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Purpose: Pancreatic ductal adenocarcinoma (PDAC) trials have
evaluated CTLA-4 and/or PD-(L)l blockade in patients with
advanced disease in which bulky tumor burden and limited time to
develop antitumor T cells may have contributed to poor clinical
efficacy. Here, we evaluated peripheral blood and tumor T cells from
patients with PDAC receiving neoadjuvant chemoradiation plus
anti-PD-1 (pembrolizumab) versus chemoradiation alone. We ana-
lyzed whether PD-1 blockade successfully reactivated T cells in the
blood and/or tumor to determine whether lack of clinical benefit
could be explained by lack of reactivated T cells versus other factors.

Experimental Design: We used single-cell transcriptional pro-
filing and TCR clonotype tracking to identify TCR clonotypes from
blood that match clonotypes in the tumor.

Results: PD-1 blockade increases the flux of TCR clonotypes
entering cell cycle and induces an IFNY signature like that seen in

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a recalcitrant tumor
type with a 5-year survival of 11% (1). Approximately 80% of patients
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patients with other GI malignancies who respond to PD-1 blockade.
However, these reactivated T cells have a robust signature of NF-xB
signaling not seen in cases of PD-1 antibody response. Among
paired samples between blood and tumor, several of the newly
cycling clonotypes matched activated T-cell clonotypes observed in
the tumor.

Conclusions: Cytotoxic T cells in the blood of patients with
PDAC remain sensitive to reinvigoration by PD-1 blockade,
and some have tumor-recognizing potential. Although these
T cells proliferate and have a signature of IFN exposure, they
also upregulate NF-kB signaling, which potentially counteracts
the beneficial effects of anti-PD-1 reinvigoration and marks
these T cells as non-productive contributors to antitumor
immunity.

See related commentary by Lander and DeNardo, p. 474

are diagnosed with advanced or locally advanced disease, making them
ineligible for surgical removal. Of the patients who present with
resectable or borderline resectable disease, post-surgical outcomes are
still poor, with more than half of patients experiencing disease recur-
rence within the first two years (2-5). Recurrence can be local or distant,
with distant metastases occurring most frequently in liver, peritoneum,
and lung. The rapid recurrence of distal metastases suggests that
although these patients presented with local tumors, they already had
micrometastatic disease with tumor cells disseminated before or at the
time of surgery (6). Standard practice for borderline resectable PDAC
now includes neoadjuvant combination chemotherapy with or without
radiotherapy as a means of potentially clearing tumor cells from
undetectable metastatic sites (3). The two most commonly used neoad-
juvant chemotherapy regimens are FOLFIRINOX or gemcitabine/n(ab)
paclitaxel, with similar outcomes for overall survival (OS; refs. 2, 7).
Immunotherapy has transformed the practice of oncology (8).
Checkpoint blockade antibodies, notably those targeting PD-1 or its
ligand PD-L1, induce reinvigoration of exhausted CD8 T cells. In
patients who have a pool of tumor-specific T cells, checkpoint blockade
can lead to tumor control and in some cases, long-term durable
remissions. Two key features of antitumor immunity are that antitu-
mor T cells can survey distant tissues providing whole-body level
surveillance, and that T cells form life-long memory. Both features
would be advantageous for patients with resectable PDAC, where
induction of a memory T-cell response could potentially clear dis-
seminated tumor cells and lead to long-term survival (9, 10). In
a promising study comparing short- and long-term survival after
surgical removal of PDAC, long-term survival was correlated with
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Translational Relevance

We performed single-cell transcriptomics and TCR clonotype
tracking in paired blood and tumor samples from patients with
resectable pancreatic ductal adenocarcinoma (PDAC) who
received neoadjuvant chemoradiation with or without PD-1 block-
ade in the context of a phase II trial. PD-1 blockade induces CD8
T-cell expansion in the blood, and some of these T-cell clonotypes
are also found in the tumor, suggesting tumor specificity. These
results suggest that PDAC elicits an endogenous T-cell response
that is amenable to reinvigoration by PD-1 blockade; however,
the reinvigorated T cells show a signature of NF-kB signaling that
is associated with poor response. In patients with PDAC, PD-1
blockade with chemoradiation, compared with chemoradiation
alone, leads to improved tumor-specific T-cell responses observ-
able in peripheral blood but does not elicit a fully protective
signature in the reinvigorated T cells.

the presence of tumor-specific memory CD8 T cells in blood that
persisted for life (11).

