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Abstract

Pancreatic ductal adenocarcinoma (PDA) is a lethal malignancy resistant to most therapies,
including immune checkpoint blockade. To elucidate mechanisms of immunotherapy resistance,
we assessed immune parameters in resected human PDA. We demonstrate significant interpatient
variability in T-cell number, localization, and phenotype. CD8" T cells, Foxp3* regulatory T cells
and PD-1* and PD-L1* cells were preferentially enriched in tertiary lymphoid structures that were
found in most tumors compared to stroma and tumor cell nests. Tumors containing more CD8* T
cells also had increased granulocytes, CD163* (M2 immunosuppressive phenotype) macrophages,
and FoxP3* regulatory T cells. PD-L1 was rare on tumor cells, but was expressed by CD163*
macrophages and an additional stromal cell subset commonly found clustered together adjacent to
tumor epithelium. The majority of tumoral CD8* T cells did not express molecules suggestive of
recent T-cell receptor (TCR) signaling. However, 41BB*PD-1* T cells were still significantly
enriched in tumors compared to circulation. Tumoral PD-1* CD8* T cells commonly expressed
additional inhibitory receptors, yet were mostly T-bethi and Eomes!®, consistent with a less
terminally exhausted state. Analysis of gene expression and rearranged TCR genes by deep
sequencing suggested most patients have a limited tumor-reactive T-cell response. Multiplex
immunohistochemistry revealed variable T-cell infiltration based on abundance and location,
which may result in different mechanisms of immunotherapy resistance. Overall, the data support
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the need for therapies that either induce endogenous, or provide engineered, tumor-specific T-cell
responses and concurrently relieve suppressive mechanisms operative at the tumor site.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDA) is currently the 3 leading cause of cancer-related
mortality. Most patients present with advanced unresectable or metastatic disease that is
resistant to therapy. Immune checkpoint blockade (e.g., anti-PD-1/PD-L1 and/or anti—
CTLA-4) produces clinical responses in a variety of solid tumors, including melanoma and
lung cancer but shows limited activity in PDA thus far (1, 2). Mutational load and T-cell
neoantigen recognition contributes to clinical responses following checkpoint blockade
(3-5), but unlike the commaonly responsive tumors, PDA has relatively few coding mutations
and thus few antigenic targets (6). Thus, endogenous PDA-reactive T cells may not be
sufficiently robust for checkpoint blockade to have clinical benefit in PDA.

In addition to few mutational targets, additional mechanisms may curb effective anti-cancer
T-cell responses in PDA. As reported in genetically engineered mouse models, the complex
and immunosuppressive tumor microenvironment may interfere with intratumoral T-cell
accumulation and T-cell activation (7-15). During persistent viral infection and some anti-
tumor responses, persistent T-cell receptor (TCR) signaling can mediate terminal
differentiation and exhaustion of T cells that could also contribute to resistance to
checkpoint blockade (16-18). We previously demonstrated that the adoptive transfer of
engineered T cells specific for a PDA self/tumor antigen, mesothelin, has marked anti-cancer
activity in a genetically engineered PDA mouse model, but over time the transferred T cells
are rendered dysfunctional, specifically in tumors (19). Thus, a greater understanding of the
properties of human PDA-infiltrating T cells could inform immune-based strategies.

Four pancreatic cancer subtypes have been described based on transcriptional profiling,
including an immunogenic subset that contains relatively more transcripts for T-cell
signature genes (20, 21). However, T cells must be more fully characterized in PDA in order
to better understand potential anti-tumor activity, operative inhibitory pathways, and other
obstacles to effective immunotherapies. Previous human PDA studies have suggested that
endogenous CD8* T cells are trapped in peritumoral tissue and may be excluded from tumor
nests (22-25)., However, T cells have also been suggested to be the dominant PDA-
infiltrating immune cell type (15, 26), a distinction from other reports that included findings
in genetically engineered mouse models showing limited T-cell infiltrates and, in particular,
few CD8* T cells in tumor cell nests or in the surrounding stroma (10-12, 19, 27). Tertiary
lymphoid structures (TLS), ectopic lymphoid formations commonly found in chronic
inflammatory sites and in many solid tumors, have many of the characteristics of lymphoid
follicles, suggestive of a role in T-cell priming and/or regulation of /n st immune responses
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(28). TLS are seen in pancreatic cancer tissue, but the origin and function of these structures
in PDA is unclear (29, 30).

To better understand the naturally occurring, adaptive T-cell response to invasive PDA, we
have characterized the abundance, localization, and qualities of tumor-infiltrating CD8* T
cells and suppressive cells in resected specimens. Because most PDA patients present with
inoperable disease, the results described herein are necessarily biased toward the minority of
patients that present with early-stage disease.

MATERIALS & METHODS

Pancreatic cancer samples

Surgically resected tumor specimens were obtained from PDA (n=20) and pancreatic
neuroendocrine tumor (PNET, n=7) patients who provided written informed consent by
NWBIoTrust (Department of Pathology, University of Washington School of Medicine).
PDA samples were selected from patients who underwent surgery without neoadjuvant
therapy (14/20), and we selected 11/14 from these based on having sufficient tumoral tissue
available for comprehensive analyses. All studies using human specimens were approved by
the Fred Hutchinson Cancer Research Center Institutional Review Board and conducted
according to the principles expressed in the Declaration of Helsinki.

Tissue preparation

PBMCs were collected prior to surgery. Resected tumor, normal adjacent (Nadj) pancreas,
and spleen were collected immediately following surgery and placed into ice cold complete
media (DMEM containing 10% FBS + 1% Penicillin/Streptomycin). Tissues were
subdivided for flash frozen (RNA/DNA), formalin (immunohistochemistry), optimum
cutting temperature compound (O.C.T., immunofluorescence), or were further processed to
generate single cell suspensions of mononuclear cells. In the latter case, tumors were
weighed, minced with a razor blade, incubated for 30 min in collagenase (1 mg/ml),
mechanically filtered (70 uM), and washed 2X in complete media. Peripheral blood was
collected in heparin-containing tubes, mixed 1:1 with PBS/EDTA, layered over histopaque,
and centrifuged (2,000 rpm for 20 minutes). PBMCs were isolated at the interface of the
gradient, washed 1X, counted, and cryopreserved in 10% DMSO for subsequent analysis.

