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Abstract

Pancreatic ductal adenocarcinoma (PDAC) has few effective treatments. Immunotherapy,

an attractive alternative strategy, remains challenging with the lack of knowledge on the
tumor-infiltrating lymphocyte (TIL) landscape in PDAC. To generate a reference of T-cell
subpopulations, we profiled 80,000 T cells from 57 PDAC, 22 uninvolved/normal samples, and
cultured TIL using single-cell transcriptomic and T-cell receptor analysis. These data revealed

20 cell states and heterogeneous distributions of TIL populations. The CD8* TIL contained

a putative transitional GZMK™* population based on TCR clonotype sharing, and cell-state
trajectory analysis showed similarity to a GZMB*PRF1* cytotoxic and a CXCL13* dysfunctional
population. Statistical analysis suggested that certain TIL states, such as dysfunctional and
inhibitory populations, often occurred together. Finally, analysis of cultured TIL revealed that
high-frequency clones from effector populations were preferentially expanded. These data provide
a framework for understanding the PDAC TIL landscape for future TIL use in immunotherapy for
PDAC.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) accounts for ~85% of all diagnosed pancreatic
cancers and, with a 5-year survival rate of only 9%, is the fourth-highest cause of cancer-
related death in the United States(1,2). Chemotherapy and surgery remain the chief therapy
options, providing curative potential. However, only 10-20% of patients are eligible for
surgery, and 80% of those will experience relapse(3). The unmet clinical need of this patient
population has spurred efforts to expand therapeutic options.

Immunotherapy represents an exciting new therapeutic strategy, in part due to the success
of immune checkpoint blockade in melanoma, lung cancers, and renal cell carcinoma(4-7).
Cellular immunotherapies also have found success. These include the adoptive transfer of
T cells engineered to express chimeric antigen receptors (CAR-T) in several hematologic
cancers(8,9) and tumor-infiltrating lymphocytes (TIL) in metastatic melanoma (10,11).
However, immune checkpoint blockade and CAR-T have provided limited benefit in PDAC
so far(12-14).
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Due to the variable response to immunotherapy across cancer patients, it is important

to understand the underlying immune landscape of the tumor microenvironment (TME)
relevant to clinical response. Although the presence of TIL has been correlated with better
prognosis in a variety of cancers, including PDAC(15-20), suppression by regulatory T cells
(Tregs) or attenuation of cytotoxic function by entering a dysfunctional state have been
identified as mechanisms of tumor immune escape(21-23). Conversely, TIL populations
such as T-stem cell-like memory and tissue-resident memory-like T cells (Trm) have been
identified as important for response or improved survival(24—26). These populations are
often defined by a complex combination of surface markers and transcriptional states, and
no consensus signature relevant for outcome has emerged yet. T-cell repertoire analysis can
also provide insight on the anti-tumor response in the TME, given that expansion of T-cell
clones at the tumor site can indicate an immune response and high-frequency clones have
been found to be the tumor-reactive clones(27).

Single-cell RNA sequencing (scRNA-seq) has emerged as a powerful tool to interrogate
the heterogeneity of complex cell populations such as TIL by combining the transcriptomic
profile and T-cell receptor (TCR) repertoire in the same cells. Indeed, several SCRNA-seq
studies have revealed TIL diversity across multiple solid tumor types, identifying various
states of T-cell dysfunction as well as potentially novel TIL populations associated with
response and prognosis(24,28-35). The lack of response of PDAC to immunotherapy thus
far, despite the presence of tumor-reactive TIL(36-38), and the dire need for improved
therapy options makes PDAC an ideal candidate for deeper analysis using sScRNA-seq.

Previous work by this group has shown the feasibility of ex vivo expansion of tumor
reactive PDAC TIL for adoptive cell therapy (ACT)(38). Therefore, the purpose of this
study was to characterize the PDAC TIL landscape with an eye toward informing TIL

use in cellular immunotherapy of PDAC. To perform this study, freshly resected tumor

and uninvolved tissue from PDAC patients were analyzed using combined single-cell RNA
and TCR sequencing to interrogate the heterogeneous TIL populations present to better
understand the tumor-infiltrating T cells. Additionally, cultured PDAC TIL from a subset
of tumor samples were analyzed using similar methods to investigate the contribution of
each initial TIL population to the composition of the final TIL product with its therapeutic
potential in mind. Overall, seven CD8" TIL cell states and five CD4" TIL cell states in the
fresh tissue were elucidated along with their inferred relationship based on transcriptomic
and TCR data. Furthermore, transcriptomic and TCR analysis of the ex vivo expanded TIL
product showed preferential expansion of select effector T-cell states originally identified /in
Situ.

Single T-cell transcriptome data generation and curation

To delineate TIL sub-states in PDAC, we performed scRNA-seq on seven primary, human
PDAC samples and one uninvolved pancreas sample (hereafter referred to as “uninvolved”),
focusing on the CD3* TIL (Fig. 1A, MDA data set). To further increase the data

sample size, CD3* TIL scRNA-seq data from another cohort at the institution (MDA2

data set; 26 primary PDAC and 10 uninvolved) and from a previous study by Peng et
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al. (PUMCH data set; 24 PDAC and 11 normal pancreas) were combined(39). In total,
39,694 T cells were analyzed from 57 PDAC samples and 22 uninvolved/normal samples.
Clustering of T cells from all samples identified 13 populations overall, with five CD4*

TIL cell states (CD4-FOXP3, CD4-CXCR4, CD4-CCR7, CD4-CXCL13, CD4-MX1), seven
CD8* TIL cell states (CD8-GZMK, CD8-CXCR6/IL7R, CD8-ZNF683, CD8-GZMB/PRF1,
CD8-CXCL13, CD8-CCRT7/IL7R, CD8-MX1), and a cycling sub-population (Fig. 1B).
Cohort-specific and patient-specific batch effects were limited as evidenced by the even
mixing between the cohorts and the patients as shown in UMAPs (Uniform Manifold
Approximation and Projection) (Supplementary Fig. S1A and B respectively). These cell
states were annotated after the identification of defining T-cell genes that are expressed
within that cell state (Supplementary Fig. S1C). The presence of all CD4" and CD8"*

TIL cell states, with the exception of CD8-CXCRG6/IL7R was validated in formalin-fixed
paraffin-embedded primary PDAC tissues using RNA /n situ hybridization (RNAScope) that
enables visualization of single RNA molecules in individual cells (Supplementary Fig. S1D).

Transcriptomic clustering defines TIL populations with functional T-cell markers

To understand the biological function of each T-cell cluster, the unbiased top differentially
expressed genes were investigated as well as the expression of specific known transcription
factors. This analysis revealed cluster-specific expression of key genes, indicating cell-state
programming differences between the clusters (Fig. 1C and Supplementary Fig. S2A). While
the TIL cell states were primarily composed of af T cells, marked by expression of the
TCR alpha-chain gene 7RAC, y8 T cells (expressing the TCR gamma-chain gene 7RDC)
were found to be a small component of the CD8-GZMB/PRF1 cell state (Supplementary
Fig. S2B). In addition to the transcriptional states, there was a distinct cycling T-cell state
with expression of MK/67and other cell-cycle related genes (Fig. 1B and Supplementary
Fig. S2C).

Regarding the potential functional identity of the TIL states, the CD4-FOXP3 cluster

was classified as Tregs due to the expression of FOXP3, ILZRA (CD25), CTLA4
(Supplementary Fig. S2A), and Treg-associated transcription factors /KZF2 (Helios) and
IKZF4 (Ikaros; Fig. 1C). An activated CD4" helper T-cell population, CD4-CXCR4,

was also identified based on CD69, GZMA, and CCL5 expression (Supplementary Fig.
S2A). However, low expression of transcription factors 7BX21 (TBET) and GATA3 made
the classification as a Type 1 or Type 2 helper T-cell unclear (Fig. 1C). Within the

CDS8™* TIL population, the CD8-ZNF683 cluster appeared to be a Trp-like population as
suggested by expression of the Trp transcription factor ZNF683, Trpm-associated genes
XCL1and GNLY;, and low expression of KLFZ, as previously reported (Fig. 1C and
Supplementary Fig. S2A)(29). Moreover, a cytotoxic CD8* cell state was identified (CD8-
GZMB/PRF1) by high expression of well-characterized effector cell markers GZMB and
PRFI (Supplementary Fig. S2A) and transcription factor 7BX21 (Fig. 1C).