Unfortunately, clinical trials for checkpoint blockade have proven
largely unsuccessful in patients with advanced PDAC (12). In a phase
II trial of durvalumab (anti-PD-L1) plus tremelimumab (anti-CTLA-
4) versus durvalumab monotherapy in patients previously treated with
chemotherapy, response rates were 3.1% versus 0% (13). Addition of
radiotherapy to checkpoint blockade in second-line metastatic PDAC
resulted in a similarly low-response rate of 5.1% (14). Even in the 1% of
patients with PDAC who have MSI-high disease for which PD-1
blockade is approved, response rates are 19%, well below that of other
MSI-high cancers (15). Several non-mutually exclusive factors could
account for the poor responsiveness of PDAC to checkpoint blockade
and other T-cell-focused strategies. These include: (i) Effects of
concurrent chemotherapies; (ii) Testing immunotherapy in the met-
astatic setting where there is a limited time to generate a meaningful
immune response; (iii) Lack of tumor-specific T cells available for
reactivation by checkpoint blockade, potentially due to profound
defects in naive T-cell priming; (iv) Other factors in the tumor
microenvironment that preclude effective T-cell responses. Late-
stage PDAC progresses rapidly and is complicated by significant
morbidity (3, 16). To determine whether PD-1 blockade would be
more successful when administered at an earlier stage of disease, we
conducted a phase II trial of capecitabine and radiotherapy (CRT) with
or without pembrolizumab (anti-PD-1) in patients with resectable or
borderline resectable PDAC (NCT02305186). Clinical results,
reported separately, suggest that addition of PD-1 blockade was safe,
but did not improve OS, nor did it increase the frequency of tumor-
infiltrating CD8 T cells. Thus, moving anti-PD1 to localized rather
than metastatic disease was inadequate to provide clinical benefit.

We therefore hypothesized that either tumor-specific T cells capable
of reactivation with PD-1 blockade are not present in patients with
pancreatic cancer, or that other factors impede successful antitumor
immunity. To distinguish between these two possibilities and to
determine whether PD-1 blockade had any measurable impact on
T-cell responses in patients with pancreatic cancer, we evaluated
peripheral blood and tumor samples from patients in the trial by
single-cell transcriptional profiling and TCR clonotype tracking (10).
These results suggest that PD-1-expressing exhausted T cells exist in
patients with pancreatic cancer, and at least some of these are likely to
be tumor-reactive. We confirm that PD-1 blockade can induce T-cell
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reactivation as defined by increased proliferation and IFN response.
However, reactivated T cells from patients with PDAC show a marked
signature of NF-xB activation, unlike T cells from patients with other
GI malignancies who mount a productive response to PD-1 blockade.
We therefore conclude that, although patients with pancreatic cancer
have T cells that can expand in response to checkpoint blockade, the
quality of response elicited is not sufficient to provide protective
immunity.

Materials and Methods

Human samples

Human samples from this study were obtained from clinical trial
NCT02305186. The study was conducted at 6 sites: University of
Virginia, Dana-Farber Cancer Institute, The University of Texas MD
Anderson Cancer Center, Mayo Clinic, Hartford Healthcare Cancer
Center, and University of Miami. Written informed consent was
provided by all study participants, and the protocol was approved by
the relevant IRB at each site. The study was conducted in accordance
with the Declaration of Helsinki and the International Ethical Guide-
lines for Biomedical Research involving Human Subjects. Inclusion
criteria comprised the presence of resectable or borderline resectable
PDAC as classified according to the Alliance for Clinical Trials in
Oncology criteria, with measurable disease identified by the RECIST
version 1.1 guidelines and an Eastern Cooperative Oncology Group
performance score of 0 or 1. Exclusion criteria comprised the presence
of metastatic disease; administration of immunosuppressive therapy
within 7 days of the first trial treatment; and prior surgery, chemo-
therapy, targeted small-molecule therapy, immunotherapy, or radio-
therapy for pancreatic cancer. Both sexes were enrolled.

Blood sample preparation

Peripheral blood monocytic cells (PBMC) were isolated from the
blood of patients with pancreatic cancer enrolled in a multicenter
clinical trial (NCT02305186) using Ficoll gradient centrifugation.
They were stored at —80°C until the time of processing. On the day
of preparation for sequencing, the samples were stained with the
Zombie NIR live/dead stain (BioLegend #423105) and the following
fluorophore-conjugated antibodies: Anti-CD3 PE-CF594 (clone
UCHT1; BD Biosciences #562280; RRID:AB_11153674), anti-CD4
PacificBlue (clone OKT4; BioLegend #317429; RRID:AB_1595438),
and anti-CD8 BV711 (clone SKI; BioLegend #344734; RRID:
AB_2565243). In addition, a “hashtag” antibody bound to a unique
DNA barcode was added to each sample separately during staining to
allow for downstream multiplexing [BioLegend TotalSeq-C0251
(RRID:AB_2801031), -C0252 (RRID:AB_2801032), -C0253 (RRID:
AB_2801033), and -C0254 (RRID:AB_2801034)]. Samples were then
sorted on a BD FACS Aria II SORP machine, selecting for live CD3*
CD4" and live CD3" CD8" cells separately. The two sorted popula-
tions were mixed at equal ratios to create one single-cell suspension for
each blood sample.