Immunohistochemistry

Tissues were fixed in 10% formalin, paraffin-embedded, and 5 uM-thick sections stained
with hematoxylin and eosin (H&E) or prepared for immunohistochemistry by optimized
standard antigen-retrieval methods. Each antibody was titrated and compared with isotype-
matched controls. Primary antibodies used include: CD8 (Abcam ab4055, 1:200), Foxp3
(Abcam 236A/E7, 1:100), CD20 (eBioscience L26, 1:100), iNOS (Abcam ab15326, neat),
CD163 (Novocastra 10D6, 1:200), DC-Lamp (Dendritics 1010E1.01, 1:100), pan-HLA
(eBioscience A4, 1:250), HLA-DR (Dako M0746, 1:400), Galectin-3 (eBioscience M3/38,
1:100) and Galectin-9 (Abcam ab69630, 1:250). A 20X objective using a Nanozoomer
Digital Pathology slide scanner (Hamamatsu; Bridgewater, New Jersey) was used to scan
stained slides. In Fig. 4C and Supplementary Fig. S1F, a project-specific configuration based
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on a threshold of pixel values (Visiopharm software, Hoersholm, Denmark) detected
immunoreactivity. In Figs. 1D and 1E, CD8" and Foxp3* T-cell numbers were counted in
three to five areas and mean T-cell number normalized to area (mm?2) was plotted. In Figs.
4A and 4B, staining intensity in cell types was based on morphology. For each specimen,
three to five regions were graded on a scale (0, no staining detected; 1, light; 2, moderate; 3,
high; 4 very high), and averaged for each patient sample. All staining and analyses were
reviewed by a pathologist R.H.P.

Immunofluorescence

Tissues were embedded in O.C.T. compound (Tissue-Tek), frozen, and stored at -80°C. 7

UM sections were cut and fixed in cold (-20°C) acetone for 15 min. Sections were rehydrated
with PBS +2% BSA, blocked with 2% goat serum and incubated for 1 h at room temperature
with primary antibody diluted in PBS + 2.5% BSA. Primary antibodies used include
peripheral lymph node addressin (PNAd)-FITC (eBioscience MECA79, 1:100), rabbit
polyclonal CD8 (Abcam ab4055, 1:25), pan-cytokeratin-FITC (Sigma-Aldrich F3418,
1:200), CD15 (Thermo Scientific MMA/LeuM1, 1:25), aSMA (DAKO 1A4, 1:100) and
CD31 (eBioscience WM-59, 1:100). Slides were washed 3X in PBS+2% BSA and incubated
with species-specific secondary Alexa-conjugated antibodies (Invitrogen, 1:1000) for 30
min, washed, and mounted with Prolong Gold anti-fade plus DAPI (ThermoFisher
Scientific).

Multiplex staining and image analysis

4 UM formalin-fixed paraffin-embedded tissue sections were baked for 1 h at 60°C, dewaxed
(Dewax Solution, Leica), and stained on a Leica BOND RXx stainer. Antigen retrieval and
antibody stripping steps were performed at 100°C using Epitope Retrieval Solution 2 and
Bond Wash Solution (Leica). All other steps were performed at room temperature.
Endogenous peroxidase was blocked with 3% H,0, for 8 min followed by protein blocking
with TCT buffer (0.05M Tris, 0.15M NaCl, 0.25% Casein, 0.1% Tween 20, pH 7.6) for 30
m. A high stringency wash of high-salt TBST solution (0.05M Tris, 0.3M NaCl, and 0.1%
Tween-20, pH 7.2-7.6) was performed after the secondary and tertiary applications. The first
primary antibody (position 1) was applied for 60 min followed by the secondary antibody
application for 10 min and the application of the tertiary TSA-amplification reagent
(PerkinElmer OPAL fluor) for 10 min. The primary and secondary antibodies were stripped
with retrieval solution for 20 min before repeating the process with the second primary
antibody (position 2) starting with a new application of 3% H»0,. The process was repeated
for all 6 positions. Antibody position, clone and concentration are provided in
Supplementary Table 1. Slides were stained with Spectral DAPI (Perkin Elmer) for 5 min,
rinsed for 5 min, and coverslipped with Prolong Gold Antifade. OPAL Polymer HRP Mouse
plus Rabbit (PerkinElmer) was used for all secondary applications. Slides were cured for 24
h at room temperature, then representative images from each slide were acquired on
PerkinElmer Vectra 3.0 Automated Imaging System. Images were spectrally unmixed using
PerkinElmer inForm software and exported as multi-image TIFF files and analyzed using
HALO (Indica Labs). Two sections per tumor were sampled at 100%. Regions of interest
were defined based on the tumor cell stain and cell morphology.
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Flow cytometry

Mononuclear cell preparations were stained with the following fluorophore-conjugated
monoclonal antibodies obtained from eBioscience: Lag3 (3DS223H), CD244 (eBioDM244),
CD25 (BC96), CCR7 (3D12), CD45R0O (UCHL1), Foxp3 (236A/E7), CD137 (4B4-1),
CD62L (DREG-56), CD11b (1CRF44), HLA-DR (L243), Eomes (WD1928), and Tim-3
(F38-2E2); from BD Biosciences: T-bet (4B10), CD4 (RPA-T4), and PD-1 (M1H4); and
from Biolegend: CD15 (SSEA-1), CD45RA (HI1100), and CD160 (B755). For detection of
transcription factors Foxp3, Eomes, and T-bet, cells were stained first for cell surface
antigens and subsequently fixed and permeabilized using eBioscience fixation buffer. The
number of positively stained cells was normalized to gram of tissue for enumeration.