Beyond these unique cell states, the single-cell data showed CD8* and CD4™ clusters
that shared expression of several defining genes. One of these sets, CD4-CXCL13 and
CDB8-CXCL13, showed expression of transcription factor RBPJand chemokine CXCL13,
which are both identified as part of a reputed dysfunctional T-cell phenotype (Fig. 1C
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and Supplementary Fig. S1A)(35,40). These two cell states also showed expression of the
well-known immune checkpoint marker genes C7LA4, PDCD1 (PD1), HAVCRZ (TIMS3),
TNFRSF18 (GITR), LAG3, and TIGIT (Supplementary Fig. S2D). Another set of cell
states, CD4-CCR7 and CD8-CCRY7/IL7R, shared expression of transcription factors LEF1
and 7CF7 (Fig. 1C) and surface markers CCR7, IL7R, and SELL (CD62L; Supplementary
Fig. S2A), consistent with a central-memory T-cell phenotype (Tcm)-

Across the cohorts, T-cell states were detected at varying frequencies (Fig. 1D and
Supplementary Fig. S2E). For example, in tumor samples with =250 T cells detected,

the CD8-CXCL13 population was observed in 43/53 PDAC samples, but only 7 patients
had frequencies of this cluster =5% of their total TIL (Fig. 1D). This contrasts with the
CDB8-GZMK state that was identified in all tumors, and 50/53 patients had frequencies
>5% of their total T cells. Additionally, uninvolved/normal samples predominantly clustered
away from PDAC samples, suggesting global differences in their T-cell cluster composition
(Fig. 1D). The CD8-CXCRG6/IL7R cell state was significantly enriched in the uninvolved/
normal tissue compared to PDAC samples (P < 0.001), while the reverse was found in

the CD8-ZNF683 cell state (P < 0.001, permutation test, 1000 permutations). Furthermore,
to establish if the cell states are tumor tissue-specific or reflecting the organ from which
the tumor originated, the cell-state composition was compared in a subset of 10 patients
that had matched tumor and uninvolved tissue samples (Fig. 1E). In these patients, it was
found that the CD4-FOXP3 and CD4-CXCR4 cell states were enriched in the tumor over
the uninvolved tissue (P=0.021 and P = 0.035, respectively, two-sided, paired Wilcox
test), whereas the CD8-CXCRG6/IL7R and CD8-GZMB/PRF1 cell states were enriched

in the uninvolved versus the tumor (P=0.041 and £ = 0.011, respectively, two-sided,
paired Wilcox test). However, these changes were not statistically significant after 2 value
correction for multiple testing.

To further verify if the cell states were tumor-specific or overlapping with cell states found
in the periphery, their transcriptional profiles were compared to that of peripheral blood T
cells (Supplementary Fig. S3). Publicly available sequencing data from healthy donors’ and
PDAC patients’ peripheral blood mononuclear cells (PBMC) were combined to make the
comparison (Supplementary Fig. S3A)(41). Shared Nearest Neighbors clustering revealed
five CD4* T cell states and four CD8™ T cell states as defined by their differentially
expressed genes (Supplementary Fig. S3B and Supplementary Table S1). Comparing the
top 20 differentially expressed genes (by p-value) of the tissue T-cell states and the PBMC
cell states showed top-marker similarity only between three states, the CD8 Ty and the
CDA4 T\ cell states (both defined by CCR7), and the CD8 cytotoxic cell states (defined by
GZMB and PRFI) (Supplementary Fig. S3C). Since CCR7 can identify less differentiated T
cells and naive T cells, it is not surprising that the two are found in both the tumor and the
blood. Nonetheless, this highlights that the majority of the defined cell states are unique to
the tissue.

Transition of TIL transcriptomic states revealed by trajectory mapping

Because T cells are known for their capacity to transition between different functional and
differentiation states, we applied pseudotemporal inference to understand the relationship
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between the identified cell states. Because CD4* and CD8* T cells are not developmentally
related beyond thymic selection, trajectory analysis on these major subsets was performed
separately (Fig. 2A and 2B). Additionally, due to the high complexity of the T-cell
development landscape, the lines displayed on the graph are weighted by the density of
cells around each node. This density is proportional to the amount of data supporting the
trajectory at that point, and therefore the confidence of that location in the graph.

For the CD8* TIL, the CD8-CCR7/IL7R T state and the CD8-CXCRG6/IL7R state were
inferred to be related in the trajectory. However, that portion of the graph had low cellular
density support, suggesting the other CD8* TIL states did not entirely arise from the Tcpm
population detected in the tumor (Fig. 2A). In contrast, the transition of TIL through the
other cell states was strongly supported by the trajectory analysis, based on the closeness
on the path, and the thickness and length of their branches. For example, the CD8-CXCR6/
IL7R and CD8-ZNF683 cell states occupied the same long branch, indicating a high degree
of similarity (Fig. 2A). This contrasts with the latter part of the pseudotime trajectory
beyond CD8-ZNF683, where the shorter branch lengths and multiple forks indicate that
the CD8" TIL can potentially enter distinct states. The trajectory also suggests that CD8-
GZMK may be an intermediate cell state between the CD8-GZMB/PRFL1 cytotoxic cell
state and CD8-CXCL13 potentially dysfunctional state. The relationship of the CD8-MX1
IFN-I response cell state to the others appeared unclear from these trajectories, since

they did not occur on one of the branches of the trajectory, suggesting they may be a
separate state. Additionally, the contributions of CD8* TIL from tumor and uninvolved
samples overlapped, with the exception of CD8-CXCRG6/IL7R (Fig. 2C). The inference of
similarity and proximal state transition from the pseudotime analysis may suggest that a TIL
population found outside the tumor (CD8-CXCRG6/IL7R) could be contributing to a state
inside the tumor (CD8-ZNF683).

Similar trajectory analysis was performed on the CD4* TIL (Fig. 2B). These data showed
that a CD4-CXCR4 cell state was adjacent to the T¢y cluster, with the suggested transition
having a much higher confidence (higher density of cells) for CD4* TIL in contrast to what
the data suggested for CD8* TIL. The trajectory analysis suggested that a small subset

of effector cells may be related to the CD4-CXCL13 dysfunctional cluster. However, this
portion of the trajectory had a relatively low number of cells whose transcriptional data
supported the transition (as displayed by the low cell density surrounding the purported
transition on the graph), and therefore represents an unlikely cell state transition. Likewise,
the CD4™" T-cell trajectory also tenuously projected a transition from an effector state to

a final Treg phenotype. However, this transition is again weakly supported based on the
distance between the CD4-FOXP3 cell state and the other CD4 cell states as well as the
extremely sparse cellular density along the trajectory. This may indicate these were natural
Tregs that infiltrated the tumor as opposed to induced Tregs that transitioned from another
state /n situ. Similar to the CD8-MX1 IFN-I cluster, the relationship between the CD4-MX1
IFN-I response population and the other clusters was unclear, likely due to its small sample
size. Unlike the CD8* TIL, there was homogeneity of the CD4* TIL populations between
tumor and the uninvolved normal (Fig. 2D).

Cancer Discov. Author manuscript; available in PMC 2023 April 05.
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PDAC TIL cell state co-occurrence analysis highlights different tumor immune milieus

To determine the degree to which T-cell states co-occur in the same PDAC sample, we
performed Spearman correlations on cell state frequencies of all tumor samples in a patient-
by-patient manner, similar to an analysis performed by Bassez ef al. (42). A significantly
positive correlation between two cell states indicates that if a patient has a higher fraction

of cluster “A,” they also tended to have a higher fraction of cluster “B” (Fig. 2E). This
analysis showed that the frequency of the highly related CD8-MX1 and CD4-MX1 IFN-I
response cell states (7= 0.70, P=8.17x1078) were significantly correlated with each other.
Although this cell state for both CD4 and CD8 shared many genes expressed by other cell
states (Supplementary Fig. S2A), only CD8-MX1 significantly, positively correlated with
CD4-FOXP3 (r=0.45, P=0.013), validating that these MX1 states stand on their own, but
also that a TME rich with interferon, which influences these cell states, might be responsible
for their significant correlation(43,44). Finally, the CD8-CXCL13 and CD4-CXCL13 cell
states (7= 0.53, P= 6.71x1074) were significantly correlated with each other, plus a
significant correlation between the CD8-CXCL13 cell state and the cycling population of
cells (r=0.40, P=0.028) was also observed, indicating that the CXCL13 cell state might be
a proliferative population of TIL despite potentially being dysfunctional.