Tumor sample preparation

Tumor tissue was obtained from patients enrolled in the trial
described above at the time of surgical resection and mechanically
disrupted into 1-mm pieces using a blade while on ice in RPMI media.
They were then enzymatically digested for 30 minutes in a 37°C water
bath using a tumor dissociation kit (Miltenyi Biotech #130-095-929).
The samples were passed through 40-um mesh filters, washed with
PBS, and cryopreserved. Frozen tumor-infiltrating cells were thawed
and stained with the Zombie NIR live/dead stain (BioLegend #423105)
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and the fluorophore-conjugated antibody anti-CD45 PacificBlue
(clone HI30; BioLegend #304029; RRID:AB_2174123). Samples were
then sorted on a BD FACS Aria II SORP machine, selecting for live
CD45™" cells.

Single-cell RNA sequencing

Single-cell RNA sequencing (scRNA-seq) was performed as previ-
ously described (10). Briefly, sorted single-cell suspensions prepared
from each sample were washed twice with 0.05% UltraPure BSA
(Invitrogen #AM2618) in PBS. For PBMC samples, 6,000 cells were
loaded into a 10x Chromium controller instrument along with Chro-
mium Next GEM Single Cell 5" beads (10x Genomics PN-1000263).
Up to four PBMC samples were multiplexed together after being
tagged with unique DNA-barcoded antibodies as described above. For
tumor-infiltrating lymphocyte (TIL) samples, all sorted cells were
loaded, and no multiplexing was performed. After RT-PCR, cDNA
was purified, and a library was constructed from each sample using a
10x Library Construction Kit (10x Genomics PN-1000190) following
the standard 10x protocol. An additional VD]J-enriched library was
created for each sample using a specialized Chromium Single Cell
Human TCR Amplification Kit (PN-1000252). Libraries were then
sequenced on an Illumina NovaSeq system operated by Azenta/Gen-
ewiz generating paired-end 150bp reads.

Data analysis

The 10x CellRanger “multi” pipeline (v6.0.1; RRID:SCR_023221)
was used to align reads to the GRCh38 reference genome and generate
a single-cell feature count matrix for each library using default para-
meters. The count matrices were imported for downstream analysis
into R using the “Seurat” package (v4.0.3; RRID:SCR_016341). Empty
droplets were removed using the “DropletUtils” package (v1.8.0)
initially by defining them as any droplet from which less than
100 unique RNA molecules were sequenced, then by selecting only
droplets whose RNA content was significantly dissimilar to those
considered definitively empty at an FDR-adjusted P value threshold of
0.01. Genes with zero expression across all cells were discarded from
further analysis. For PBMC samples, cells with more than 20%
mitochondrial reads were discarded. For tumor samples, a 30% cutoff
value was used. Data from each sample were log-normalized and
combined into one batch-corrected expression matrix by Canonical
Correlation Analysis (RRID:SCR_021745). Counts were then scaled
and subjected to dimensionality reduction using Principal Component
Analysis (PCA; RRID:SCR_014676). Uniform Manifold Approxima-
tion and Projection (RRID:SCR_018217) embedding was generated
from the top 30 dimensions of the PCA for PBMC samples and
25 dimensions for tumor samples. Clusters were identified first by
constructing a Shared Nearest Neighborgraph based on each cell’s
k-nearest neighbors (k = 15 for PBMCs, k = 10 for TILs) and then
applying the Smart Local Moving algorithm to the graph. Markers for
each cluster were identified by comparing gene expression using
Model-based Analysis of Single-cell Transcriptomics (MAST; RRID:
SCR_016340). Potentially viral-reactive clonotypes were identified by
cross-referencing CDR3[3 amino acid sequences against the VD]Jdb
(version 3/30/22; RRID:SCR_014356), an annotated database of
known viral TCR sequences (17).

Clonotype identification and tracking

The following steps were performed separately for each patient.
First, the TCR contigs sequenced in the pre- and posttreatment
sample were collapsed into one list to allow for clonotype assign-
ment independent of time. The list was filtered to eliminate any
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nonproductive rearrangements and sequences obtained from cells
that did not pass quality control, as described above. Then, a ten-
tative clonotype was assigned to each unique combination of 1 to
4 TCR chains that co-occurred in one cell; a TCR chain was defined
as the productive combination of a V gene, D gene (for B chains
only), J gene, and complementarity determining region 3 (CDR3).
Clonotypes were finalized by reassigning any cell if its TCR chain set
formed a subset of another clonotype. A clonotype was considered
to be shared between the blood and the tumor sample of a given
patient if at least one match occurred in the o-chain or the B-chain
CDR3 amino acid sequence.