TCRpB CDR3 amplification and sequencing

The DNeasy Blood and Tissue Kit (Qiagen) was used to extract genomic DNA from PBMC
(n=7) and flash-frozen tumor specimens (n=9). Samples were treated with Proteinase K and
RNAse and genomic DNA purified using the spin column method. High-throughput
sequencing of the TCR V-beta CDR3 region ( 7RB) was performed at Fred Hutchinson
Cancer Research Center using the hsTCRB kit (Adaptive Biotechnologies) and an lllumina
HiSeq system (lllumina), a method that has been previously validated (31). Sequencing
reads were analyzed using the ImmunoSEQ software (Adaptive Biotechnologies). TCR
repertoire diversity was assessed using the clonality metric. Clonality score was derived
from Shannon’s entropy, which measures the uncertainty associated with a random variable.
In the case of CDR3 TCRp sequences, Shannon’s entropy calculates the uncertainty in
predicting a sequence from a large dataset of total CDR3 TCRp sequences within a sample.
To normalize between samples that contain different numbers of total CDR3 TCRp
sequencing reads, entropy was divided by log, of the number of unique productive
sequences. This method has been previously described (32) and used to obtain clonality,
where clonality = 1 — (normalized entropy). Clonality values range from 0 (most diverse,
every T-cell in a sample contains a unique TCR) to 1 (monoclonal T-cell population). The
sequencing product was organized and nonproductive TCR sequences (premature stop or
frame-shift) were excluded from the final analyses. TCR sequence data is publicly available
(https://doi.org/10.21417/B7305D).

TLS quantification

R.H.P. evaluated 3 Nadj pancreas samples, 7 PNET, and 20 PDA tumors histologically for
TLS using H&E and a large fraction (n=16) were further validated by CD20, DC-Lamp, and
PNAd staining. Specimens underwent serial sectioning to cover >60 um of tumor depth
within each sample.

Gene expression analysis

Gene expression data were generated from RNA prepared from flash frozen tumor or Nadj
pancreas and directly measured via counts of corresponding mRNA in each sample using
nCounter PanCancer Immune Profiling Panel at the Fred Hutchinson Cancer Research
Institute. The detection and counting of genes was done via reporter gene-specific nucleic
acid probes appended with fluorophore barcodes and biotinylated capture probes that attach
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to microscopic beads (33). Gene expression was normalized to internal housekeeping genes
and was analyzed using the nSolver software and the Advanced Analysis package
(Nanostring). The Cancer Genome Atlas (TCGA) of pancreatic adenocarcinoma (https://
gdc.cancer.gov/) was used to determine correlation between T-cell and myeloid genes.

Statistical analysis

RESULTS

Statistical analysis was performed using GraphPad software. The Student #test was used for
comparison of 2-group data. For analysis of >2 group data, a one-way ANOVA and Tukey
post-test was used for correcting for multiple comparisons. Pearson rwas used to determine
correlation significance. Data was expressed as mean £ SEM unless otherwise indicated and
p<0.05 was considered significant. *, p<0.05; **, p<0.005; ***, p<0.0005.

Location and abundance of effector and regulatory T cells in PDA

The abundance and specificity of intratumoral T cells can have predictive value for solid
tumor responses to immune checkpoint blockade (34), and may also provide insights into
why such approaches have not shown clinical benefit in PDA. To investigate immune
infiltrates in PDA, we obtained a fraction of tumor tissue from patients who had undergone
surgery and who had not received neoadjuvant therapy (Supplementary Table 2). Our flow
cytometric analyses revealed variable frequencies of endogenous CD8* T cells, CD4*Foxp3-
T cells and CD4*Foxp3* regulatory T cells (Treg) despite normalization to CD45" cells
(Fig. 1A). Specifically, 54% (7/13) of tumors had high CD8" T-cell frequencies (15-30% of
CD45™ cells), whereas 46% (6/13) had <7% CD8" T cells (mean + SEM: 19.9 + 4.2 and 5.2
+ 0.8, respectively, p<0.0001), consistent with the genetic studies revealing distinct patterns
of numerical T-cell infiltration in this malignancy (20). Patients with <10% circulating CD8*
T cells typically also had a low percentage of tumoral CD8" T cells; whereas those with
>15% circulating CD8* T cells tended to have a higher percentage of tumoral CD8* T cells
(Supplementary Fig. S1A). The number of CD4* and CD8* T cells in tumors was similar to
that in Nadj pancreas (Fig. 1B), perhaps reflecting fibroinflammation commonly noted from
resected specimens (Supplementary Fig. S1B). In contrast, Treg cell number was
significantly elevated in tumors (Fig. 1A and 1B), which may be due to elevated Treg-
specific chemokines and/or preferential tumoral Treg survival.

Variability in CD8* T-cell accumulation in PDA was also observed by /n situ staining (Fig.
1C), confirming the flow cytometric analyses. Notably, T cells were significantly enriched
within CD20* lymphoid aggregates morphologically consistent with a TLS (Fig. 1C-E and
Supplementary Fig. S1). These aggregates contained specialized PNAd* high endothelial
venules (HEVs) (Fig. 1F), which are typically only found in lymph nodes and specialized
lymphoid tissue including ectopic TLS, and facilitate lymphocyte migration (28, 35). TLS
presence correlated with a greater CD8* T-cell frequency in both tumors and circulation
(Supplementary Fig. S1A). Similar to CD8" T cells, Tregs were significantly enriched in
lymphoid aggregates (Fig. 1C and E). A significantly higher CD8:Treg ratio in the stroma of
TLS* tumors compared to TLS™ tumors was observed suggesting that these aggregates may
positively influence antitumor immunity (Fig. 1G). Despite the small sample size, we
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observed a trend toward longer survival in those patients with tumoral TLS (median
survival: TLS*, 755 days; TLS", 478 days; Hazard ratio 0.15, 95% CI, 0.02-1.19, p=0.07).
Foxp3 was significantly elevated in Tregs isolated from tumoral tissue compared to Tregs
isolated from Nadj tissue as determined by flow cytometry (Fig. 1H), which may reflect
antigen recognition by Tregs in tumors, as Foxp3 can be upregulated following TCR
signaling (36). Treg numbers correlated with CD8* T-cell abundance in tumors (Fig. 11).
The overall number of CD8* T cells in tumor cell nests was ~2 logs lower than the number
of pre-existing intratumoral CD8" T cells found in the subset of melanoma patients likely to
respond to PD-1 blockade (34), suggesting that one potential mechanism for resistance to
checkpoint blockade may be a quantitatively insufficient response.