Inverse relationships were also observed for several T-cell states (Fig. 2E). A significant
negative correlation was found for the CD8/CD4 CXCL13 populations and the CD4*
CXCR4 effector population (r=-0.37, P=0.041 and r=-0.39, £=0.031, respectively),
suggesting that a TME with dysfunctional T cells has a lesser content of some but not all
effector populations. On the other hand, when a richer content of the effector population
CD8-GZMB/PRF1, it was associated with a scarcity of the CD8 Ty cell state (CD8-CCR7/
IL7R; r=-0.36, A= 0.04). Another effector cell state, previously shown has the most
prevalent effector population (Fig. 1D), CD8-GZMK, had a significant negative correlation
with the Trp-associated CD8-ZNF683 cluster (r=-0.37, = 0.04) (Fig. 2E). Generally,
dysfunctional (CXCL13), interferon-response (MX-1) and suppressive (FOXP3) cell states
clustered away from effector (ZNF683, GZMK, GZMB/PRF1) or less-differentiated cell
states (CCR7/IL7R) (Figure 2E).

TCR clonotype distribution shows expanded TIL clones can occupy multiple cell states

To gain further insight into the potential function of T-cell states as well as the relationship
between them, single-cell TCR sequencing and transcriptomic profiling on the same

cells was performed on a subset of seven samples (the MDA cohort). As shown in
Supplementary Figure S1A, the MDAL cohort is comparable to the combined data set given
the degree of overlap between data sets. The similarity was further verified by quantifying
the overlap of genes between the MDA data set and the larger data set (Fig. 3A). Each cell
state had at least 70% overlap of the top genes (P< 0.05 and fold change = 0.2), except

for the CD4-CXCL13 cell state which was only composed a few cells in the MDA cohort.
Furthermore, unsupervised clustering of the MDA1 TIL showed that the cell state markers in
this subset were similar to the larger data set (Supplementary Fig. S4A and B). For example,
the top markers of the CD8* cell states included GZMK, IL7R, ZNF683, PRF1, CXCL 13,
and MXZ, while top markers in the CD4" TIL cell states included FOXP3, CD40LG,

SELL, CXCL13 and MX1. UMAP embedding of the smaller MDA1 cohort suggested

Cancer Discov. Author manuscript; available in PMC 2023 April 05.
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the robustness of the clustering, with the original cell state labels retaining co-localization
in the UMAP projection for both CD8* and CD4* TIL (Fig. 3B and 3C). To assess the
possibility of sampling bias in the MDA1 sample set, the contribution of each sample to the
different cell states was analyzed (Fig. 3D and 3E). Apart from the CD8-CXCL13 cell state
deriving predominantly from one sample (MDA1_TO05), the cell states were not dominated
by a single patient (Fig. 3D). Together, these data suggest that conclusions drawn from the
smaller MDA cohort could potentially be extended to the larger data set of PDAC patients.

Next, TCR sequences and transcriptomic information from the same single cells were
analyzed to determine the relationship between cell states, as clonotypes found within
multiple cell states (referred to here as cell state sharing) may indicate a transition between
those states. Visualization of the combination of the transcriptional cell states with their
clonal frequency for CD8* TIL and CD4* TIL showed that most clones were detected at low
frequencies, suggesting limited proliferation at the tumor site (Fig. 4A and 4B). In Figures
4A and B, each bar of the Circos plots represents one T-cell clone where the height of the
grey bar on the outer ring of the Circos plots is proportional to the number of cells bearing
this TCR. The middle ring indicates the transcriptomic state(s) in which each TIL clonotype
can be found, and the inner ring is colored by the patient to which this TCR belongs.

When a clonotype is found in multiple transcriptomic clusters, the bar in the middle ring is
comprised of several, smaller colored segments. Focusing on the CD8 transcriptomic states
in Figure 4A, we found that the expanded TIL clonotypes (i.e., found in multiple copies in
the tumor tissue) in the CD8-GZMK cell state (teal) had a high degree of cell state sharing
(Fig. 4A, red trapezoidal segment), which is highlighted in the zoomed-in sections of the
circular clonotype plots showing the contrast between expanded clones (Fig. 4C, left panel)
and unexpanded clones (Fig. 4C, right panel). These observations were further emphasized
by the upset plot showing the amount of cell state sharing and the number of times a specific
intersection was detected (Fig. 4D and Supplementary Fig. S5). For the CD8-GZMK cell
state, 18/40 TIL clonotypes (with =2 cells detected) were also assigned to at least one other
cell state, such as the six clonotypes shared between CD8-GZMK and CD8-ZNF683 (Fig.
4D). Furthermore, the CD8-ZNF683 cell state also exhibited many expanded clonotypes
(Fig. 4A, purple bars) and a high number of cell state sharing (Fig. 4D), with 23 of

its 41 clonotypes detected in at least one other cell state, particularly the CD8-CXCR6/
IL7R state (blue bars) with 7 instances of overlap. The CD8-GZMK and CD8-ZNF683
clusters also both exhibited sharing with the CD8-GZMB/PRF1 cell state (5 times and 3
times respectively). The TCR overlap between these cell states shows a relationship and
further strengthens the cell state transitions depicted by the pseudotime trajectory analysis in
Figure 2A. In contrast, the clones in the CD8-CXCL13 cell state (pinkish-red) were highly
expanded (Fig. 4A) but were only detected once in other cell states, perhaps indicating a
termination point on the trajectory (Fig 4D). In the CD4* TIL, only very limited cluster
sharing was identified, pointing to a lack of proliferation in the tumor (Fig. 4B, 4E, and
Supplementary Fig. S6). This is particularly notable for the CD4-FOXP3 cell state (red),
which was noted in the pseudotime plot (Fig. 2B) to have a very weak connection to the
rest of the trajectory. This lack of TCR sharing between this cell state and other CD4 states
further supports the idea that these are innate rather than induced Tregs.

Cancer Discov. Author manuscript; available in PMC 2023 April 05.
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Clonal expansion occurs within CD8* TIL cell states and not CD4 cell states

Further information can be gleaned from the TCR-sequencing data by using clonal
expansion and diversity of TIL clones at the tumor site as a surrogate for functional
involvement in the anti-tumor response. In Figure 4A, the effector cell states of CD8-
GZMK, CD8-ZNF683, CD8-GZMB/PRF1, and CD8-CXCL13 showed the highest levels
of clonal expansion, with the potentially dysfunctional CD8-CXCL13 cell state having the
highest levels of clonal expansion. Although the CD8-CXCL13 cell state was found in

only one patient (MDAL_TO5), the observed high clonal expansion matches what has been
previously reported by several other studies (33,40,45,46). In contrast, very little CD4* TIL
expansion was observed, suggesting their involvement in the response to the tumor may have
been suppressed (Fig. 4B). The lack of CD4* TIL expansion reported here is also consistent
with previous observations in the literature for other solid tumor types(29,33,34,40,47).

