small rodent ultrasound
Quantification of murine pancreatic tumors by high resolution ultrasound has been previously described (Sastra and Olive, 2013).

Briefly, animals were anesthetized using Isoflurane and the lateral and ventral abdominal areas were depilated using Nair. Sterile

0.9% saline (1 mL) was administered by i.p. injection prior to imaging to improve visualization of the pancreas. Animals were imaged

using the Vevo3100/LAZRX ultrasound and photoacoustic imaging system (Fujifilm-Visualsonics). Animals were placed on the imag-

ing platform in the supine position and a layer of ultrasound gel was applied over the entirety of the abdominal area. The ultrasound

transducer (VisualSonics 550S) was placed on the abdomen orthogonal to the plane of the imaging platform. Landmark organs, such

as the kidney, spleen, and liver, were identified in order to define the area of the pancreas. The transducer was set at the scanning

midpoint of the normal pancreas or pancreatic tumor and a 3D image of 10-20mm, depending on tumor size, at a Z- slice thickness of

0.04 mm. 3D images were uploaded to the Vevo Lab Software. The volumetric analysis function was used to define the tumor border

at various Z-slices through the entirety of the tumor and derive the final calculated tumor volume.

Preclinical trials
Age- and sex-matched recipient C57BL/6J mice were purchased from The Jackson Laboratory (JAX) or bred in house. Orthotopic

transplantationwas performed as described above.Miceweremonitored for tumor development at 4, 5, 6 weeks post-initiation using

high-resolution ultrasound (as described above) to confirm tumor establishment and interval growth. Animals with established tu-

mors (baseline 10-220 mm3 by 6 weeks post-initiation; median 68 mm3) were randomized by tumor burden within 24 hours of base-

line imaging to either control or experimental treatment arms. Researchers performing health checks, ultrasound imaging and inter-

pretation were blinded to cohort allocation. Isotype (control) arm consisted of 200 mg/mouse Rat IgG2a (BioXCell) + 100 mg/mouse

Mouse IgG1 (BioXCell). Experimental arms consisted of anti-PD-1 (Liang et al., 2003) (BioXCell; Clone 29F.1A12; Rat IgG2a; 200 mg/

mouse, dosed i.p. every 2-3 days), anti-TIGIT (Dixon et al., 2018) (Absolute Antibody; Clone 1B4; Mouse IgG1; 100 mg/mouse, dosed

i.p. every 2-3 days), CD40 agonist (Rolink et al., 1996) (BioXCell; Clone FGK4.5/FGK45; Rat IgG2a; 100 mg/mouse, dosed i.p. once

every 4 weeks) monotherapy or combination therapy as described in the text. Animals were treated for 4 weeks and weekly weights

and ultrasound imaging was performed as described. Tumor response was assessed on all evaluable animals at time points (t)

>10 days using modified RECIST (mRECIST) criteria, previously adapted for volumetric imaging and preclinical testing (Gao et al.,

2015). Briefly, tumor volume (V) at each time point (t) was compared to the baseline tumor volume (Vbaseline) in a given animal: (percent

change)DVolt = ((Vt -Vbaseline)/Vbaseline)*100%. For each animal, we calculated both a ‘‘BestResponse’’ (defined as theminimumDVolt
for t>10 days) and ‘‘BestAvgResponse’’ (defined as the minimum average for t > 10 days, where for each time point (t), the average

DVolt reflects that time point’sDVolt and all priorDVolt). ModifiedRECIST (mRECIST) criteriawere defined as:mCR=BestResponse <

�95% and BestAvgResponse < �40%; mPR = BestResponse < �50% and BestAvgResponse < �20%; mSD = BestResponse <

35% and BestAvgResponse < 30%; mPD = not otherwise specified. See (Gao et al., 2015) for full details on mRECIST derivation

and validation.

Retrograde pancreatic duct delivery
Retrograde pancreatic duct instillation of lentivirus has been previously described (Chiou et al., 2015). We adapted this technique in a

number of ways. Briefly, the ventral abdomen was depilated (using clippers or Nair) 1-2 days prior to surgery. Animals were anes-

thetized with Isoflurane and the surgical area was disinfected with alternating Betadine/Isopropyl alcohol. A small skin incision

was made in the anterior abdomen (�2-3 cm midline incision extending caudally from the xiphoid process). A subsequent incision

was made through the linea alba and incision edges were secured in place with a Colibri retractor. The remainder of the procedure

was conducted under a Nikon stereomicroscope. Amoistened (with sterile 0.9% saline) sterile cotton swab was used to gently move