Gene set enrichment analysis

The hallmark (H) gene sets were downloaded from the Molecular
Signatures Database (MSigDB; RRID:SCR_016863). Gene Set Enrich-
ment Analysis (GSEA) was performed using the R package “fgsea”
(v1.14.0; RRID:SCR_020938) with default parameters, producing
Benjamini-Hochberg-adjusted P values.

Comparative analysis with Griffiths and colleagues 2020

The single-cell RNA count matrix was obtained from GEO under
the accession GSE130157. Metadata were also downloaded describing
each cell’s assigned cluster in the original work and each patient’s
relevant clinical background. We selected the subset of the data
corresponding to the responder patient with PDAC identified as
“TH8LAO” and only those cells designated as belonging to the “T_cell”
supercluster.

Statistical analysis

For differential expression analysis, testing was performed using
MAST as described above, and P values were adjusted for multiple
hypothesis testing using the Bonferroni method. All other reported
P values are the results of nonparametric Mann-Whitney tests.
Statistical analysis was done in R (4.0.2).

Data availability

The sequencing data files generated in this study are not publicly
available in keeping with the limitations imposed by patient consent
and privacy concerns. Raw, unnormalized, and unfiltered, RNA counts
for all sequenced droplets as well as raw TCR contigs are provided as
online Supplementary Information. Additional data requests may be
directed to the corresponding author.

Results

We performed scRNA-seq on T cells sorted from banked PBMC
samples obtained from patients enrolled in a clinical trial of chemor-
adiation + anti-PD1, with three patients treated on the CRT-only arm
and three patients on the CRT + anti-PD1 arm for whom paired
PBMCs were available (Fig. 1A and Table 1). Blood samples had been
drawn immediately before the start of treatment and again at the end of
neoadjuvant treatment. In addition to sequencing standard libraries
that randomly sample each cell’s transcriptome, we prepared libraries
enriched for TCRo/f transcripts. This approach, often referred to as
single-cell TCR sequencing (scTCR-seq), allowed us to construct the
full TCR sequence of each cell, which then served as a barcode to track
the fate of that clone over the treatment period (9, 10, 18, 19).

In total, after applying quality control filters, our PBMC sequencing
yielded approximately 20,000 cells across the six analyzed patients.
The cells were roughly evenly distributed between the two time points
(Supplementary Fig. S1A and S1B). We successfully identified key
phenotypes of circulating T cells, including naive, memory, early
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Figure 1.

Circulating T cells were analyzed by scRNA-seq before and after neoadjuvant PD-1 blockade combined with chemoradiotherapy in patients with
pancreatic adenocarcinoma. A, Schema of clinical trial design and sample analysis. B, Uniform Manifold Approximation and Projection (UMAP) plot of all
sequenced blood T cells that passed quality controls colored by an unsupervised clustering algorithm. C, Violin plot showing the log-normalized
expression of key cluster-defining genes for each T-cell cluster. D, Bar plot showing the breakdown of each cluster’s cells by patient of origin. E, UMAP of
blood T cells where each cell is colored by the observed frequency of its TCR in the sample. Singleton clones are colored green; gray indicates no TCR
was detected.
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Table 1. Patient sample information.

Identifier Tumor resectability Treatment Tumor analyzed Blood analyzed Tumor grade® Pathologic response
Al Borderline resectable Anti-PD1 + CRT Yes Yes G3 None

A2 Borderline resectable Anti-PD1 + CRT Yes Yes G3 Partial

A3 Borderline resectable Anti-PD1 + CRT Yes Yes Other Positive

B1 Borderline resectable CRT only No Yes G3 None

B2 Resectable CRT only No Yes G2 Partial

B3 Resectable CRT only No Yes Other None

B4 Borderline resectable CRT only Yes No G2 Partial

B5 Resectable CRT only Yes No G3 None

B6 Resectable CRT only Yes No G2 Partial

Note: Clinical characteristics of analyzed patient cohort.

aTumors are graded histologically as G2, moderately differentiated, and G3, poorly differentiated.

activated, several populations of effector, and cycling cells (Fig. 1B
and G; Supplementary Fig. S3A). All clusters contained cells from each
of the analyzed patients, and no patient-specific clusters were found,
reflecting appropriate integration of the dataset to minimize patient-
specific variation (Fig. 1D). We also succeeded in assigning a TCR
clonotype to 85% of sequenced cells (Fig. 1E), spanning a total of about
9,000 unique clonotypes. Of these, most (88%) were singleton clono-
types composed of only one cell and generally localized to the Naive-
CD4 and Naive-CD8B clusters, as expected. The highest degree of
clonal expansion was observed in the effector clusters Eff-GNLY and
Eff-CD74 and predominantly represented CD8 clonality, with CD8
T cells accounting for 86% of highly expanded (10+) clonotypes.