To quantify the degree of clonal expansion within each cluster, we measured clonal
frequency evenness by computing the Gini index for CD4* and CD8" TIL across patients
(Fig. 5A, left panel). The Gini coefficient is a measure of inequality, ranging from 0 to

1, where lower values indicate clonal frequency evenness and higher values signify more
inequality in clonal expansion (i.e., expansion of only one or very few clones). With

a median Gini coefficient value closer to 1, the CD8* TIL population showed a higher
degree of oligoclonality than the CD4* TIL across patients (P= 0.0313, paired t-test). This
observation was validated using the related clonal evenness metrics DE50 (£ = 0.0313)

and Pielou’s index (P = 0.0313), which both showed CD8* TIL having a lower median
value than CD4* TIL (Supplemental Fig. S7A). When we evaluated the diversity of the
repertoire using the diversity metric log(Chaol) index, we did not observe a significant
difference between the CD4* and CD8* TIL, indicating the repertoires are composed of

a similar number of clonotypes (P = 0.156; Fig. 5A, center panel). However, when we
utilized Shannon’s diversity index, another diversity metric that takes into account both
clonal evenness and clonotype abundance, we observed that overall the CD8* TIL have a
lower diversity than the CD4* TIL (P = 0.0313; Fig 5A right panel). This observation was
again validated using the related Simpson’s index (P = 0.0313; Supplemental Fig. S7A, right
panel). Based on previous analyses of T-cell repertoire metrics presented by Chiffelle et al.,
we concluded that this indicated a greater number of clones comprise the expanded fraction
of the CD8* TIL repertoire than is the case for the CD4" TIL repertoire(48).

When breaking down the T-cell repertoire by cell states, we observed a similar pattern

with all CD4* TIL states exhibiting a lower clonality than the majority of CD8" TIL states
(Fig. 5B, left panel, and Supplemental Fig. S7B, left and center panel). Contributing the
most to the higher clonality for the CD8* TIL were the CD8-GZMK, CD8-GZMB/PRF1,
and CD8-CXCL13 cell states. Notably, the median number of clones was lower for these
oligoclonal CD8 cell states (Fig. 5B, center panel). However, this was not necessarily the
case with the CD4* TIL as the most oligoclonally expanded CD4 cell state (CD4-FOXP3)
had nearly the highest value (i.e., number of clones in its repertoire) (Fig. 5B, left and center
panels). Finally, the oligoclonal CD8-GZMB/PRF1 and CD8-CXCL13 cell states not only
had lower clonotype richness, but the lowest median diversity as indicated by Shannon and
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Simpson’s index (Figure 5B, right panel and Supplementary Figure 7B, right panel). Taken
altogether, this indicates expansion of select TIL clones in these cell states.

This degree of clonal expansion, and the difference between the CD4* and CD8* repertoires
in each cell state is further illustrated in Figure 5C, now depicted by patient. The CD8-
GZMK, CD8-ZNF683, CD8-GZMB/PRF1, and CD8-CXCL13 had the greatest proportion
of clonally expanded cells within the TME, with at least half of the expanded (=2) CD8*
TIL found = 5 times, indicating a robust expansion. This contrasts with the CD8-CXCR6/
IL7R cell states where |1 of the clones were detected only once (Fig. 5C). In concordance
with our earlier findings regarding the clonality and diversity of the TCR repertoire, CD4"
cell states presented a minority of clonally-expanded TIL as evidenced by the majority of
the clones found in these cell states only being detected once (Fig. 5C). Furthermore, even
within the expanded fraction, most CD4 clones were detected between 2-5 times. Taken
together, these metrics indicate that although the CD8* TIL population has a similar level
of clonotype richness as the CD4* TIL, the CD8* effector populations are more clonal,
suggesting participation of select TIL clones in the immune response to the tumor.

TIL transcriptomic profiling and TCR sequencing reveal their fate after ex vivo propagation

Concurrently, as the tissue samples from the MDAL cohort were processed for sScRNA-seq,
a piece from each tissue was used for ex vivo TIL growth. The cultured TIL were then

used for transcriptomic and TCR scRNA-seq (n = 40,065; Fig. 6A). The propagated TIL
expression data revealed seven major cell states comprising five CD8" states (G1-CD8-
CD27, G2-CD8-GNLY, G3-CD8-ZNF683, G4-CD8-CCL3, G4-CD8-MKI67), one CD4*
states (G6-CD4-CD40L), and one y&* T-cell state (G7-y8T-TRDC; Fig. 6B). As expected, a
large fraction of the cultured TIL were cycling cells. Cells initially classified as cycling were
re-classified into the non-cycling clusters using a random forest classifier. CD8* TIL states
predominated the grown TIL products, which was expected because the culture method

was optimized to enhance CD8* TIL proliferation(49). The expression of signature genes
suggested several activated CD8* cell sates, a proliferating CD8* state, an effector CD4*
state, and a y&6* T-cell state (Fig. 6C and Supplementary Fig. S8). Cell states were labelled
after key defining genes that were highly expressed (Fig. 6C).

A major goal of the cellular-based cancer immunotherapy field has been to identify and
select the best T-cell subtypes to provide the most efficacious adoptive cell therapy. To this
end, we attempted to discern the fate of the different fresh TIL cell states identified in
Figure 1 to determine whether the TIL culture process expanded subpopulations of interest.
The individual TCRs were used to track TIL from the fresh samples to their corresponding
grown TIL product. We found that regardless of their initial transcriptomic cell state in the
tissue, the TIL clonotypes were identified in multiple grown cell states with a majority in
the G1-CD8-CD27 subtype in the cultured product (Fig. 6D). As opposed to the trajectory
inferred between the different cell states in the tissue in our pseudotime analyses in Figure
2 (where this cell state was not described), there was no apparent directionality from one
specific fresh tissue T-cell state to a grown T-cell state. This difference can be attributed in
part to the controlled activation environment provided by the /n vitro expansion using the
TIL 3.0 method, which is in contrast to the activation the TIL received /n situ. Analysis
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of the TCR frequency of the grown TIL paired with their transcriptomic clusters showed
a high degree of cluster sharing, where the same TCR sequence was found in multiple
transcriptomic clusters (Supplementary Fig. S9 and S10A & B).

Despite the lack of connection between any final grown cell state and specific initial PDAC
TIL populations, there was an indication that certain TIL populations from the tissue were
preferentially grown over others (Fig. 6E and 6F). The T-cell clones originating from
CD8-GZMK, CD8-ZNF683, and CD8-GZMB/PRF1 clusters were preferentially expanded
ex vivo while those from CD8-CXCL13 populations decreased in frequency relative to
their initial frequency in the tissue (Fig. 6E). The CD4* TIL showed a similar pattern, in
which mainly CD4* effector cells expanded while Tregs did not (Fig. 6F). In both CD8*
and CD4* TIL, the activated cell states expanded while cell states such as the potentially
dysfunctional CXCL13* populations had limited expansion. Finally, the frequency of TIL
clones in the tumor can be an indication of their involvement in an immune response, where
high-frequency clones are assumed to have expanded at the tumor site in response to the
disease(27). In considering the use of TIL as a therapeutic modality, the expansion of high
frequency clones from the tumor is highly desired. Thus, we investigated if the culture
methodology employed expanded high frequency clones from the tissue. Comparing all TIL
clones detected in fresh tissue and grown samples for six pairs, our data showed that the
high-frequency clones detected in the fresh tissue were expanded, and they remained at a
relatively high frequency in the grown product (Supplementary Fig. S11).

Discussion

Here, we used scRNA-seq to investigate CD8" and CD4* T cells and defined 13 cell states
in PDAC and uninvolved/normal pancreas tissue samples plus seven cell states resulting
from ex vivo culture. This work was executed using an initial cohort of seven patients
treated at MD Anderson Cancer Center, and then further strengthened by the addition of
another cohort of 26 patients from MD Anderson Cancer Center as well as a cohort of 24
patients from a previous study at Peking Union Medical College Hospital(39). Based on
the transcriptional data from all three cohorts, and concurrent single-cell TCR sequencing
in the initial seven patient cohort, we present a model for the organizational relationship
and differentiation trajectory of PDAC TIL as well as their unrestricted expansion into
each component population of the ex vivo culture (Fig. 7). The TIL cell states detected

in this study are consistent with those reported in the literature for other cancer types and
validates the lack of institutional and sample-size bias in the three data sets used in this
study. For example, CD8* TIL populations similar to the CD8-GZMK, CD8-ZNF683, and
CDB8-CXCL13 found here have been reported in other ScRNA-seq studies in melanoma,
triple-negative breast cancer, non-small cell lung cancer, colorectal cancer, and liver
cancer(24,29,31,33,34).