the left lobe of the liver cranially towards the diaphragm. A second moistened sterile cotton swab was used to gently reposition the
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colon/small intestine into the right lower abdominal quadrant, until the duodenum was visualized. The duodenum was gently reposi-

tioned (still in the abdominal cavity) using moistened cotton swabs until the pancreas, common bile duct and sphincter of Oddi were

well visualized. The common bile duct and cystic duct were gently separated from the portal vein and hepatic artery using blunt

dissection with Moria forceps. A microclip was placed over the common bile duct (cranial to pancreatic duct branching) to prevent

influx of the viral particles into the liver or gallbladder, forcing the viral vector retrograde through the pancreatic duct. To infuse the

viral vector, the common bile duct was cannulatedwith a 30-gauge needle at the level of the sphincter of Oddi and 150 mL of virus was

injected over the course of 30 seconds. Gentle pressure was applied at the sphincter of Oddi upon needle exit to prevent leakage into

the abdominal cavity. Subsequently, the microclip and Colibri retractor were removed. The peritoneum was closed using running 5-

0 Vicryl sutures. The cutis and fascia were closed using simple interrupted 5-0 Vicryl sutures. The entire procedure was conducted on

a circulating warm water heating blanket to prevent intra-operative hypothermia. All mice received pre-operative analgesia with sus-

tained-release Buprenorphine (Bup-SR) and were followed post-operatively for any signs of discomfort or distress. For retrograde

pancreatic ductal installation, male mice (aged 3-6 weeks) and female mice (aged 3-8 weeks) were transduced with 250,000 TU

(transducing units, see viral titering) in serum-free media (Opti-MEM; Gibco).

Consistent with prior reports using retrograde pancreatic duct delivery of Cre-containing lentivirus (Chiou et al., 2015), we observed

that 17-24% of animals developed small soft tissue sarcomas (most frequently near the abdominal wall incision site) in addition to

development of PanIN/PDAC in the pancreas, but these were easily discernable from pancreatic tumors.

For experiments involving CD8 depletion, animals were dosed with CD8a depleting antibody (BioXCell, Clone 2.43, 200 mg/

mouse, dosed intraperitoneally [i.p.] every 3-4 days) beginning one day prior to surgery. For TIGIT agonist experiments, animals

were dosed with TIGIT agonistic mAb (BioXCell, Clone 1G9, Mouse IgG1, 100 mg/mouse, dosed intraperitoneally [i.p.] every 2-

3 days) or Mouse IgG1 isotype control Ab (BioXCell, 100 mg/mouse, dosed intraperitoneally [i.p.] every 2-3 days) beginning one

day after surgery.

METHOD DETAILS

Molecular cloning
H11-mScarletSIIN, H11-mScarletLAMA4, and H11-mScarletALG8 targeting vectors were generated using gBlocks (IDT) and Gibson

assembly (Akama-Garren et al., 2016; Gibson et al., 2009). In H11-mScarletSIIN, SIINFEKL was flanked by 17 amino acids on its N-

terminus and 9 amino acids on its C-terminus to ensure antigen processing. mLAMA4 and mALG8 neoantigens were each preceded

by 4 amino acids from their respective genes to ensure antigen processing. SP-dCas9-VPRwas a gift fromGeorge Church (Addgene

plasmid # 63798 ; http://n2t.net/addgene:63798 ; RRID:Addgene_63798). R26-dCas9-VPR-mNGwas cloned using a combination of

PCR (to generate dCas9-VPR) and gBlocks (IDT) and Gibson assembly. U6-sgfiller-eCas9-T2A-BlastR was generated using Gibson

assembly. In order to insert sgRNAs, the vector was digested with FastDigest Esp3I (Thermo Fisher) and ligated with BsmBI-compat-

ible annealed oligonucleotides. sgRNAs targeting Hipp11 or Rosa26 were designed using Benchling (www.benchling.com), which

was also used to predict potential off-target sites.

Lentiviral vectors (LV-PGK-Cre, LV-PGK-Cre-EFS-mScarletSIIN, LV-PGK-PVR-P2A-Cre-EFS-mScarletSIIN, LV-U6-sgRNAfiller-

PGK-Cre-EFS-mScarletSIIN) were generated using Gibson assembly. In order to insert sgRNAs into LV-U6-sgRNAfiller-PGK-Cre-

EFS-mScarletSIIN, the vector was digested with FastDigest Esp3I (Thermo Fisher) and ligated with BsmBI-compatible annealed ol-

igonucleotides. CRISPRa-compatible sgRNAs targeting Pvr were adapted from (Horlbeck et al., 2016). See Table S5 for sgRNA and

oligonucleotide sequences. All vectors with detailed maps and sequences have been deposited into Addgene.