A study reported intratumoral TLS only in PDA patients who received a tumor cell vaccine 2
weeks prior to resection (29), whereas a subsequent study identified peritumoral or
intratumoral TLS in all PDA samples examined (> 200), independent of vaccination, (30).
We identified CD20* lymphoid aggregates morphologically consistent with TLS in 64%
(9/14) of PDAs that were located the tumor stroma, but not Nadj pancreas. Because we had
only a fragment of the resected specimen, we could not identify the number of peritumoral
TLS. TLS were infrequent in pancreatic neuroendocrine tumors (PNET), a rare and less
lethal pancreatic cancer, (Supplementary Figs. 1C and D) and were also rare in PDAs from
patients who received neoadjuvant treatment (1/6, Table 1). Dendritic cells (DCs) were
restricted to PDA TLS, similar to lymphoid follicles in spleen (Supplementary Fig. S1E).
Most B cells, which can be pro-tumorigenic in PDA (37-39), were located in TLS
(Supplementary Fig. S1E and F). TLS were located in the tumor stroma, sand occasionally
also found adjacent to tumor cell clusters (Supplementary Fig. S1G). Although the overall
cellular composition was similar to lymphoid follicles (35), the T-cell and B-cell zones were
less well defined in tumor-associated TLS, which may reflect tumor-derived factors that
modify lymphoid mesenchymal cells (40).

Low frequency of T cells productively responding to antigens in tumor environment

The phenotype of T cells was next assessed to address potential tumor-reactivity and also the
extent that inhibitory receptors are elevated on tumor-infiltrating T cells. Although most
circulating T cells were naive (T, CD45R0"CCR7"), most tumoral CD8* T cells were
antigen-experienced (CD45RO*CCR7- or CD45RO*CCR7™), independent of the presence
or absence of TLS (Fig. 2B). Regarding markers of TCR signaling and activation (41, 42),
expression of both 41BB and PD-1 was significantly elevated on tumor-infiltrating T cells
compared to circulating T cells (Fig. 2C). A small subset of tumors contained a high
percentage of CD8* T cells that co-expressed 41BB and PD-1 (Fig. 2C). Lag-3 was also
significantly elevated on tumor-infiltrating T cells compared to circulating T cells (Fig. 2C),
and T cells that expressed PD-1 often also expressed Lag-3 (Fig. 2D and E). The inhibitory
receptors Tim-3 and CD244 were not significantly different between tumroral and
circulating CD8" T cells (Fig. 2C). CD244 was significantly elevated on circulating CD8" T
cells from PDA patients compared to normal individuals (Fig. 2C and Supplementary Fig.
S2). TLS presence did not correlate with either 41BB or PD-1 expression by tumoral T cells
(Fig. 2F and G).
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Functionally distinct subsets PD-1* exhausted T cells can be identified by differential
expression of the transcription factors Eomes and T-bet (43, 44). In the majority (5/7) of
samples analyzed, CD8*PD-1* T cells were predominantly T-bethiEomes!® (Fig. 2H and 2I),
the subset that can proliferate in response to PD-1 blockade. Thus, the phenotype of most
CD8*PD-1* T cells is not consistent with having acquired a terminally exhausted state
refractory to PD-1 blockade.

TCRp CDRS3 sequencing shows limited T cell clonal expansion

To address the extent that T cells had undergone clonal expansion, an indicator of antigen
recognition, we performed deep sequencing of the complementary determining region 3
(CDR3) of the TCRP chain in T cells from PDA patients. Because each T-cell expresses a
unique rearranged TCRp variable (V), diversity (D), and joining (J) region that comprise
CDR3, deep sequencing of TCRp CDR3 can molecularly barcode T-cell clonotypes in vivo
to determine if T-cell infiltrates are comprised of many unique low frequency clones
(polyclonal) and/or contain a few high frequency T-cell clones (oligoclonal) (31). The
clonality metric measures T-cell diversity and is derived from the Shannon entropy of the
specimen normalized to the log, humber of unique clones. Clonality ranges from 0 to 1,
with 0 representing a purely polyclonal population and 1 representing a purely monoclonal
population (31). One caveat of comparing clonality in tumor vs. blood is that areas of
inflammation such as tumors attract and are preferentially enriched in CD45RO™ effector T
cells (Fig. 2A) rather than naive T cells, which will bias for less T-cell diversity (45) and
therefore the appearance of enhanced clonality. However, we found that T-cell clonality was
not significantly different between T cells in the highly polyclonal circulating population vs.
the tumor (Fig. 3A, mean clonality PDA: 0.112 + 0.03; mean clonality blood: 0.0721 + 0.03)
despite an increased number of total CDR3 templates in circulation (54,584 + 25,458)
compared to tumor (20,596 * 8,628) and an 8-fold increase in uniqgue CDR3 templates
(clonotypes) in circulation compared to tumor (42,674 + 21,059 vs. 5,687 + 1125, Figs. 3B,
3C and Supplementary Table 3). T-cell clonality in PDA was 30% lower than T-cell clonality
in colorectal cancer as determined by comparison with the public dataset (46).