In addition to PBMCs, we obtained tumor samples from six patients
at the time of the surgical resection, performed shortly after the end of
the treatment period. Three samples came from the anti-PD1-treated
patients whose PBMCs were also analyzed, allowing for matched
analysis between circulating and tumor-infiltrating cells. The remain-
ing three samples came from a different subset of CRT-only patients
for whom blood could not be analyzed. We performed the same
scRNA-seq and scTCR-seq analyses described above on the CD45*
tumor-infiltrating cells sorted from those samples.

Owing to the relative difficulty of recovering viable cells from
fibrotic pancreatic tumors, our total cell yield from the tumor samples
was 1,368 cells (Supplementary Fig. S2A). We were able to capture the
diversity of the intratumoral immune environment, finding several
clusters of granulocytic myeloid-derived suppressor cells and tumor-
associated macrophages in addition to the T-cell clusters on which we
focused our analysis. Consistent with previous reports on tumor-
infiltrating T cells, we found clusters corresponding to Ty naive, Ty
memory, Tgy effector-memory, Tty terminally exhausted, and Ty
like Cytotoxic CD8 cells (Fig. 2A and B, Supplementary Fig. S3B;
ref. 20). We verified the lack of patient-specific clusters and the
presence of cells from both treatment arm in all but the Tp,, cluster
of cycling cells, which only had cells from patients who had received
PD-1 blockade (Fig. 2C). The TCR clonotype of nearly all infiltrating
off T cells was identified (Fig. 2D). As in the circulation, most
clonotypes (81%) were singletons primarily found in the Tx/Ty
cluster, and the vast majority (85%) of expanded clonotypes were
comprised of CD8 cells. However, unlike in blood, expanded clono-
types belonged to the effector-memory and terminally exhausted
clusters, not the active effector pool.

To address the fundamental question of whether a globally immu-
nosuppressive state in patients with PDAC hampers T-cell activation
in response to PD-1 blockade, we tracked the transcriptional pheno-
types of expanded T-cell clones, which are naturally barcoded by their
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TCR sequence, before and after treatment. We found that in both arms
of the trial, some subset of the tracked clonotypes in circulation entered
into cell cycle, as evidenced by clones belonging to the clonotypes
appearing in the Tp,, cluster after treatment. This phenomenon was
strikingly enhanced in patients who received PD-1 blockade (Fig. 3A).
The newly cycling clonotypes were mostly CD8 cells that, before
treatment, belonged to the effector-memory (Eff-GZMK), early acti-
vated (Eff-CD74), and terminal effector (Eff-GNLY) clusters. Their
baseline gene expression profile was marked by a cytotoxic program
with markedly high expression of GNLY (coding for granulysin) and
PRF1 (perforin) as well as chemokine receptors CCR5 and CX3CR1,
and exhaustion markers as such as CD244 and LAG3 (Fig. 3B). Within
the cohort of anti-PD1-treated patients, for whom we were able to
perform matched analyses of blood and tumor, we were pleasantly
surprised to find many cross-matching T-cell clones, despite relatively
limited tumor cell yield. The overwhelming majority of those cells in
the circulation were activated CD8s, though their clones in the tumor
took on a variety of phenotypes, as evidenced by their broad cluster
distribution (Fig. 3C and D); those clones in the tumor Tn/Ty cluster
more likely represented bystanders, whereas those localizing to effector
clusters were more likely to be truly tumor-reactive. Importantly, we
confirmed that several of the newly cycling clonotypes were observed
in the tumor as activated clones in the Trg; and Tyg.jke clusters,
consistent with tumor-reactive clones, rather than bystander cells (20).
Cluster Trg;, which expressed more GZMK and NKG7 but lower levels
of HAVRC2, CTLA4, and TIGIT than cluster Ty, likely represents a
less terminally exhausted CD8 T-cell state (21-23). We therefore
suggest that cytotoxic T cells in the blood of PDAC patients remain
sensitive to reinvigoration by PD-1 blockade, and that at least some of
the affected cells have tumor-recognizing potential. The fact that
potentially tumor-reactive clonotypes constituted approximately 5%
of the treatment-expanded repertoire at baseline suggests that endog-
enous T-cell priming does occur in PDAC (Supplementary Fig. S2B).
However, this rate is much lower than what was observed in a study by
Luoma and colleagues (18) of similarly treated head and neck squa-
mous cell carcinoma (HNSCC), which has a substantially higher
response rate to immune checkpoint blockade.