Lentiviral production/titering
Lentiviral plasmids and packaging vectors were prepared using endotoxin-free maxiprep kits (QIAGEN). Lentiviruses were produced

by co-transfection of HEK293 cells with lentiviral constructs plus packaging vectors: PsPax2 (psPAX2 was a gift from Didier Trono -

Addgene plasmid # 12260 ; http://n2t.net/addgene:12260 ; RRID:Addgene_12260) and Pmd2.G (pMD2.G was a gift from Didier

Trono - Addgene plasmid # 12259 ; http://n2t.net/addgene:12259 ; RRID:Addgene_12259). Viral supernatant was harvested 48

and 72 hours post transfection, filtered through a 0.45 mm low-protein binding PVDF filter (EMD Millipore), and concentrated by ul-

tracentrifugation (25,000 rpm for 2 hours at 4�C). Concentrated virus was resuspended in Opti-MEM (Gibco) and lentiviral aliquots

were frozen and stored at -80�C. Lentiviral titers were determined using Green-Go cells as previously described (Sánchez-Rivera

et al., 2014).

Flow cytometry
Flow cytometry of pancreatic organoids

Pancreatic organoids were grown as described above. Where indicated, organoids were treated with interferon-gamma (10 ng/mL;

PeproTech) for 48-72 hours prior to analysis. Organoids were dissociated using TrypLE (15 minutes to minimize cleavage of surface

proteins) washed with PBS, and filtered through 70 mm filters. Single cell suspensions were pelleted at 2000 rpm and transferred to

96-well round-bottom plates for flow cytometric staining. Prior to surface staining, cell pellets were resuspended in Live/Dead dye

(Ghost Dye Red 780, Tonbo Biosciences) diluted 1:1000 in PBS on ice for 20 minutes in the dark. Surface staining was performed on

cells in PBS with 1% heat-inactivated FBS on ice for 30 min in the dark. Antibody information in Table S4.
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Flow cytometry of murine PDAC

Tumors/pancreata were collected in RPMI 1640 supplemented with 1% heat-inactivated FBS. Tumors were finely minced with scis-

sors in MACS C tubes (Miltenyi Biotec), and digested for 30 minutes at 37�C with gentle agitation in 5 mL digestion buffer [1x HBSS

(Gibco), 1mMHEPES (Gibco), 1%heat-inactivated FBS, 125 U/mL collagenase IV (Worthington), 40 U/mLDNase I, grade II (Roche)].

Pancreas tumors were processed on a gentleMACS Octo Dissociator using the ‘‘m_spleen_04’’ program. Digestion buffer was

neutralized with 5 mL heat-inactivated FBS, washed with PBS, and filtered through 70 mm filters. Single cell suspensions were pel-

leted at 1500 rpm with slow deceleration, and transferred to 96-well round-bottom plates for flow cytometric staining. Spleen sam-

ples were mashed through 70 mm filters, collected in RPMI 1640 supplemented with 1% heat-inactivated FBS and pelleted. Red

blood cells were lysed with ACK buffer for 2 min before cell suspension neutralization with PBS, pelleted for plating and transferred

to 96-well round-bottom plates for flow cytometric staining. Prior to surface staining, cell pellets were resuspended in Live/Dead dye

(Ghost DyeRed 780, TonboBiosciences or Zombie Aqua Fixable Viability Dye, BioLegend) diluted 1:1000 in PBSon ice for 20minutes

in the dark. Surface staining was performed on cells in PBS with 1% heat-inactivated FBS on ice for 30 min in the dark. Cell pellets

were fixed overnight in 1X fixation buffer (eBioscience), prior to permeabilization and intracellular staining for 1 hour in the dark at

room temperature. Full antibody and tetramer information in Table S4. We thank the NIH Tetramer Core Facility (contract number

75N93020D00005) for providing H-2Kb_SIINFEKL (OVA257-264), H-2Kb_VGFNFRTL (mLAMA4), and H-2Kb_ITYTWTRL (mALG8)

tetramers.

Flow cytometry of human PDAC
All human studies were performed using de-identified human biospecimens and studies were approved by the Massachu-

setts General Brigham Institutional Review Board and conducted according to the principles expressed in the Declaration of

Helsinki. The study was in strict compliance with all institutional ethical regulations. All tumor samples were surgically re-

sected primary pancreatic ductal adenocarcinomas and were de-identified prior to researcher processing. Briefly, freshly

resected human PDAC specimens were transferred in RPMI 1640 on ice to the laboratory. Pancreas tumors were finely

minced with scissors in MACS C tubes, and processed as described above for murine PDAC. Healthy peripheral blood (hu-

man PBMCs) from IRB-consented healthy individuals was purchased from StemCell. Antibody information in Table S4. As all

biospecimens were de-identified, information about age and sex is unavailable. PD-1 staining was omitted during process-

ing of one PDAC biospecimen, so this sample was not included into co-expression analyses with PD-1, but was included in

other analyses.