Since assessing the whole population might obscure limited expansion of a few T-cell
clonotypes, we quantified the frequency of the top 15 T-cell clones across 9 different PDAs.
Only 1 out of 9 tumors had a T-cell clone that represented > 5% of the T-cell population
(Fig. 3D and Supplementary Table 3). The presence of TLS also did not correlate with
increased T-cell clonality (Fig. 3D). To investigate if clonality correlated to T-cell activation
gene signature, we segregated tumors based on clonality score of a clonality of 0.10, Fig.
3D, Supplementary Table 3). Tumors with >0.10 clonality showed a trend for increased
CD4, CD8A, and CD8B T-cell transcripts and significant enrichment of FOXP3transcripts
(Fig. 3E). HLA-A and PD-L1 transcripts were not significantly different compared to Nadj
(Fig. 3E). Tumors with clonality >0.10 contained significantly more transcripts for a variety
of TCR signaling and effector genes that are expressed on recently activated but not resting
T cells (Fig. 3F). Genes involved in T-cell inhibition, including LAG3, TIGIT, HAVCRS3,
and CTLA-4, were also significantly increased in tumors with a clonality score of >0.10
(Fig. 3G). These data are consistent with flow cytometric data that showed a subset of
tumors contained some T cells that expressed markers indicative of recent antigen encounter
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(Fig. 2) and suggest that clonality score of >0.10 may provide a metric for identification of
tumors that may contain a suppressed yet potentially tumor-reactive T-cell response.

Expression of antigen presentation molecules and inhibitory ligands

We next sought to determine the expression of antigen presentation molecules and inhibitory
ligands that bind receptors elevated on tumor-infiltrating T cells in tumors. PDA tumor cells
expressed moderate to high amounts of HLA that were significantly higher than normal
ducts in Nadj pancreas and also significantly higher than PNET tumor cells (Fig. 4A and
4B). HLA-DR, which binds Lag-3 (47), was low (Figs. 4A and 4B). Galectin-3, another
putative ligand for Lag-3 (48), and Galectin-9, which binds Tim-3 (49), were also highly
expressed by both Nadj ducts and tumor cells in PDA, but not PNET (Fig. 4A and B). HLA
staining intensity in tumor cells showed the greatest inter- and intratumoral heterogeneity
(Fig. 4B) and did not correlate with CD8 T-cell abundance (Fig. 4C). Although we observed
a trend for Galectin-3 and Galectin-9 expression to negatively correlate with CD8 T cells,
these comparisons were not significant (Fig. 4C).

Inflammatory monocytes and granulocytes correlate with tumoral CD8* T cells

Various suppressive immature myeloid subsets are elevated in genetically engineered mouse
models of PDA (9, 11, 12, 50). Inflammatory monocytes have been reported to be elevated
in human PDA and correlate with a poor prognosis (50). We found monocytes
(CD457CD11b*CD14*HLA-DR!?W) to be significantly elevated in circulation but not the
tumor of PDA patients (Fig. 5A and B). CD11b*CD15"CD33* granulocyte frequency was
quite variable in patients (Figs. 5C-5E). Tumors with a high CD8 T-cell infiltrate also
contained elevated numbers of granulocytes and inflammatory monocytes (Fig. 5F);
conversely, tumors with a low number of granulocytes had few CD8* T cells (Fig. 5G). The
neutrophil chemokines CXCL1 and IL8, and the chemokine receptor CXCR2, were enriched
3.3-fold, 2.7-fold and 7.5-fold, respectively, in tumors that had a clonality score of >0.10
compared to tumors with a clonality score of <0.10 (Fig. 5H). Gene expression analyses
from the TCGA dataset of CD33 and CXCR2 myeloid markers also showed a positive
correlation with CD8* T cells (Fig. 51). The correlation between CD8* T cells and a
neutrophil signature in human PDA was unexpected, because studies in mouse models
suggest that granulocytes may play a role in excluding T-cell infiltration from PDA (8, 9, 11,
13), although the inability to map specific myeloid cell subsets from one species to the other
may also explain these differences.

Location and abundance of immune cells and PD-1/PD-L1 in PDA

Induction of PD-L1 by tumor-infiltrating T cells can, in part, explain tumor cell escape from
endogenous immune antitumor responses (51, 52). To investigate PD-L1 expression, tumors
from patients were stained by multiplexed IHC for tumor cells (pan-cytokeratin), CD8 T
cells, PD-1, PD-L1, macrophages (CD163), and granulocytes (CD66b) and analyzed using
HALO (Supplementary Figs. S3 and S4). Few cells expressed PD-L1 overall (3.9% + 0.8%
of total nucleated cells) and only a fraction of tumor cells (5.5% * 1.1) and CD163"
macrophages (9.3% = 3.6) expressed PD-L1 (Fig. 6A and B). PD-L1 was found in cell
clusters adjacent to tumor epithelial cell nests and in lymphoid aggregates (Fig. 6A and 6C).
As only a range (27-75%) of the PD-L1* cells in the stroma co-expressed the macrophage
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marker CD163, an additional stromal cell subset(s), perhaps cancer-associated fibroblasts,
were PD-L1* (Fig. 6A and Supplementary Fig. S5). A trend for increased PD-1* cell
frequency in lymphoid aggregates compared to stroma and tumor nests was observed (Fig.
6C to E). PD-1"CD8" cells were also commonly identified in lymphoid structures, and may
be CD4" T cells (Fig. 6C). Consistent with the previous analysis (Fig. 1), CD8" T cells were
significantly enriched in lymphoid structures compared to tumor cell nests and stroma and
CD8™* T-cell accumulation in tumor cell nests was not significantly different compared to
stroma (Fig. 6E). A comparison among individual tumors revealed distinct subsets with
regard to T-cell localization and accumulation: 2/10 tumors had a low overall CD8 T-cell
infiltrate (<100 CD8 T cells per mm?); 2/10 tumors had significantly fewer T cells in tumor
regions vs. stroma suggesting a mechanism of T-cell exclusion or stromal cell trapping as
previously described (22-25); 5/10 tumors had between 100-1000 CD8 T cells per mm?
without a significant difference in tumor vs. stromal regions; and 1/10 tumors had >1000
CD8 T cells per mm?, relatively high for PDA (Figs. 6F and 6G). The tumor:T-cell ratio was
also variable and ranged from 5.3 — 76.1 that corresponded to the potentially distinct
immunological subtypes (Figs. 6G and H). CD8* T-cell accumulation in PDA positively
correlated with neutrophils, macrophages and PD-L1 expression in the tumor stroma (Fig.
61), suggesting potential suppressive mechanisms. Thus, although analysis of additional
samples will be necessary to formally define the relative frequencies of T-cell infiltration
patterns in PDA, potential stratification of patient samples based on /7 situ staining of
immune cells may highlight distinct mechanisms operative among pancreatic tumors that
may contribute to immunotherapy resistance.