Beyond augmented cell-cycle entry, we sought to characterize the
full scope of the transcriptional changes that occurred in tracked T-cell
clones over the treatment period. We discovered that the cells of
patients treated with PD-1 blockade were remarkably different after
therapy, with over 3,849 significantly upregulated genes, compared
with only 307 genes with CRT alone (Fig. 4A). Top among those
uniquely upregulated genes were several members of the AP-1 (FOS/-
JUN) transcription factor family, IFN-program genes such as IFNG
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Figure 2.

Tumor-infiltrating immune cells were analyzed by scRNA-seq after neoadjuvant PD-1 blockade combined with chemoradiotherapy in patients with pancreatic
adenocarcinoma. A, UMAP plot of all sequenced tumor-infiltrating cells that passed quality controls colored by an unsupervised clustering algorithm. B, Violin plot
showing the log-normalized expression of key cluster-defining genes for each T-cell cluster. C, Bar plot showing the breakdown of each cluster’s cells by patient of
origin. D, UMAP of tumor-infiltrating cells where each cell is colored by the observed frequency of its TCR in the sample.

and its canonical transcription factor STAT1, as well as genes involved
in the NF-xB signaling pathway such as NFKBI (coding for p50),
NFIL3, and TNFAIP3 (coding for the A20 deubiquitinase that is
expressed upon NF-kB activation and serves as a negative feedback
regulator).

To confirm that these gene-level observations reflected pathway-
level enrichment, we performed GSEA on the list of differentially
expressed genes (DEG) from each treatment arm. Using GSEA, we are
able to compute an enrichment score for any previously established
gene set within our own dataset’s DEGs. A high score signifies that
many genes from the gene set are unusually highly upregulated in our
DEG list, whereas a low score would indicate a surprisingly strong
downregulation of many of those genes. We focused on the following
three “hallmark gene sets” that were curated and published within the
Molecular Signatures Database (MSigDB): “G,-M Checkpoint,”
“TNFo Signaling via NF-xB,” and “IFNYy Response.” Each set consists
of 200 genes established as members of the given pathway. Supporting
our findings of enhanced cell-cycle entry, the “G,-M Checkpoint”
gene set was highly enriched in the anti-PD1 arm alone (Fig. 4B). We
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also found significant enrichment of the “TNFo. Signaling via NF-xB”
and “IFNy Response” gene sets, consistent with previous work from
our group characterizing enhanced antitumor T-cell responses in
mice (24). Notably, this enrichment was not seen in the CRT-only
DEGs, confirming that these pathways are upregulated specifically due
to the effect of PD-1 blockade on the treated patients’ T cells.

Our pre-post differential gene expression analysis leaves out an
important subset of the T-cell response: The novel expanded (NE)
clonotypes, which are, by definition, not detected in pretreatment
samples but are encountered as expanded clones in posttreatment
samples. Although some NE clonotypes are liable to be falsely labeled
as such due to inevitable down-sampling of the T-cell repertoire by
current sequencing technology, PD-1 blockade has been shown to
boost the rate of emergence of NE clones, and this phenomenon is
thought to play an important role in mounting effective antitumor
responses (25). Acknowledging the potential importance of NE clones,
we examined the expression levels of key genes upregulated by PD-1
blockade, such as FOS and STATI, in those cells in the circulation.
We found that NE clones in the anti-PD1 arm had similarly high
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Figure 3.

Neoadjuvant PD-1blockade stimulates polyclonal expansion in circulating cytotoxic T cells with matching tumor-infiltrating clones. A, Alluvial plot showing the flux of
clonotypes from pretreatment to posttreatment clusters. The thickness of a band connecting a pretreatment cluster to a posttreatment cluster is proportional to the
number of clonotypes with member cells appearing in both clusters; the curves highlighted in red correspond to clonotypes with posttreatment cells in the cycling
cluster. B, Violin plot showing the expression distribution of key genes among pretreatment cells belonging to clonotypes that entered cell cycle after treatment
in comparison with all other pretreatment cells; ***, denotes an adjusted P < 1 x 10~ after Bonferroni multiple-hypothesis correction. €, UMAP of tumor-infiltrating
cells highlighting the subset of T cells whose TCRs were also expressed by circulating and cycling T cells. D, UMAP of blood T cells, highlighting the subset of cells
whose TCRs were also expressed by tumor-infiltrating T cells.

expression levels of those genes when compared with pre-existing The remarkable degree of transcriptional change in the circulating T
expanded cells (Fig. 4C), suggesting that the transcriptional effects of  cells of patients treated with PD-1 blockade stood at odds with the lack
PD-1 blockade (namely, the upregulation of AP-1, NF-kB, and IFN  of clinical effectiveness in treated patients. To reconcile these discor-
programs) applied to NE clones as well. dant observations, we turned to a scRNA-seq dataset of PBMCs
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Figure 4.