In addition to GZMK;, the CD8-GZMK cell state in our analysis showed expression of
EOMES, which has notably been tied to a T-cell exhaustion phenotype when paired with
expression of immune checkpoint molecules(50,51). Moreover, a recent study in pancreatic
cancer reported an exhausted CD8* T-cell population expressing GZMK, EOMES, and
TIGIT(41). However, the CD8-GZMK population described in our study lacked expression
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of checkpoint molecules or other putative exhaustion markers. It’s position on the
pseudotime trajectory along with it sharing TCRs with multiple other cell states indicates
it could be an intermediate cell state. Indeed, the CD8*GZMK™ population is similar

to those reported in several other studies that classified these cells as a transitional “pre-
dysfunctional” population that gives rise to dysfunctional T cells(29,31,33,34,40,52). The
CD8-GZMK cell state found here and in these studies are characterized by intermediate
clonality, low/intermediate expression of checkpoint markers, and shared TCRs with their
respective cytotoxic (i.e., CD8-GZMB/PRF1) and/or dysfunctional (i.e., CD8-CXCL13)
populations.

CDB8-ZNF683 may be a Trp-like cell state based on the expression of Tgry transcription
factor ZNF683(53). While this cell state did not express /TGAE (CD103) or have high
expression of checkpoint markers as is commonly reported(54), this cell state was similar

to a state reported by Guo et al. in non—-small cell lung cancer(29). The Trym population is

of particular interest due to its correlation with improved survival outcomes and increased
cytotoxic activity in several epithelial cancers(25,31,55) and its involvement in response to
checkpoint blockade therapy(26,56). However, it is unclear whether this population plays the
same role in PDAC due to the lack of checkpoint marker expression observed in this study.

Another population of interest is the CD8-CXCL13 cell state, which has been reported by
other groups to be an exhausted/dysfunctional population based on its high expression of
checkpoint molecules. This population is also described as being highly clonally expanded,
and able to retain proliferative potential at early stages of dysfunction(33,40,45,46). While
we similarly report in PDAC that the CD8-CXCL13 cell state has high checkpoint
expression and is clonally expanded, the population did not appear to retain great
proliferative potential as it did not expand well in our TIL 3.0 culture method (simultaneous
engagement of the TCR and 4-1BB combined with high-dose IL-2). This suggests they
could be at a later stage of dysfunction and/or require stimulation beyond that provided

by our culture method. Nonetheless, studies in melanoma, ovarian cancer, and lung cancer
respectively show this population contains tumor reactive TIL(40,46,57). Moreover, the
dysfunctional appearance of this population could be a consequence of its ability to react
against the tumor repeatedly, and therefore there is value in leveraging this TIL population
for therapeutic application.

One of the big questions that remains unanswered is what factor(s) of the pancreatic cancer
TME might be causing TIL to move to certain cell states or might be responsible for the
overall composition of TIL. One factor that could have a role is malignant progression
from intraductal papillary mucinous neoplasm (IPMN) precursor lesions to PDAC. It was
previously reported that as lesions progress from IPMN to PDAC, there is a reduction in
cytotoxic CD8* TIL and CD69* CD4* TIL(58). Likewise, the same trend was observed

for the conventional dendritic cell (cDC) subset cDC2 which is a critical mediator of
tumor antigen cross-presentation, an important process in the activation of CD8* and CD4*
TIL(58). Because of the use of scRNA-seq on CD3* TIL, we were still able to detect both
a cytotoxic CD8* TIL cell state (CD8-GZMB/PRF1) and an activated CD4* TIL cell state
(CD4-CXCR4) in our study, although with the limitation of not being able to follow their
presence through the tumor progression.
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Transforming growth factor beta (TGFp) is a well-known factor with pleiotropic effects that
is found at high levels in PDAC and is responsible for not only PDAC progression at late
stage but can affect immune cell phenotype, which in turn can affect the progression(59).
TGFB is responsible for suppressing cytotoxic CD8* and activated CD4* T cells, either
directly or indirectly through suppression of cDC2. TGFp is also partly responsible for the
accumulation of Tregs and myeloid-derived suppressor cells in PDAC, which the latter are
responsible for cancer progression(60). While the focus of our study was not to characterize
the myeloid compartment, we did observe a strong signature for activated Tregs which
appeared to be natural Tregs based on their lack of TCR sharing with other cell states and
position on the pseudotime trajectory.

TGFB is also a known factor for the development of Tr, @ population which closely
matches with our CD8-ZNF683 cell state (54). In our study, this cell state and the CD8-
CXCRG6/ILTR cell state appear to be linked based on the pseudotime trajectory, their
transcriptome, and TCR overlap. In fact, it has been reported in the literature that a CXCR6™"
precursor cell can transition to a Trp, phenotype after being activated(61). The occurrence of
this transition is supported here in this study by the observation that the CD8-ZNF683 cell
state is more clonally expanded than the CD8-CXCRG6/IL7R one. Perhaps some of the TIL
that comprise the CD8-CXCRG6/IL7R cell state were activated, expanded and transitioned to
the CD8-ZNF683 cell state. In contrast, the connection between the CD8-ZNF683 and the
CDB8-GZMK cell states that is suggested by the pseudotime and the shared TCRs is less
clear. The relationship raises the question of could the CD8-ZNF683 cells be transitioning
to the CD8-GZMK state, which is postulated to be a pre-dysfunctional state, after repeated
antigen challenge (62).

Checkpoint blockade immunotherapy is a method that has been successful in altering

the TME in some malignancies, but the benefit of this immunotherapy has not yet been
demonstrated in PDAC patients. As a potential alternative approach, previous work by our
group focused on developing ACT using PDAC TIL showed it is feasible to generate

large amounts of tumor-reactive CD8* TIL from primary and metastatic tumors(38).

The TCR scRNA-seq data presented here show that the culture process expands high-
frequency clones from potentially important CD8* TIL cell states such as CD8-GZMK,
CDB8-ZNF683, CD8-CXCL13, and CD8-GZMB/PRF1 while avoiding the detrimental CD4-
FOXP3 Tregs. Clonotypes from the CD8-GZMK and CD8-ZNF683 cell states expanded
favorably (frequency in situ < frequency ex vivo) during culture, and exploration of these
cell states following adoptive transfer may be of interest due to their memory status and
proliferative potential. Recently, ScRNA-seq analysis by Lu ef a/. found that ZNF683 was
associated with improved TIL persistence after adoptive transfer in a patient with metastatic
colorectal cancer(63). Furthermore, if CD8-ZNF683 is truly a Trp-like population, then

it may have improved tissue-homing properties as previously reported for this type of T-
cell(64). In contrast, clonotypes from the CD8-CXCL13 cell state did not expand favorably
(frequency /n situ > frequency ex vivo). Given the fact this population is reported to contain
tumor-antigen reactive TIL, and therefore has therapeutic value, expansion techniques will
need to be modified to take this into account as even the engagement of a powerful
costimulatory molecule like 4-1BB used in this study did not optimally expand it.
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Ultimately, regardless of the /n situ cell states, the grown product consisted of several
activated cell states with the largest cell state being the G1-CD8-CD27 cluster. This overall
state of activation could be attributed in part to the controlled activation environment
provided by the /n vitro expansion using the TIL 3.0 method. Finally, our TIL culture
process also expanded a population of y&* T cells that were present at low frequency in the
fresh tissue. Although the culture process was designed to favor CD8* af T cell expansion
by using an agonistic 4-1BB antibody, y&6* T cells can also express 4-1BB and respond to
this stimulation. Even so, y&* T cells have anti-tumor potential, and thus their presence may
add to the effectiveness of the TIL product(65).

In conclusion, this study defines the TIL cell states in PDAC patients, their inferred
differentiation trajectory /n situ, and their fate during ex vivo TIL culture for application

in TIL ACT. Although the observations presented here are consistent with other cancer
types, it is important to note that the conclusions presented here are based on a snapshot of
a dynamic process. Future studies in the context of immunotherapy-treated PDAC patients
with longitudinal combined transcriptomic and T-cell repertoire analysis will be needed to
better understand the TIL cell states presented here and their clinical significance for this
difficult cancer type. Finally, we expect that the granular knowledge gained from these
data will help inform future T-cell targeted therapeutic strategies as well as manufacturing
processes for TIL-based strategies.