DISCUSSION

T-cell infiltrates have been interrogated for biomarkers of immunotherapy response in a
variety of solid tumors (34, 53-55). The location, abundance, and characteristics of CD8" T
cells in PDA have not been fully elucidated. Some studies indicate T cells are rare in PDA
(23) and others indicate T cells are excluded from tumor cell nests (24, 25). Still other
studies suggest that T cells are the dominant immune cell in PDA (15, 26) and ~25% of
PDAs have been classified as an immunogenic subset, with higher expression of immune
related genes based on genomic profiling (20). We demonstrate that T-cell abundance in a
large fraction of PDA patients is orders of magnitude lower than in melanoma patients who
respond to PD1 blockade (34). We also demonstrate interpatient variability in both the
magnitude and location of infiltrating CD8 T cells. In a subset of patients, T cells were
highly enriched in stroma compared to tumor epithelium, consistent with reports of
endogenous T-cell exclusion from tumor epithelium in mouse models (10-12, 19, 27) and
previous studies in human PDA (22-25). In another fraction, T cells are extremely rare in
both the stroma and tumor epithelium suggesting an alternative mechanism that is interfering
with T-cell recruitment and/or retention. Only a minor fraction of tumors showed relatively
high numbers of T cells in stroma and tumor epithelium. Thus, evaluation of genetic datasets
for T-cell signature genes may identify patient subsets with an ongoing anti-cancer immune
response. However, based on our study, such analyses could also identify tumors that contain
TLS, highlighting the limitations of using whole tissue gene expression analyses to
characterize T-cell infiltrates in tumors.
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We show that T-cell clonality in PDA was not significantly different in tumors compared to
the circulation, despite the fact that the TME is highly enriched for effector and memory
cells, which have a more limited clonally-expanded repertoire than naive T cells (45). T-cell
clonality was also lower in PDA compared to previous studies in colorectal cancer (46) and
melanoma samples that respond to checkpoint blockade (34). The minimal T-cell clonal
expansion in PDA was consistent with analysis of T-cell phenotypes, which showed that
most tumors contained a high frequency of T cells that did not express markers associated
with recent and productive TCR signaling, such as PD-1. Neoantigens can drive endogenous
anticancer immunity (3-5) and clonal expansion at tumor sites, and the observed reduced
clonality is consistent with the relative paucity of coding mutations in PDA (6).
Alternatively, the TME may play an important role as anti-CD40 (56), local irradiation (57),
CXCR2 antagonists (13), TCR+y6 cell blockade (15), or focal adhesion kinase inhibition
(14) in mouse models can render a subset of animals susceptible to checkpoint blockade.
Thus, modulating the suppressive TME may enhance T-cell priming and be necessary for
activity of immune checkpoint blockade in the subset of patients with preexisting tumoral
immunity.

We found a positive correlation between granulocyte infiltration and CD8* T-cell
accumulation in human PDA, as well as high variability in granulocyte number among
patient samples. We have shown that both inflammatory monocytes (likely precursors to
tumor-associated macrophages and DCs) and granulocytes suppress endogenous T-cell
infiltration and priming in autochthonous PDA (11), consistent with another study that
showed granulocytes can promote metastasis formation and inhibit the activity of immune
checkpoint blockade in a subset of animals (13). Tregs, CD163* macrophages, and PD-L1*
cells significantly correlated with CD8" T-cell accumulation and localization, elucidating
potential mechanisms of adaptive immune resistance. However, PD-L1" cells were quite rare
in PDA overall, and additional inhibitory receptors were elevated on tumoral CD8* T cells,
both of which could lead to the observed lack of efficacy of PD-1/PD-L1 blockade in PDA
patients. Galectin-3 and galectin-9 were expressed in both ductal cells in Nadj pancreatic
tissue and tumor cells. Thus, many of these ligands may be expressed naturally in tumor
cells as a reflection of cell origin, rather than the inflammatory microenvironment.

Both our cellular and molecular analyses of T cells in PDA suggest the presence of
potentially tumor-reactive T cells in a subset of individuals. We detected cells expressing
both 41BB, which is expressed on recently activated T cells (41), and PD-1, which is
expressed on recently activated T as well as on T cells undergoing chronic antigen
stimulation. We also found significantly elevated levels of the early activation marker CD69
on T cells in tumors vs. blood (data not shown). However, CD69 does not necessarily
indicate TCR signaling, because it is also expressed on tissue-resident memory T cells (58).
Thus, the fact that most tumoral CD8*PD-1* T cells also expressed 41BB, and T cells in
circulation mostly lacked expression of both PD-1 and 41BB, suggests at least a fraction of
T cells in PDA have recently encountered antigens at the tumor site. Tumoral PD-1*41BB*
T cells co-expressed additional inhibitory receptors, including Lag-3 and Tim-3, and the
ligands to these receptors were expressed in tumors. We previously observed in an
autochthonous mouse model of PDA that adoptively transferred mesothelin-specific TCR-
engineered T cells also progressively expressed a similar pattern of inhibitory receptors
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including PD-1, Tim-3, Lag-3, and CD244 (19). These results suggest that a subset of
patients should be identifiable from biopsy specimens and should undergo further
investigation for the presence of potentially tumor-reactive T cells, as they might benefit
from immunotherapeutic strategies that interfere with inhibitory pathways.