PD-1blockade induces the AP-1, NF-kB, and IFN transcriptional programs in the T cells of patients with PDAC. A, Volcano plot showing the differentially expressed
genes (DEG) over the treatment period among T-cell clones that were present in both pre- and posttreatment samples. B, Gene Set Enrichment Analysis (GSEA)
of three hallmark gene sets for the DEGs obtained in (A). C, The posttreatment expression of key genes from the hallmark pathways in (B) among novel expanded
cells in comparison with pre-existing expanded cells.
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Lack of response to neoadjuvant PD-1 correlates with NF-kB activation and a relatively restrained upregulation of IFN-response genes. A, Gene Set Enrichment
Analysis (GSEA) of hallmark gene sets performed on the list of treatment-induced differentially expressed genes in each group of patients. B, Heat map showing the
treatment-induced log-fold change of key genes, broken down by individual patient.

collected from a phase I clinical trial (NCT02268825) of patients with
metastatic GI cancers who received the same anti-PD1 mAb used in
our study (pembrolizumab) in combination with standard-of-care
chemotherapy. This dataset, reported by Griffiths and colleagues (26)
in 2020, was analyzed on the same scRNA-seq platform as ours, and,
importantly, it included one patient with PDAC who responded well
to therapy with only minimal disease burden at 5 months. Such a
response to immunotherapy is rarely observed outside of microsatel-
lite-unstable PDAC and provided an informative comparison with our
non-responder patients.

We started our comparison by compiling a list of genes that were
differentially expressed in the T cells of the PDAC responder patient

Clin Cancer Res; 30(3) February 1, 2024

after one cycle of treatment relative to baseline expression before the
start of treatment. We then used an extended version of our previously
described GSEA to quantify the degree of enrichment of all 50 of
the hallmark pathways in MSigDB (Fig. 5A). The only significantly
enriched pathways found in the responder patient but not in CRT-only
patients were those corresponding to IFNa./y responses, recapitulating
the same findings reported by Griffiths and colleagues (26). Our non-
responder patients, on the other hand, displayed no enrichment in the
IFNo. pathway and a weaker enrichment of the IFNy gene set.
Intriguingly, we found that the NF-xB pathway, which was the most
enriched in non-responder patients, was the most downregulated
pathway in the responder patient (Fig. 5A; Supplementary Fig. S4A).

CLINICAL CANCER RESEARCH



To validate that GSEA-based enrichment scores were not the result
of one or two outlier genes, we inspected the per-patient log-fold
change in the expression of 50 genes from the hallmark NF-xB and
IFN gene sets (Fig. 5B). We confirmed that the enrichment scores
accurately summarized concordant changes at the level of individual
genes and individual patients. Genes correlated with negative regula-
tory pathways such as CD38 were increased in our non-
responders (27). Therefore, the transcriptional profile of T cells after
PD-1 blockade in our non-responder patients with PDAC reflected
dual and possibly conflicting reprogramming: A likely beneficial
upregulation of the type II IFN pathway and a potentially detrimental
activation of NF-xB.

Discussion

Pancreatic cancer has shown a frustrating lack of response to
immunotherapy, including most recently a lack of clinical benefit of
neoadjuvant PD-1 blockade plus chemoradiation compared with
chemoradiation alone in patients with resectable PDAC. Here, we
evaluated peripheral blood and tumor from patients with PDAC
receiving PD-1 blockade in the context of a phase II trial to interrogate
whether PD-1 blockade induces CD8 T-cell expansion of likely tumor-
reactive clonotypes. We found that PD-1 blockade does induce
proliferation of T cells in the blood derived from pre-existing effector
CD8 populations. These treatment-expanded clonotypes also match
TCR clonotypes found in the tumor, suggesting that some of them are
likely to recognize tumor antigens. Although our numbers of cells were
limited, we also observed proliferating T cells in tumors of patients
treated with PD-1 blockade. In peripheral blood, treatment-expanded
clonotypes expressed a transcriptional signature of NF-kB signaling,
which is divergent from reported signatures of expanded clonotypes
from patients responding to PD-1 blockade that show a signature of
IFN exposure.