Patient sample accrual

After providing written informed consent, 33 patients with primary pancreatic ductal
adenocarcinoma underwent surgical resection (Supplementary Table S2). Patients are
referred to by their de-identified number. Tissue from surgical resections was used under
protocols (PA 15-0176 and PA17-0793) approved by the Institutional Review Board of The
University of Texas MD Anderson Cancer Center. This study was conducted in accordance
with the Declaration of Helsinki. For the MDA1 and MDA2 data sets, tissue from normal
pancreas is referred to as “uninvolved” because it came from PDAC patients. For the
PUMCH data set, tissue from control pancreases is referred to as “normal” because it came
from patients without malignant pancreatic tumors.

Sample preparation for sequencing

MDA1 cohort: Fresh tumor samples were cut into 1-3 mm?3 fragments and disaggregated
using a Medimachine (BD Biosciences, Franklin Lakes, NJ) to create a single-cell
suspension in 1x PBS according to manufacturer’s instructions. After disaggregation, CD3*
T cells were isolated for sequencing via magnetic bead separation using the EasySep
Release Human CD3 Positive Selection Kit (StemCell Technologies, Vancouver, Canada)
according to the manufacturer’s instructions. The enriched cell suspension was collected in
1x PBS containing 2% FBS and 1mM EDTA, enumerated using an automatic cell counter,
and sent for oil immersion on the 10X platform. For cultured TIL, previously cryopreserved
samples were thawed in warm TIL-CM, washed with 1x PBS, and resuspended at 1x10°
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cells/mL in 1% bovine serum albumin in 1x PBS before being sent for oil immersion on the
10X platform.

MDAZ2 cohort: PDAC tumors were washed with sterile PBS and minced with sterile
scalpels in human wash media (DMEM/F12, 0.01M HEPES, 1X GlutaMAX supplement,
10% FBS) until tumor fragments were <1Imm3. Tissue suspensions were centrifuged, the
supernatant removed and resuspended in dissociation buffer (collagenase 11 [5mg/ml],
dispase [1mg/ml] in human wash media). The samples were placed on a rotation plate in a
37°C incubator for 45 minutes. The single cell solution was then centrifuged and filtered.
Single cells were collected as a pellet following centrifugation of the flow-through and
resuspended in warm resuspension buffer (1% bovine serum albumin in 1X PBS). Cells
were enumerated using a hemocytometer and sent for oil immersion on the 10X platform.

Single-cell RNA/TCR sequencing

Single-cell capture and library construction was performed with the 10x Genomics
Chromium Single Cell 5’ kits v.1.0 (product codes 1000014, 1000020, and 1000151)
with TCR enrichment (1000005) for cohort MDA1 and 3’ V.2 kits (product codes120237,
120236, 120262) for MDAZ2, according to the manufacturer’s instructions. Briefly, cells
were loaded into the Chromium Single Cell Chip A for a recovery target of 10,000 cells.
Reverse transcription was performed on a BioRad T100 thermal cycler, and the barcoded
cDNA was purified with Dynabeads (Thermo Fisher Scientific, 37002D) prior to 14 cycles
of cDNA amplification. Of this transcriptome cDNA, 2 uL was used for TCR enrichment
and subsequent TCR library construction in the MDAL cohort. Per the manufacturer’s
protocol, up to 50 ng (or 20 pL) of transcriptome cDNA was used for single-cell library
construction. Transcriptome libraries were sequenced on a HiSeq 400 (Read 1, 26 cycles;
Index 1, 8 cycles; Read 2, 91 cycles), and TCR libraries were pooled and sequenced 150
cycles paired-end on a MiSeq (Illumina). For transcriptome libraries, median sequencing
depth for each sample was targeted for a median of 30,000 reads/cell; for TCR libraries,
1,000 reads/cell. Read counts can be found in Supplementary Table S3.

Single-cell data processing and filtering

The 10x Genomics Cell Ranger pipeline (v. 3.1.0) was used to demultiplex and generate
unique molecular identifier (UMI) matrices for all samples in the MDA cohort. UMI
matrices for the MDA2 and PUMCH cohorts were also generated from the provided FASTQ
files using this version of the Cell Ranger pipeline. The UMI data were then processed in R
(v.3.5.3) using the Seurat package (V.3). Cells with more than 6000 genes (doublet removal),
fewer than 200 genes, greater than 20% UMI in mitochondrial genes, or a UMI:gene ratio
greater than 10 or less than 1.3 were filtered. To filter out non—T cells from the data sets,

all samples were combined, the top 5000 variable genes were reduced to 50 top principal
components and clustered using Seurat’s SNN clustering function. Clusters with significant
average expression (Wilcoxon test) of CD3genes (i.e., T cells) were then extracted for
further analysis. This gene selection, principal component analysis, and clustering step was
performed once more to further remove clusters not expressing CD3 genes.
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Cohort data integration and dimension reduction

To account for library chemistry, and other possible unknown differences between cohorts,
the T cells were integrated employing the methods as described in https://satijalab.org/
seurat/v3.0/integration.html. Briefly, the top 5000 variable features were selected with
TCR variable genes (“"TR[ABGD][VDJ]”) excluded. These genes were used to compute
20 “anchors” with the FindIntegrationAnchors function, and subsequently “integrated” by
cohort with IntegrateData to produce a batch-corrected data set. The first 30 principal
components of the integrated expression data were used for subsequent UMAP embedding.

CD4/CDS8 classification, clustering, and marker identification

T cells with detectable expression of either CD4 or CD8 genes were assigned to their
respective clusters. The first 30 principal components (excluding these genes) from a
randomly selected training set of 75% of these cells were used to train a random forest
classifier (RandomForest package in R) for CD4* vs. CD8" T cells. The remaining 25%
were used as a validation set. This classifier was then used to classify T cells with no
detectible CD4 or CD8expression (likely due to gene dropout) as either CD4* or CD8*

T cells and then further clustered separately. After CD4/CD8 classification and separation,
the top 3000 variable features were re-selected for each group and principal components
were computed. The top 30 principal components were used to perform clustering with
Seurat’s FindNeighbors and FindClusters functions. Top marker genes for each cluster were
identified with Seurat’s FindAllMarkers function, and P values were determined by the
Wilcoxon test (Supplementary Tables S4 and S5).

RNA Scope materials and methods

We performed RNAscope on 5uM FFPE sections of PDAC and adjacent, uninvolved
pancreas tissue using the ACD RNAscope Multiplex Fluorescent kit v2 and 4-Plex ancillary
kit (CAT NO: 323100, CAT NO: 323120). Slides were prepared as described in the kit’s
user guide (Doc. No. 323100-USM), briefly they were baked at 60°C for 1 hour in an

ACD HybEZ Il oven (PN 321710/321720) and then deparaphanized in xylenes and 100%
ethanol. Exogenous peroxides were blocked for 10 minutes, using the provided hydrigen
peroxide and target retrieval was performed for 10 minutes in the provided retrieval buffer
in a 5.5gt Hamilton Beach digital steamer (MODEL: 37530Z). A hydrophobic barrier was
applied around the tissue sections, and they were treated with RNAscope protease plus for
30 minutes and washed in water. Probes sets were then applied, and the slides were probed
for 2 hrs before washing (5 minutes x2) in the kit’s wash buffer and storage overnight

in 5X SSC buffer. Hybridization Amplication, and 4 rounds of HRP development, Opal
Dye conjugation, and blocking was performed per the Kit’s instructions, washing twice,

for 5 minutes with agitation in the provided wash buffer after each step. Slides were then
stained with DAPI, washed in PBS, mounted in Invitrogen Prolong Diamond Antifade (Cat.
P36965) and dried overnight in the dark. Imaging was performed on a Nikon Eclipse Ti2E
microscope (PN MEA54000) using the NIS Elements AR 5.30.05 software as recommended
by the manufacturer.