Persistent T-cell receptor (TCR) signaling can produce terminal differentiation and
exhaustion of T cells that become refractory to the effects of PD-1 inhibition (16). Studies of
CD8*PD-1* T cells during chronic viral infection have identified two subsets of exhausted
PD-1* T cells that can be distinguished by expression of transcription factors Eomes and T-
bet (43, 44). T-bet cells have a low intrinsic turnover rate but do proliferate in response to
persisting antigen and can produce Eomes" terminal progeny, which have cytolytic activity,
but limited proliferative capacity and thus do not expand in response to PD-1 blockade (43).
Although interpatient variability was observed in our study, most PD-1* T cells were not
driven toward the terminally exhausted subset, raising the possibility that the highly
suppressive TME in PDA may prevent chronic TCR signaling and terminal exhaustion. This
is a noteworthy distinction from many other solid tumors, and warrants further investigation
of the mechanisms that render tumor-reactive T cells unresponsive in PDA. This also further
suggests that if the TME were appropriately modulated to induce the activation and
expansion of T cells in PDA, chronic TCR signaling may be the next formidable obstacle to
overcome to achieve durable responses with immunotherapies, particularly, as we show here,
that a lack of MHC | expression by tumor cells is not the primary obstacle to efficacy.

TLS are present in most human solid tumors and are often associated with a positive
prognosis (28), presumably by orchestrating adaptive anticancer immunity. The origin of
TLS in human PDA has been controversial, however. One study reported intratumoral TLS
only in patients who received a tumor cell vaccine (29) whereas a subsequent study
identified peritumoral and/or intratumoral TLS independent of vaccination, with only
intratumoral TLS correlating with longer survival (30). TLS in our study were localized
within the tumor stroma. Because we did not have the entire resected tumor for analyses,
quantification of peritumoral TLS was not possible. TLS are more rare in mouse tumor
models employing implantable, rapidly progressing tumor cell lines, although they have
been reported to be commonly found in the lentiviral-induced Kras®12P mutation-driven,
p53 null lung cancer model that expresses ovalbumin (59). In that study, Tregs were also
enriched in TLS and Treg abrogation permitted CD8* T-cell expansion in TLS and tumors
(59). B cells also have been suggested to have a tumor-promoting role in PDA (37-39), and
we have now shown that TLS are the primary site of B cell as well as Treg accumulation in
PDA. As we found that PD-1* cells and PD-L1" cells are enriched in TLS, further
investigation into the impact of Tregs and B cells on antigen-driven T-cell responses may be
warranted.

In summary, our study reveals major obstacles to achieving clinical benefit with
immunotherapy in PDA. We show that the naturally occurring T-cell response in resected
PDA is limited in quantity and quality, with negligible localization to sites of tumor cells in
most patients. Although we demonstrate a spectrum of T-cell infiltration and activation in
PDA that is suggestive of suboptimal initiation of a tumor-reactive T-cell response, clonal
expansion of T cells is minimal. However, chronic TCR signaling and terminal exhaustion
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do not appear to be the primary obstacles to efficacy. The lack of markers of TCR signaling
on most T cells and marginal clonal expansion could reflect a predominance of nonspecific,
bystander effector T cells that infiltrated tumors due to elevated proinflammatory
chemokines. Alternatively, the TME may suppress TCR signaling and clonal expansion
producing a lack of clonality as well as limited 41BB and PD-1 expression. Taken together,
these data suggest a subset of identifiable PDA patients may benefit from immunotherapies
designed to enhance a preexisting T-cell response. However, the low magnitude and
marginal oligoclonal expansion of naturally occurring T cells, even in those tumors with
evidence suggestive of T-cell recognition of tumor antigens, implies this may still be
challenging with currently available reagents. Overall, our findings do provide support for
pursuit of therapies in which engineered or induced tumor-specificity can be combined with
modulation of the tumor microenvironment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Effector and regulatory T-cell abundance and localization in PDA. A, Immune cell frequency

in normal individual blood (NI blood), PDA patient blood (PDA blood) and resectable tumor
specimens (PDA) was assessed by flow cytometric analysis of mononuclear cells. B, CD8™,
CD4*Foxp3™ and CD4*Foxp3™ Treg cell number in Nadj and resected tumors normalized to
gram of tissue. C, Immunohistochemistry (IHC) for CD8 and Foxp3 in representative Nadj
pancreas, 2 tumors that differ in the CD8 T-cell infiltrate (PDA-1 and PD1-2) and TLS in
PDA. Ac, acinar; TEC, tumor epithelial cell nests; St, stroma; TLS, tertiary lymphoid
structures; and black line, demarcating TEC vs. stroma vs. TLS. Scale bar represents 25 um.
D, CD8* T-cell number per mm? in Nadj, tumor epithelial cell nests (TEC), stroma (St) and
TLS. Each circle represents the mean number of cells per mm? in the specified location for
each resected specimen. E, Foxp3* T-cell number per mm? in Nadj, tumor epithelial cell
nests (TEC), stroma (St) and TLS. Each circle is the mean number of cells per mm? in the
specified location for each resected specimen. F, Immunofluorescent staining of TLS in
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PDA for CD31 and PNAd for HEVs. Arrowhead, CD31* vessel in tumor stroma; arrow,
CD31*PNAd* HEVs in TLS; and dashed white line demarcates TLS vs. stroma. Scale bar
represents 25 um. G, CD8:Treg ratio was determined in TLS and in tumor stroma that were
either TLS* or TLS™ by IHC. H, Mean fluorescence intensity (MFI) of Foxp3 in Treg
isolated from Nadj pancreas and tumors was determined by flow cytometry. I, Correlation
between CD8 T-cell and Treg numbers in PDA was determined by flow cytometry. Green
circles represent tumors with TLS.
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Figure 2.