Our study has several key findings. First, moving to an earlier stage
of disease did not reveal a responsiveness of patients with PDAC to
PD-1 blockade. The large tumor burden in patients with advanced
PDAC can induce immune suppression due to systemic effects on
myeloid cells complicated by concurrent therapies administered for
metastatic disease (12, 28). However, patients with resectable PDAC
in our study also showed no added benefit of PD-1 blockade. Admin-
istration of capecitabine with radiotherapy may have affected the
T-cell response, although the dosing scheme used in this trial was
intended to induce immunogenic cell death to potentiate T-cell
priming and efficacy of PD-1 blockade. Comparison of pretreatment
and posttreatment peripheral blood from patients receiving PD-1
blockade indicates that clonal expansion of effector CD8 T cells
occurred, consistent with findings in melanoma, non-small cell lung
cancer, and head and neck cancer (18, 29, 30). The phenotype of the
expanded clones is that of effector-memory CD8 T cells, which have
been previously linked to tumor-reactivity (20), and indeed several
expanded clonotypes matched proliferating T-cell clonotypes in the
resected tumor specimens. Exhausted T cells in the tumors appeared in
two clusters, potentially reflecting progenitor exhausted (Ttg;) and
terminally exhausted (Trg,) pools (21-23). Interestingly, circulating
reinvigorated clonotypes were located in the progenitor exhausted
pool, consistent with the idea that these stem-like cells are able to
proliferate in response to PD-1 blockade and replenish the effector
pool (21, 22). We found no matches between circulating reinvigorated
clones and the most highly exhausted tumor-infiltrating T cells (cluster
Trez), suggesting that those two clonotype pools are distinct, at least at
the time point profiled. Our results argue against a complete lack of
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T-cell reactivation being the major driver of PD-1 blockade unre-
sponsiveness in PDAC.

Many groups, including ours have suggested that T-cell priming is
impaired in PDAC, resulting in a dearth of antitumor T cells for PD-1
blockade to reinvigorate (31-34). PDAC has an average tumor muta-
tional burden that should yield an adequate number of neoantigens for
T-cell priming (35). Dendritic cells, notably the Batf3" cross-
presenting cDCI1 subtype, are low in pancreatic cancer mouse models,
and their absence is a major cause of inadequate T-cell priming in
mice (36, 37). In humans, T-cell priming has been more difficult to
evaluate. Hypoxia, regulatory T cells, immunosuppressive macro-
phages, and factors in the tumor microenvironment can prevent T
cells from infiltrating and accumulating in the tumor bed; therefore,
analysis of T-cell expansion in the blood is a better measure of T-cell
priming than analysis of T-cell activity in tumors that is complicated by
multiple variables (12). T-cell priming has been reported for PDAC self
and neoantigens, as evidenced by detection of peripheral T cells
specific for the self-antigen mesothelin and the presence of neoanti-
gen-specific T cells, particularly in patients surviving for 5 years after
surgery (11, 38). Endogenous T-cell priming could be detected in our
study, as pre-existing T-cell clones showed PD-1 blockade-induced
expansion in the blood. This phenomenon was much more restrained
than in similar analyses of paired peripheral blood samples in patients
with metastatic breast cancer (10) or resectable HNSCC (18) treated
with PD-1 blockade, although tumor sequencing was more extensive
in the latter study, making it difficult to conclusively ascribe the
observed differences to a defect in priming as opposed to better
cross-matching of circulating T cells to their tumor-infiltrating coun-
terparts. Collectively, these findings suggest that T-cell priming in
PDAC does occur at a level consistent with other tumor types. Further
quantitative efforts to evaluate endogenous T-cell priming across
cancer types in humans are warranted.

Although patients with PDAC treated with PD-1 blockade showed
evidence of treatment-induced CD8 T-cell expansion, these T cells had
a strong treatment-induced signature of NF-kB signaling, as did NE
clonotypes. The reason for this NF-xB signature is unclear. TNFoL is a
plausible candidate, and TNFao. blockade has been shown in mouse
models to improve responses to PD-1 blockade and other immu-
notherapies (39, 40). Use of TNFo.-blocking antibodies in humans has
been shown to be effective at reducing colitis in patients experiencing
immune-related adverse events associated with checkpoint block-
ade (41, 42). Whether TNFa. blockade also positively impacts the
antitumor response remains to be evaluated. Augmenting non-
canonical NF-kB signaling in T cells in pancreatic cancer mouse
models can be beneficial, indicating that the context of NF-xB
signaling and which NF-xB subunits are activated matters (24, 43).
Other factors may also contribute to expanded T cells showing a high
NF-«B signature as compared with IFN signature. IFNY is associated
with both acute responses to immunotherapy and establishment of
long-term durable remissions (44, 45). Here, we find that circulating
CD8 T-cell clonotypes with likely tumor reactivity are expanded in
patients with PDAC upon treatment with PD-1 blockade, but that
acquisition of an NF-kB signature is correlated with a nonproductive
response.
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