For all flow cytometry experiments, samples were acquired on BD LSR II or LSR Fortessa machines, cell sorting was performed on

a BD Aria IIIu. UltraComp eBeads (eBioscience) or single-fluorophore expressing organoids were used for compensation. For murine

in vivo experiments, endogenous CD44loCD8+ T cells and healthy spleens were used for negative controls and gating. For human

experiments, healthy peripheral blood was used as negative controls and gating. For in vitro experiments, unstained controls and

fluorescence minus one were used for negative controls and gating. Specimens with fewer than 100 live CD8s (mouse) or 200 live

CD8s (human) were not considered for further immunophenotyping. FACS data was analyzed using Flowjo v10 software (BD

Biosciences).

Immunohistochemistry and pathology review
Tissues were preserved in zinc formalin fixative for 16-24 hours within 1 hour of necropsy, transferred to 70% EtOH, and processed

for paraffin embedding. For immunohistochemical staining, slides were blocked using Endogenous Peroxidase Block (Dako) or Blox-

all Endogenous Peroxidase and Alkaline Phosphatase Block (Vector Labs) according to manufacturer instructions, followed by incu-

bation with horse serum (Vector Labs) for 1 hour at room temperature. Slides were incubated with primary antibody overnight at 4�C.
Details on epitope retrieval and primary antibodies can be found in Table S4. The following day, slides were incubated with the appro-

priate anti-species HRP-conjugated secondary antibody (Vector Labs) for 30 minutes at room temperature. Slides were developed

with DAB Peroxidase Substrate Kit (Vector Labs) unless otherwise indicated.

For CD8 and CD4 co-staining, slides were blocked with Bloxall and normal horse serum as above. Slides were incubated with pri-

mary rabbit anti-CD8 antibody (Abcam EPR21769, 1:1000) overnight at 4�C and with secondary Alkaline phosphatase anti-Rabbit

IgG for 30 minutes at room temperature. Slides were then developed with Vector Black Alkaline phosphatase substrate (Vector

Labs) and blocked again with Bloxall and horse serum. Slides were incubated with primary rabbit anti-CD4 (Abcam EPR19514,

1:400) for 3 hours at room temperature and secondary HRP conjugated anti-Rabbit antibody for 30 minutes. Slides were developed

with HRP Vina Green Chromogen (Biocare Medical). All murine histologic diagnoses were confirmed with a pathologist (R.T.B.)

specialized in rodent pathology.

For CD155 IHC in human tissues, a pancreatic adenocarcinoma tissue microarray (PA1002b) was purchased from Biomax. Anti-

CD155 (EPR22672-151) (ab267788; Abcam) was used at 1:500 dilution (final 1.01 mg/mL) following HIER with Tris-EDTA pH 9

(ab93684; Abcam). Slides were reviewed and scored by a board-certified pathologist (G.E.) with membranous staining on tumor cells

scored based on intensity of staining as 0, 1+, 2+, 3+. Cores that weremissing from TMA (n=1), lacked tumor epithelium (n=2), or that

were found on pathologic review to likely represent pancreatic neuroendocrine tumor (n=1) were excluded from further analysis. H-

scores were obtained by the formula: (3*percentage of strongly staining cells [3+]) + (2* percentage of moderately staining cells [2+]) +

(1*percentage of weakly staining cells [1+]) as previously described (Hirsch et al., 2003). Histopathologic and immunohistochemical

analyses were performed using QuPath (Bankhead et al., 2017).
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Nanostring GeoMx digital spatial profiling
FFPE tissues were sectioned and processed according to NanoString GeoMx DSP guidelines. Briefly, 5 mm sections were placed on

SuperFrost Plus slides. Details on epitope retrieval and primary antibodies can be found in Table S4. Tissue morphology markers in

the mouse solid tumor morphology kit included PanCK and CD45, and a customCD8a stain was additionally included. Protein probe

sets included the Immune Cell Profiling Core, IO Drug Target Module, Immune Activation Status Module, and Immune Cell Typing

Module. Geometric areas of interest (AOIs) were annotated for therapy response and spatial localization as tumor center, tumor pe-

riphery, CD8_high, CD8_low, responder, non-responder. The GeoMx platform was similarly used for mfIHC with the antibodies

detailed above.