For samples with T cells detected on the initial screen, further sections were then stained for
T-cell subpopulations with the following 8 panels: Panel 1 (CD4, CXCR4, CCRY7, IFIT1);
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Panel 2 (CD4, CXCR4, FOXP3, CXCL13); Panel 3 (CD8A, CD4, GZMK, ZNF683);
Panel 4 (CD8A, CXCR6, ZNF683, IL7R); Panel 5 (CD8A, GZMK, CXCL13, PRF1);
Panel 6 (CD8A, CXCR6, CCRY7, IL7R); Panel 7 (CD8A, GZMK, IFIT1, CXCL13);
Tumor Panel (KRT19/MUC1, CD3E/CD3D/CD3G, CD8A, CD4). The panels were
composed of the following probes from ACDBIo: Hs-CD3-pool-C2 (426621-C2), Hs-CD4
(605601), Hs-CD4-C4 (605601-C4), Hs-CXCR4-C3 (310511-C3), Hs-CCR7-C2 (410721-
C2), Hs-IFIT1 (415551), Hs-CXCL13-C4 (311321-C4), Hs-PRF1 (407381), Hs-GZMK
(475901), Hs-GZMK-C2 (475901-C2), Hs-CXCR6 (468461), Hs-IL7R-C4 (408841-C4),
Hs-ZNF683-C2 (586921-C2), Hs-MUC1 (310391), and Hs-KRT19 (310221). The probes
were visualized using the following OPAL dye fluorophores from Akoya Biosciences: Opal
520 (FP1487001KT), filter: FITC, color: green, dilution 1:500; Opal 570 (FP1488001KT),
filter: Cy3, color: cyan, dilution 1:750; Opal 620 (cat: FP1495001KT), filter: Texas Red,
color: red, dilution 1:750; Opal 690 (FP1497001KT), filter: Cy5, color: white, dilution
1:750.

PBMC processing and clustering

Pseudotime

Publicly available Single cell RNAseq data from PBMC s from healthy and PDAC patients
were obtained from 10X genomics [10K PBMCs from Healthy Donor (v3, 28x91), Single
Cell Immune Profiling Dataset by Cell Ranger 3.0.0, 10x Genomics, (2018, November
19th)] and Steele et al(41). The data was filtered and processed as described previously in
the manuscript for the other single cell dataset. The T cells were then integrated by cohort
(10X PBMCs, Steele-Healthy PBMCs, Steele-PDAC PBMCs) and clustered separately by
CD4 and CD8 T cells as described for the other datasets in the manuscript. The top 20
cluster marking genes by p-value (Wilcox test) were used to compare to the similarly
selected top marker genes from the tissue T cells.

trajectory analysis

Pseudotime analysis was performed on cells in the CD4 and CD8 populations

separately using Monocle 3 (version 0.2.2.0; https://github.com/cole-trapnell-lab/monocle3).
Expression data were UMAP embedded using the Monocle function “reduce_dimension”
with the default parameters. The trajectory graph was inferred with the function
“learn_graph” with the minimal branch length set to 15 and close_loop = FALSE. The

CD4 and the CD8 trajectories were rooted in the clusters CD4-CCR7 and CD8-CCR7/IL7R,
respectively.

Spearman Correlation of Cluster Frequencies

For all tumor samples with at least 50 T cells, cluster fractions were calculated by dividing
the number of cells in a cluster by the total number of T cells in the sample. For each
cluster, the cluster fractions across samples were then pairwise spearman correlated to all
other cluster fractions using the cor() function in R. The spearman’s Rho value obtained
where then hierarchically clustered with Ward.D2 linkage for the graph and tested for

being significantly different from 0 using a t-test. P-values were corrected by the Benjamini-
Hotchberg method for multiple testing.
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TCR analysis and clonotype re-assignment

TCR calls on the single-cell TCR sequencing data were performed with the “cellranger vdj”
function of the Cell Ranger software suite (v.3.1.0). Cells with only a TCR alpha or beta
chain detectable whose TCR nucleotide sequence exactly matched that of another clonotype
with both the alpha and beta chain detectable were re-assigned to that clonotype. Clonotype
data was then attached to single cell metadata by exact matches in cell barcodes within a
sample.

Visualizing TCR overlap between transcriptomic clusters using Circos plots and Upset

plots

TCR Circos plots were created with code adapted from: https://github.com/aislyn/
TCR_circos. For each clonotype (defined by unique CDR3 nucleotide sequence), the median
expression was calculated across cells, and then hierarchically clustered using Euclidean
distance between the medoids and ward.d2 linkage (using hclust function in R). The
hierarchal graph is shown at the center of the plot with each leaf/spoke representing one
clonotype. For each clonotype, the fraction of cells in that clonotype coming from each
patient, and each cluster was calculated and plotted as the inner and outer solid rings,
respectively. Finally, the number of cells detected in each clonotype was plotted on the
outermost ring of the plot.

For the Upset plots, the number of TCRs existing in a single or multiple states was
quantified by filtering for clonotypes with at least 2 cells detected (such that overlap was
possible), and then the clonotype was classified by overlap state (e.g., CD8-GZMK only,
CDB8-ZNF683/CD8-CXCR6/IL7R overlap, etc.). The number of clonotypes observed in each
overlapping state was then counted and plotted using the upsetR package in R. In order to
quantify whether an overlap state existed more or less frequently than expected by chance
(because high frequency clonotypes have more chances to overlap between states by chance
than lower frequency ones), we performed a permutation test for our overlap counts by
performing the same computation on permutated clonotypes and expression states within
patients 1000 times.

TCR Repertoire Analysis

For each patient and cluster with at least 5 clonotypes present in the cluster, the number

of cells in the clonotype were tallied and the following indexes were calculated as follows:
chaol species richness (computed with the Chaol function from the “fossil’ package in

R), Gini coefficient (computed with the Gini function from the ‘DescTools’ package in R),
Diversity Evenness 50 (DE50) was the (frequency-ordered) number of clonotypes necessary
to account for 50% of cells divided by the total number of clonotypes. Simpson’s Index
was calculated as the sum of the clonotype fractions squared, Shannon Diversity Index was
calculated as the negative sum of the clonotype fractions multiplied by their natural log,
Pielou’s Evenness was calculated as the Shannon Index divided by the natural log of the
number of clonotypes.
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Expansion of TIL from tumor samples

Fresh tumor samples were cut into 1-3 mm3 fragments, and five fragments were placed

in G-Rex10 flasks (Wilson Wolf, Saint Paul, MN) containing 20 mL of TIL culture

media (TIL-CM: RPMI-1640 with GlutaMAX [Gibco/Invitrogen], 1x Pen-Strep [Gibco/
Invitrogen], 50 uM 2-mercaptoethanol [Gibco/Invitrogen], 20 ug/mL gentamicin [Gibco/
Invitrogen], and 1 mM sodium pyruvate [Gibco/Invitrogen]) with 6000 1U/mL IL-2, 10
pg/mL 4-1BB mAb, and 30 ng/mL anti-CD3 (OKT3) as previously described(49). Four to
five days after culture initiation, 20 mL of additional TIL-CM with 6000 IU/mL IL-2 was
added for a total volume of 40 mL. Half-media changes were done every 3—4 days with fresh
TIL-CM containing 6000 IU/mL IL-2 for up to 35 days or until the cells formed a thick
layer completely covering the bottom of the flask. The cell suspensions were collected and
cryopreserved in FBS plus 10% DMSO.

TIL culture reagents

A purified, human 1gG4 monoclonal antibody (mAb) against human CD137/4-1BB,
Urelumab (663513), was kindly provided by Bristol-Myers Squibb (New York, NY). Human
recombinant interleukin-2 (IL-2) (Proleukin) was generously provided by Prometheus
Therapeutics & Diagnostics (San Diego, CA). GMP-grade soluble anti-CD3 antibody
(OKT3 clone) was obtained from Miltenyi Biotec (Bergisch Gladbach, Germany).

Re-assignment in cycling cultured cells

Due to the (intentional) highly proliferating state of the cultured T-cell samples, a large
fraction of the T cells formed a cluster of cycling cells. Non-cycling cell clusters were used
to train a random forest classifier (similar to CD4/CD8 classification in the fresh T cells),
which was used to re-classify cycling cells to the most similar non-cycling cluster.

Data Availability

The data generated in this study are publicly available on Sequence Read Archive (SRA)
under BioProject ID PRINA806978

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance:

To improve the efficacy of immunotherapy in PDAC, there is a great need to
understand the PDAC TIL landscape. This study represents a reference of PDAC TIL
sub-populations and their relationships, and provides a foundation upon which to base
future immunotherapeutic efforts.
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Figure 1. Clustering and differential gene expression analysis of pancreatic ductal
adenocarcinoma (PDAC) tumor-infiltrating lymphocytes (TIL).