Activation marker and inhibitory receptor expression on tumor-infiltrating T cells. A, Naive
(CD45RO"CCRT), effector memory (CD45RO*CCR7-) and central memory (CD45RO
*CCR7*) CD8™ T-cell frequency in normal blood (NI), circulation of PDA patients (PDA
blood) and in tumors (PDA). Percentages were determined by flow cytometric analysis of
CD8* T cells. Each symbol represents an independent sample. B, Representative histogram
of CD45R0 on CD8* T cells in blood, spleen and TLS™ or TLS* tumors. C, Percentage of
CD8™" T-cell that express the indicated markers in normal blood (NI blood), PDA patient
blood (PDA blood), PDA patient spleens (PDA spleen) and tumors (PDA) was determined
by flow cytometry. Each symbol represents an independent sample. D, Flow plots of CD8* T
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cells from patient in which the majority CD8* T cells expressed PD1 in tumors. E,
CD8*PD1* T cells in PDA co-express 41BB, Lag3 and to a lesser extent Tim3. F,
Histogram overlay of 41BB and PD1 by CD8* T cells isolated from TLS™ or TLS* tumor. G,
Percentage of CD8" T cells that express 41BB or PD1 in TLS™ or TLS* tumors. H, Flow
plots demonstrating Eomes and T-bet expression by CD8*PD1* T cells from 5 different
tumors. |, Percentage of CD8*PD1* T cells in PDA that are T-bet"iEomes!® or T-
bet!°EomesNi subset. Each dot represents an independent sample.
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Deep-sequencing of TCRB CDR3 and expression of T-cell activation and inhibitory genes in
PDA. A, Clonality of T cells in blood (B) vs. PDA. B, Number of productive TCRp CDR3
templates in blood (B) vs PDA. C, Number of productive uniqgue TCRp CDR3 templates in
blood (B) vs. PDA. D, Frequency of the top 15 T-cell clones (O) and clonality scores ( &)
from 9 different tumors. Presence of TLS is shown. Dashed line represents a clonality score
of 0.10; blue arrows, tumors with a clonality of >0.10. E-F, Gene expression in Nadj
pancreas, tumors with clonality >0.10 (n=5) or <0.10 (n=4) was determined by Nanostring.
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Antigen-presentation molecule and inhibitory ligand expression in human pancreatic tumors.
A, Representative IHC of MHC class | (HLA-A), MHC class 1l (HLA-DR), Galectin-3 and

Galectin-9 in Nadj pancreas, PDA and TLS. /s, islet; Ac, acinar; d, normal duct. Scale bar
represents 25 pm. B, Quantification of IHC staining in acinar cells (Ac), islets (Is) and ducts
(D) from Nadj pancreas, PNET tumor epithelial cells (TEC, Pn), PDA TEC and PDA TLS.
C, Evaluation of the correlation between CD8 T-cell staining and ligand expression in PDA.
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Figure5.

Spectrum of inflammatory monocyte and granulocyte accumulation in PDA and correlation
with CD8* T cells. A, CD14*HLA-DR!®W monocyte frequency in circulation (BI) of normal
(NI individuals and in circulation (Bl), Nadj pancreas and tumors (Tu) from PDA patients.
B, Number of CD14*HLA-DR!®" in Nadj pancreas and PDA normalized to gram of tissue.
C, Representative FACs plots of CD33*CD15* granulocytes (gated on CD45™ cells) from a
patient. D, CD11b*CD33*CD15" granulocyte frequency in circulation (BI) of normal (NI)
individuals and in circulation (BI), Nadj pancreas and tumors (Tu) from patient samples. E,
CD11b*CD33*CD15" granulocyte number in Nadj pancreas and PDA normalized to gram
of tissue. F, CD8* T-cell number and myeloid subsets were determined by flow cytometric
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analysis. G, Multicolor immunofluorescence of CD8* T cells, CD15* granulocytes and
cytokeratin (CK*) tumor cells in two PDAs that differ in the T-cell stromal infiltrate.
Representative PNET sample is shown. Scale bar represents 25 um. H, Expression of
granulocyte genes in tumors that had a clonality score of >0.10 or <0.10. I, Analysis of
TCGA dataset show a correlation between CD8 T-cell transcripts and genes involved in
granulocyte trafficking in PDA.
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Figure 6.

In situ staining of immune cells and PD-1/PD-L1 stratify patient samples based on the
abundance and localization of the T-cell infiltrate. A, Representative staining of cells in
PDA. Pan-cytokeratin (CK). Scale bars, 100 pm. Arrows, CD163*PD-L1"* cells. *, CK*PD-
L1* cells. B, Percentage of nucleated cells (total), tumor cells (CK) and CD163*
macrophages that express PD-L1. C, Representative TLS in PDA demonstrating
CD8*PD-1* cells (arrow), CD8PD-1" cells (arrowheads). Scale bar, 100 um. D, Frequency
of CD8* cells that are PD-1" in the indicated region. Each symbol is the average number of
cells in each independent tumor sample. Each circle for TLS represents an independent TLS
from 6 patient tumors. E, Number of the indicated cell subset in each compartment
normalized to area was determined by averaging the means of independent tumor samples
(n=10). F, Number of CD8* T cells in stroma (blue) vs. tumor cell nests (red) in
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independent tumor samples. P-values are shown for the comparison of T cells in tumor vs.
stroma. G, Tumor cell to T-cell ratio in individual tumors corresponding to tumors in 6F.
Each circle is an independent region. H, Representative staining of patient tumors stratified
from Fig. 6F. Scale bars, 100 pum. |, Correlation between CD8" T-cell infiltration and
neutrophils, macrophages and PD-L1 in PDA. Each dot is the number of cells normalized to
area in an independent region.
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