Data QC, normalization, and feature-based selection

Raw expression data were checked for quality and ERCC-normalized prior to statistical analyses. First, raw expression data were

checked for hybridization quality by calculating hybridization factors (ERCC normalization factors). A hybridization factor for a given

sample (AOI) was defined as the mean of all HYB-POS values in the dataset divided by that sample’s HYB-POS value. Any samples

with a hybridization factor of 10 ormore were discarded. ERCC normalization was subsequently performed bymultiplying all proteins

for a given sample by its respective hybridization factor

Three isotype control molecules were measured for each sample: Rb IgG, Rt IgG2a, and Rt IgG2b. Rt IgG2b, was removed as it

showed a reduced correlation with other IgG controls and a greater root mean squared error with the other two (RMSE = 0.29 and

0.30, respectively). Samples were normalized by calculating a normalization factor based on the geometric mean of each sample’s

Rb IgG and Rt IgG2a expression values. Themean of these geometric means was divided by a given sample’s geometric mean value

to generate that sample’s specific normalization factor. Normalization was then performed bymultiplying all proteins for a given sam-

ple by its respective normalization factor.

Forty proteins—including S6, Histone H3, GAPDH housekeeping proteins—weremeasured. These proteins were filtered based on

signal to noise ratio (SNR), as calculated by the ERCC-normalized expression for that feature divided by that sample’s geometric

mean of Rb IgG and Rt IgG2a. A feature was retained if the median SNR value was greater than one. One protein, CD163, had a me-

dian SNR of 0.29, but was kept for downstream analysis given prior reports of M2 macrophage polarization in immune evasion.

Statistical analyses

Hierarchical clustering was performed on the Z-scores of the log2 transformed normalized data using the R package pheatmap

(Ihaka and Gentleman, 1996; Kolde, 2019). Differential expression analysis was performed between CD8- compartments (2 mice;

11 AOIs) and CD8+ compartments (3 mice; 25 AOIs). To account for multiple samples taken within a given mouse, a mixed effect

model implemented from the R package lmerTest (Kuznetsova et al., 2017). For a given protein, its log2 transformed expression

was used as the dependent variable, CD8 status (CD8-, CD8+) was used as a fixed effect and mouse ID was used as the random

effect (with random intercept). Satterthwaite’s approximation (Kuznetsova et al., 2017) was used to estimate the degrees of freedom

for p-value calculation. Any protein with a singular fitted model were discarded. To account for multiple hypothesis testing, the Ben-

jamini-Hochberg FDR was used (Benjamini and Hochberg, 1995).

Single-cell RNA sequencing
Sorted cells were washed three times in 1x PBS (calcium and magnesium free) containing 0.04% w/v BSA, and then quantified and

titrated to a final concentration of approximately 300 cells/mL. Using the Chromium Single Cell 3’ Solution (v3) according to manu-

facturer’s instructions (10x Genomics), approximately 2000-5000 cells were partitioned into Gel Beads in Emulsion (GEMs) with

cell lysis and barcoded reverse transcription of mRNA into cDNA, followed by amplification, enzymatic fragmentation and 5’ adaptor

and sample index attachment. The recovery rate was �800 cells per sample after filtering for quality control. Sample libraries were

sequenced on the HiSeq X Version 2.5 (Illumina) with the following read configuration: Read1 28 cycles, Read2 96 cycles, Index read

8 cycles.

Single-cell RNA sequencing analysis
Data processing, cell clustering, and differential expression analysis

Raw sequencing data was processed using Cell Ranger, version 3.0.2, and sequencing reads were aligned to the mm10 reference

mouse transcriptome (version 3.0.0). After processing, Cell Ranger reported 789 cell-associated barcodes and detected 31,053

genes. These data were loaded into R, version 4.0.3, and further processed with Seurat, version 3.2.2 (Butler et al., 2018). Genes

not expressed in any cells were filtered out. After this, low-quality cells containing more than 10% of reads matching the mitochon-

drial genome were excluded. Cells with less than 100 detected genes were then filtered. Finally, cells lacking expression of either

Cd8a or Cd3e were removed, and cells exceeding the 97th percentile (4,065) for number of detected genes were excluded to remove

probable doublets. The resulting matrix used for downstream analyses was defined by 447 cells and 15,065 genes. Data normaliza-

tion and scaling, variable feature selection, cell clustering, and differential gene expression analysis was performed using Seurat.

Data were normalized by total expression per cell and scaled using a factor of 10,000 and log transformed (natural scale). The top

2,000 variable genes were selected using Seurat’s default ‘‘vst’’ method. The expression of these genes was then scaled and

centered, and these genes were then used for all downstream analysis. Principal component analysis (PCA) was then performed

for dimensionality reduction, and the first 30 principal components were selected with the elbow method as a heuristic.