(A) Scheme of overall study in which TIL from three cohorts (two internal and one
previously published) from PDAC and uninvolved/normal tissue underwent single-cell

RNA sequencing analysis, and the data generated were used for transcriptomic and TCR
sequencing analyses. (B) The uniform manifold approximation and projection (UMAP)
projection of 39,694 single T cells from 57 PDAC samples and 22 uninvolved samples,
showing seven CD8* and five CD4* cell state populations identified by shared nearest
neighbor clustering. Each dot is a single cell and is colored according to transcriptomic state.
(C) Top differentially expressed transcription factors for CD8* and CD4* TIL. Expression
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is marked by appearance of a circle, where greater the size indicates a greater percentage

of cells express this gene and a color gradient that indicates higher level of expression as

it moves from light gray to black. (D) A breakdown of the cell states within each patient
sample is shown, where the samples are ordered by hierarchical tree. The fraction of T cells
within each transcriptomic cell state is indicated by the size of the colored segments of each
horizontal bar. Each horizontal bar represents an individual patient sample. Starting from the
right side of the graph to the left side, the cohort, the tissue type, and cell state for each
sample are indicated by colored squares. (E) Comparison of T-cell state frequencies between
matched tumor and uninvolved samples (h=10). Only Pvalues < 0.05 are displayed and
were generated using a paired Wilcoxon statistical test, but no significant correlation was
maintained after P value correction for multiple-testing.
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Figure 2. Relationship between pancreatic ductal adenocarcinoma (PDAC) tumor-infiltrating
lymphocyte (TIL) cell statesinferred from pseudotime analysis and correlation of co-occurrence.

Monocle 3 pseudotime trajectory inference analysis for (A) CD8* TIL and (B) CD4* TIL.
The thickness of the connecting lines is weighted based on the density of cells at that

node, which is proportional to the amount of support for the trajectory. Each dot is a single
cell and cell states are colored by transcriptional cell state. The same pseudotime plots are
presented for (C) CD8* TIL and (D) CD4* TIL, again with the connecting lines weighted by
cell density, but now colored by whether that cell came from a tumor sample or uninvolved/
normal sample. (E) The degree and significance to which cell states co-occur with each
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other was computed using Spearman correlation. The matrix pits each cell state against
every other transcriptomic state. Red squares indicate positive correlation, blue squares
indicate negative correlation, and asterisks denote statistical significance (P < 0.05).
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Figure 3. Features of multi-cohort data set are retained within subset of samples used to model

theoriginal data set.

(A) The degree to which the top genes in the tumor-infiltrating lymphocyte (TIL) cell states
in the full data set (MDA1, MDA2, and PUMCH) overlap with the those in the MDA data
set are visualized in a gene overlap matrix. Blue indicates a high degree of overlap, and
beige indicates a low degree. Each cell-state has at least 70% of the top (P < 0.05 and fold
change = 0.2) genes overlapping, except for CD4-CXCL13, which was hardly detected in
the MDAL1 data set. (B-E) The seven-sample MDA data set is represented using uniform
manifold approximation and projection (UMAP) plots. The (B) CD8" TIL and (C) CD4"*
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TIL states are labeled and colored using the same scheme as the larger data set, showing that
co-localization of the original cell states is maintained. Colored ovals are used to indicate the
position of each cell state. (D) and (E) represent the same UMAP plot for CD8 and CD4,
respectively, but now colored by patient sample. The same colored ovals from (B) and (C)
are used to indicate in which cell states each patient falls.
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Figure 4. Single-cell T-cell receptor (TCR) sequencing reveals certain T-cell clonotypesare
shared among multipletranscriptional cell states.

Circos plots are used for (A) CD8" tumor-infiltrating lymphocytes (TIL) and (B) CD4*
TIL in order to combine the TCR sequencing data with the transcriptomic data. The outer
ring constituted of gray bar graphs indicates TCR frequency, where each bar represents one
TIL clonotype found in the tumor of a patient. The adjacent, middle ring is colored by

the assigned transcriptomic states, where the corresponding TIL clonotype is found for that
particular patient sample. When a clonotype is found in multiple transcriptomic cell states,
the bar in the middle ring is comprised of several, smaller colored segments. Finally, the
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inner ring is colored by patient sample. Hence, one patient sample can encompass multiple
clonotypes. (C) Trapezoidal segments of the CD8 Circos plot were selected and enlarged to
show the detail of cell state sharing found in expanded clones, which is in contrast to that of
the unexpanded clones. Upset plots for (D) CD8* TIL and (E) CD4* TIL show the degree to
which TCR clones are shared between multiple cell states. The vertical, black bars indicate
the number of times an intersection is detected. Underneath each bar, the cell states in which
at least one expanded clonotype (>2 cells) is detected are symbolized by a solid, black circle.
If clones are present in multiple cell states, a line is drawn between those states. If there is no
sharing, only a single black dot is shown. The horizontal bars are colored by transcriptomic
cell states and indicate the number of TCR clones per cell state.
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Figure 5. CD8" tumor-infiltrating lymphocytes (TIL) show a greater degree of oligoclonality
than CD4" TIL.

(A-B) The Gini index (left panel), Chao 1 index (middle pannel), and Shannon diversity
index (right panel) were applied to measure clonal evenness and diversity within (A) the
bulk CD4 and CD8 TIL for each patient and (B) for each cell state within the CD8 and CD4
populations for each patient. The p-values for the bulk comparisons in (A) were obtained
following a paired Wilcox analysis. Only those samples with =5 cells detected for a cell state
are displayed. (C) Pie charts showing the fraction of clonally expanded clonotypes per cell
state along the top and broken down by patient underneath. The colors indicate how many
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times that clonotype was detected (i.e., the number of TIL with that TCR), where blue = 1,
orange =2 <N <5, red =5 < N < 10, and gray = 10. Missing pie charts indicate that the cell
state was not detected in that patient sample.
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Figure 6. Transcriptomic and T-cell receptor (TCR) sequencing of cultured tumor-infiltrating
lymphocytes (T1L) shows preferential expansion of specific TIL states.

(A) From the same samples that make up the MDA1 data set, tissue was also used to
generate TIL. The scheme is shown, in which TIL grown from these samples were sent for
single-cell RNA sequencing to generate transcriptomic and TCR analyses. (B) The uniform
manifold approximation and projection (UMAP) projection of 40,605 single T cells from six
pancreatic ductal adenocarcinoma (PDAC) TIL cultures, showing five CD8, one CD4, and
one & T-cell cell states. Each dot is a single cell and is colored according to transcriptomic
state. (C) Top differentially expressed genes for each cell state are shown. Expression is
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marked by a circle, where greater size indicates a greater percentage of cells expressing
this gene and the color gradient indicates a higher level of expression as it moves from
blue to red. (D) Sankey plot visualization shows the transcriptomic cell state in which the
TCR initially started in the tissue and where it finished in the culture (fresh tissue on left
and grown TIL on right). Clonotypes are classified by the cell state the majority of that
clonotype is found. For each sample/graph, two plots are shown with the upper row of
graphs showing all clones detected in the fresh tissue and the bottom row showing only
those clones detected in both the fresh tissue and grown TIL. Total number of clones

are shown in parentheses. Scatter plot for (E) CD8* TIL and (F) CD4* TIL comparing
the relative frequency of T-cell clones in the fresh pancreatic ductal adenocarcinoma
(PDAC) tissue versus the grown TIL. Each dot is a single clonotype and is colored by
the transcriptomic state from the fresh TIL. Clonotypes that were not detected in both the
fresh tissue and grown culture are colored gray. The diagonal line indicates a 1:1 relative
frequency, where clones above the line are found at greater relative frequency in the grown
than in the fresh tissue and vice versa.
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Fig. 7. Model summary of pancreatic ductal adenocarcinoma (PDAC) tumor-infiltrating
lymphocyte (TIL) statesinitially in patient-tissue samples and following in vitro cell culture.
Based on data presented in this paper, this model depicts the TIL differentiation states in
PDAC and the suggested transitional relationship between them in the tumor (left side) and

following cell culture (right side).
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