A k-nearest neighbor graph (KNN, k=20) was constructed in PCA space using the top 30 principal components. Four clusters were

detected using the Louvain method of community detection (default parameters and resolution = 0.69) (De Meo et al., 2011). Data
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was visualized using theUniformManifold Approximation and Projection (UMAP) algorithm implemented in Seurat (Becht et al., 2019;

Mcinnes et al., 2018). Default parameters were used, with the following exceptions: the method parameter (‘‘umap-learn’’) and the

metric parameter (‘‘correlation’’). Differential gene expression (min logfc = 0.4;min pct = 20) between clusters was assessed using the

default Wilcoxon Rank Sum test.

Gene module analysis
Seurat’s AddModuleScore function (control parameter = 8) was used to calculate gene module scores for all cells. For this analysis,

gene setswere derived frompreviously published genemodules (Table S2). For datasets providing human genemodules, a customR

script was generated to retrieve corresponding mouse orthologs from Ensembl with the biomaRt package (version 2.42.0) (Durinck

et al., 2005, 2009).

To derive de novo genemodules from our scRNA-seq dataset, the Pathway andGene Set Overdispersion Analysis (PAGODA) (Fan

et al., 2016) framework from the SCDE package (version 2.14.0) was used. The analysis was performed starting with the raw counts

for the same 447 cells that remained after filtering in the previous analysis. The knn error model was fit using min.count.threshold = 2

and k = ncol(cd/4), where ‘‘cd’’ represented the matrix after clean.counts was performed with default parameters. Gene expression

magnitudes were then normalized with trim = 3/ncol(cd) and max.adj.var=5. De novo gene modules were then determined using

trim = 7.1/ncol(varinfo$mat) and n.clusters = 50 and otherwise default parameters for the pagoda.gene.clusters function. The top

three de novo gene sets (modules 30, 36, and 45) with the highest over-dispersion Z score (adjusted for multiple hypotheses) that

best distinguished the cellular subpopulations defined by SCDE were selected, and all cells were scored for these modules in Seurat

as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses
All graphs and statistical analyses were generated with GraphPad Prism 9 or in the R statistical programming language (R-project.

org) as described above. The following statistical tests were used in this study: (1) two-sided Mann-Whitney test, (2) two-sided t-test

with Welch’s correction, (3) two-sided Kolmogorov-Smirnov (KS), (4) linear mixed effect model with Benjamini-Hochberg FDR. Fig-

ure legends specify the statistical tests used, exact value of n, definition of center, and dispersion and precision measures. Fig-

ure legends also specify how significance was defined.

Clinical data analysis
RNA-seq gene expression profiles (normalized counts) from primary tumors of lung adenocarcinoma (LUAD) (Collisson et al., 2014),

pancreatic ductal adenocarcinoma (PAAD) (Cancer Genome Atlas Research Network, 2017), and colorectal adenocarcinoma

(COAD) (Muzny et al., 2012) patients were obtained from The Cancer Genome Atlas (TCGA, gdac.broadinstitute.org). Patients within

each cohort were limited to those included in the TCGA Pan-Cancer Atlas study (Hoadley et al., 2018) for which mutational profiles

were available on cBioPortal (cBioPortal for Cancer Genomics, cbioportal.org) (Gao et al., 2013). Patients in the PAAD cohort were

further limited to those included in the TCGA PAAD study (Cancer Genome Atlas Research Network, 2017). Within each cancer type,

patients were grouped according to KRAS and TP53mutational status, as retrieved from cBioPortal (KP = alterations in KRAS and in

TP53; nonKP = the remainder of the cohort). Standardized expression levels of PVR were illustrated across KP and nonKP patient

groups using Empirical Cumulative Distribution Function (ECDF) plots where significance was assessed using a Kolmogorov-Smir-

nov test.

Neoepitope prediction
In the TCGA cohort, 148 PDAC patients were analyzed (of 150). One patient lacking a normal BAM file was excluded, and another

patient was also excluded due to hypermutation (Cancer Genome Atlas Research Network, 2017). In the DFCI-PancSeq cohort,

57 patients with (1) annotated mutations, (2) both WES and RNA-seq data, and (3) sufficient tumor purity (Aguirre et al., 2018)

were analyzed. Binary Alignment Map (BAM) files were obtained for PancSeq (aligned to GRCh37) and for TCGA (aligned to

GRCh38). Thus, GRCh37 was used as the reference genome for the PancSeq cohort in all downstream analyses, and GRCh38

was used for the TCGA cohort.

HLA typing was performed using two programs and with both RNA-seq and WES data to assess robustness of HLA allele calls.

HLA alleles for classical genes (HLA-A, -B, and C) were called using the HLA genotyping algorithm, OptiType, version 1.3.1 (Szolek

et al., 2014), as well as seq2HLA, version 2.3 (Boegel et al., 2012), whichwas also used to identify alleles for HLA-E. Tumor and normal

WES BAM files were used to create inputs to OptiType, which outperforms peer programs in WES-based HLA-typing (Bauer et al.,

2018), and RNA-Sequencing BAMs were used to create inputs to seq2HLA. WES BAMs were filtered to retain only reads mapping to

the HLA region (6:28477897-33448354 in GRCh37; chr6:28510120-33480577 in GRCh38) with the genomics software suite, Sam-

tools, version 1.10 (Li et al., 2009). The BAMs were then converted to FASTQ format, and then filtered with the genome mapping

tool, RazerS 3, version 3.5.8 (Weese et al., 2012), as recommended in the OptiType documentation. RNA-Seq BAMs were sorted,

converted to FASTQ format, and compressed before being used as inputs to seq2HLA. Both programs were run with default

parameters.
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A custom python script was then employed to evaluate concordance between (1) normal and tumor HLA allele calls fromWES and

(2) seq2HLA and OptiType calls. Only 4/342 alleles (0.58%) in the PancSeq cohort and only 2/888 (0.23%) alleles in the TCGA cohort

were called differently between tumor and normal WES-based calls. Given the consistency of OptiType calls for tumor and normal

WES data, the OptiType allele was accepted as the final call to resolve discrepancies between OptiType and Seq2HLA.

Mutation Annotation Format (MAF) fileswere obtained for patients in both datasets and converted to Variant Call Format (VCF) files.

VCF files were filtered to only retain single nucleotide variants (SNVs). Only PASS variants were available in the PancSeqMAF file and

were thus not filtered further (Aguirre et al., 2018). Mutations in the TCGA cohort included non-PASS variants, whichwere all filtered in

this cohort with the exception of some non-PASS mutations in known PDAC-associated genes that had been marked as either pan-

el_of_normals, clustered_events, or homologous_mapping_event in the TCGA MAF file. For these cases, genes that had variants

marked as non-PASS more than twice by at least one of these filters were reconsidered. The following genes with a known associ-

ation with PDAC based on a literature search were retained: KRAS, TP53, GNAS, RNF43, PLEC, FLG, AHNAK, APOB, CSMD1,

PLXNA1,MCM6,MKI67, and SIPA1. This step was intended to reduce false negatives, and in the case of KRAS, this step retrieved

30 variants at residue position 12, a site known to confer oncogenic properties when mutated.

Indel variants were called using the variant callers, Strelka2, version 2.9.2 (Kim et al., 2018), and Scalpel, version 0.5.4 (Narzisi et al.,

2014). The structural variant and indel caller, Manta, version 1.6.0 (Chen et al., 2016), was run prior to Strelka2 and these results were

incorporated into the indelCandidates parameter for Strelka2. Scalpel was run with default parameters, with a bed file derived from

the CGHub bitbucket account (https://cghub.ucsc.edu; whole_exome_agilent_1.1_refseq_plus_3_boosters.targetIntervals.bed).

For the PancSeq cohort, the unmodified first 3 columns of this file were used. For the TCGA cohort, the coordinates in this file

were converted to GRCh38 coordinates using the LiftOver tool from the UCSC genome browser (Haeussler et al., 2019). Scalpel

failed to call variants for 13/148 TCGA patients due to excessive read buildup at some loci. To enable variant calling with Scalpel

for these patients, the Picard tools’ DownsampleSam function (http://broadinstitute.github.io/picard/) was employed to randomly

downsample reads in the tumor BAM files of these patients by decrements of 10%, starting at 50%. This was done until Scalpel suc-

cessfully called variants for each patient. Ten patients succeeded at 50%, two at 40%, and one at 30%.

To reduce the contribution of caller-specific biases and hence the indel false positive rate, only those indels that were called and

marked as PASS by both Scalpel and Strelka2 were retained. Variant call format (VCF) files containing the intersection of PASSed

variants from Strelka2 and Scalpel were generated with a custom batch script, and variant allele frequencies were calculated using

statistics output by Strelka2. These indel VCF files were thenmerged with the corresponding SNV VCF files for each patient using the

vcf-shuffle-cols and vcf-concat functions from VCFtools, version 0.1.13 (Danecek et al., 2011).

Variant consequence was then annotated using the Ensembl Variant Effect Predictor (VEP), version 99 (McLaren et al., 2016). The

corresponding VEP cache for both GRCh37 and GRCh38 was downloaded and used to run the software offline. VEP was run using

the Wildtype and Downstream plugins to annotate the effects of indels. The following parameters were employed: –symbol,

–terms=SO, –cache, –offline, –transcript_version, –pick. The –pick parameter was reordered from the default to report the transcript

with the most extreme consequence for each variant: rank, canonical, appris, tsl, biotype, ccds, length, mane.

Neoepitopes were predicted with the HLA allele calls and variant effect predictions using the antigen prediction toolkit, pVACtools,

version 1.5.7 (Hundal et al., 2020). For eachmutation, mutant peptides were generated for lengths of 8-, 9-, 10-, and 11- amino acids,

the spectrum of peptide lengths known to bind to MHC class I. MHC:peptide binding affinity was predicted for all peptide:MHC allele

pairs with NetMHC-4.0, NetMHCpan-4.0, SMM (version 1.0), and SMMPMBEC (version 1.0) (Andreatta and Nielsen, 2016; Jurtz

et al., 2017; Li et al., 2009; Peters and Sette, 2005), and themedian value across all affinity predictions was taken as a final, composite

measure of binding affinity.

After predictions were made by pVACtools, candidate neoepitopes from all patients were merged into a single matrix and filtered

using a custom python script and the following criteria (based on parameters output by pVACtools): median peptide:MHC binding

affinity < 500 nM, tumor DNA depth >= 5, tumor DNA variant allele frequency >= 0.07, cysteine_count <=1, and a median wildtype:-

mutant peptide binding affinity fold-change >= 1. After filtering, the total number of remaining candidates was summed per patient

and predicted neoepitopes were classified in the following binding affinity ranges: 50-500 nM, 10-50 nM, and 0-10 nM. Neoepitopes

were also classified as nonbinders-to-binders (WT nM > 1000 and MT < 500 nM) and nonbinders-to-strong binders (WT nM >

1000 nMandMT< 50 nM). All frameshift-derived neoepitopeswith a binding affinity < 500 nMand no corresponding wildtype peptide

sequence were also classified as nonbinders-to-binders.

scRNA-seq analysis of human PDAC
Human PDAC scRNA-Seq data (Peng et al., 2019) was downloaded from the Genome Sequencing Archive (accession: CRA001160).

A count matrix of 41,987 pre-processed cells was prepared from these data and used to create a Seurat object. Genes expressed in

less than 10 cells were filtered out. Data normalization, scaling, variable feature selection, and principal components analysis were

then carried out as described for themurine scRNA-Seq analysis. The first 15 principal components were used for the construction of

the k-nearest neighbor graph and the UMAP plot (metric parameter = Euclidean). Clusters were then assigned using the Louvain

method with a resolution of 1.

For the T cell subset analysis, cells were selected out from the larger dataset based on expression of CD8A and either CD3E,

CD3D, orCD3G. Cells expressing bothCD3 andCD4were selected in the same way, usingCD4 expression instead ofCD8A. Genes

detected in less than 5 cells were then excluded from the 2 subset matrices individually. These two subsets were thenmerged to form

a new matrix consisting of 3,409 cells and 18,349 genes. These data were then processed as described for the whole dataset,
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revealing batch effects that caused cells to separate in UMAP space according to their patient of origin. To construct a batch-cor-

rected UMAP, Seurat’s integration workflow was performed (Stuart et al., 2019). Cells were split into individual matrices according to

their patient of origin, andmatrices corresponding to patients possessing less than 50 cells were excluded to accommodate a k.filter

parameter of 50 for the integration anchor identification step. 3,320 cells remained after this step. Pearson residuals were then utilized

for data normalization and scaling, as implemented in the SCTransform function (Hafemeister and Satija, 2019). 3,000 integration

features were then selected and incorporated as input in the integration anchors identification step. Principal components analysis,

k-nearest neighbor graph and UMAP construction (PC dimensions = 14), and cluster annotation (resolution = 0.8) were then per-

formed as described before. For feature plotting and differential gene expression analysis, the UMI count matrix of these cells

was separately normalized and scaled as described for the whole dataset. Differential gene expression between clusters was

then assessedwith theWilcoxon Rank Sum test. Genuine T cell clusters (0, 1, 8, and 9) were then distinguished by differentially higher

expression of CD3 and/or CD4 and CD8A and by a differentially reduced or complete lack of expression of antigen-presenting cell

markers that defined other clusters. To plot murine TIL-derived PAGODAmodules on human data, the custom R script described for

module analysis of murine scRNA-Seq was employed to retrieve human orthologs of each gene comprising each PAGODA module.

The human orthologs were then used to compute module scores with Seurat’s AddModuleScore function (control parameter = 8).
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