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ABSTRACT ARTICLE HISTORY

Purpose: The devastating prognosis of patients with resectable pancreatic ductal adenocarcinoma (PDA)
presents an urgent need for the development of therapeutic strategies targeting disseminated tumor
cells. Until now, T-cell therapy has been scarcely pursued in PDA, due to the prevailing view that it
represents a poorly immunogenic tumor. Experimental design: We systematically analyzed T-cell infiltrates
in tumor biopsies from 127 patients with resectable PDA by means of immunohistochemistry, flow
cytometry, T-cell receptor (TCR) deep-sequencing and functional analysis of in vitro expanded T-cell
cultures. Parallel studies were performed on tumor-infiltrating lymphocytes (TIL) from 44 patients with
metastatic melanoma.

Results: Prominent T-cell infiltrates, as well as tertiary lymphoid structures harboring proliferating T-cells,
were detected in the vast majority of biopsies from PDA patients. The notion that the tumor is a site of
local T-cell expansion was strengthened by TCR deep-sequencing, revealing that the T-cell repertoire in
the tumor is dominated by highly frequent CDR3 sequences that can be up to 10,000-fold enriched in
tumor as compared to peripheral blood. In fact, TCR repertoire composition in PDA resembled that in
melanoma. Moreover, in vitro expansion of TILs was equally efficient for PDA and melanoma, resulting in
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T-cell cultures displaying HLA class I-restricted reactivity against autologous tumor cells.

Conclusions: The tumor-infiltrating T-cell response in PDA shows striking similarity to that in melanoma,
where adoptive T-cell therapy has significant therapeutic impact. Our findings indicate that T-cell-based
therapies may be used to counter disease recurrence in patients with resectable PDA.

Introduction

Over the past 5 y, cancer immunotherapy has come of age with
the FDA approval of checkpoint inhibitor antibodies targeting
the T-cell inhibitory receptors CTLA-4 and PD-1, supported
by striking clinical results in melanoma and lung cancer."?
Nevertheless, unleashing antitumor T-cell immunity by block-
ing negative signals does not succeed in all cancer types, sug-
gesting that alternative approaches are still needed.

One example in this respect is pancreatic ductal adenocarci-
noma (PDA), the most common type of pancreatic cancer. At
time of diagnosis, approximately 80% of patients are deemed
non-resectable due to local tumor spread and/or the detection
of macroscopically visible metastases.” In spite of recently
improved chemotherapeutic regimens, e.g., involving Nab-Pac-
litaxel or FOLFIRINOX, the median overall survival time of

these patients is a mere 9-11 mo.* Approximately 20-30% of
patients diagnosed with PDA have a better prognosis, because
their tumor is primary resectable, or secondary resectable after
neo-adjuvant chemo/chemo-radiotherapy. Nevertheless, the
median survival of these patients is still only 20-24 mo, due to
the high recurrence rate, amounting to 70% within 2 y.>*
Unfortunately, initial trials with checkpoint inhibitors, in
particular PD-1-blocking antibodies, did not show a prom-
ising outcome in PDA patients, in spite of evidence that
these tumors express significant levels of PD-L1.*” This has
strengthened the longstanding notion that PDA is a poorly
immunogenic, “cold” tumor. Approaches to elicit antitumor
immunity in PDA by means of vaccination or agonist anti-
CD40 immunostimulatory antibodies appear to be more
successful.®'" Even though these clinical trials have not yet
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shown striking clinical impact, it is evident from these stud-
ies that, amidst the hostile microenvironment of pancreatic
tumors, T-cells are present that could be mobilized when
stimulated properly.

Being confronted with the devastating recurrence rate of
PDA patients '* and based on our experience in charting the T-
cell response in “more immunogenic” tumors like melanoma,
colorectal cancer and HPV16™ cervical cancer,’> ! we set off to
systematically analyze the T-cell infiltrate in biopsies from pri-
mary PDA tumors, using tumor-infiltrating lymphocytes
(TILs) from metastatic melanoma as our benchmark. Interest-
ingly, we found that most PDA tumors actually contain signifi-
cant numbers of T-cells and, along with that, tertiary lymphoid
structures in which clonal T-cell expansion takes place. Further
phenotypic and functional analysis of these TILs revealed strik-
ing similarities with T-cells isolated from melanoma. Taken
together, our data indicate that adoptive T-cell therapy using
T-cells or tumor-reactive T-cell receptors (TCRs) obtained
from the primary tumor may be used to combat disease recur-
rence in patients with primary resectable PDA.

Materials and methods
Patients

127 patients with resected PDA were analyzed. Details on this
patient population are summarized in Table S1. 44 patients
with metastatic melanoma served as controls for studies on the
in vitro expansion of TIL.

Freshly resectable tumor tissue and blood samples from
PDA and melanoma patients were obtained via the European
Pancreas Center and the Dermatology Department of
Heidelberg University Hospital.

While we aim to obtain TILs, xenografts, tumor cell lines, as
well as immunohistochemistry and TCR-, exome- and RNA
sequencing data for every patient, this is not always feasible, in
particular due to limited amounts of primary tumor material
and/or failure of xenograft/cell line or TIL outgrowth. For
details on sample handling and the generation of xenografts
and cell lines see Supplemental Methods. Numbers of samples
tested are indicated for all experiments shown.

Informed written consent was obtained from all participants
before sample collection. The study was approved by the local
ethics committee and conducted in accordance with the decla-
ration of Helsinki.

In vitro expansion of tumor-infiltrating lymphocytes (TILs)

TIL cultures were established following the “young-TIL” proto-
col'® with minor modifications. Briefly, fresh tumor samples
were minced into pieces of approximately 1 mm® and placed at
one piece per well in 24-well culture plates containing X-Vivo
15 medium, supplemented with 2% HSA, 1% Pen-Strep, 20 g/
mL Gentamycine, 2.5 ug/mL Fungizone and 6,000 IU/mL IL-2
(Proleukin, Novartis Pharma, Niirnberg, Germany). After 24 h,
half of the medium was replaced with fresh, IL-2-containing
medium. Plates were visually monitored every few days and
cells were split at approximately 80% confluence. On day 14 of
culture all wells containing expanding cells were harvested,

pooled, analyzed and a sample of cells was subjected to a rapid
expansion protocol: 0.1 x 10° pre-expanded TILs were added
to 3 x 107 million feeder cells, consisting of peripheral blood
mononuclear cells (PBMC) from three different donors, irradi-
ated at 40 Gy. Cultures were set up in standing T25 flasks in
25 mL of X-Vivo 15 medium supplemented with 2% human
AB-serum (Sigma-Aldrich, St. Louis, USA), 1% PenStrep and
30 ng/mL OKT-3 (eBioscience, San Diego, USA). After 24 h,
300 IU/mL IL-2 were added to the cultures. After 5 d, half the
medium was exchanged for fresh IL-2-containing medium
without OKT-3. After day 5, cultures were split upon visual
inspection and harvested after 2 weeks of culture. Expanded
TILs were analyzed and cryopreserved (in 90% human AB-
Serum + 10% DMSO, using a CoolCell controlled rate freezing
device (BioCision, San Rafael, USA)) for further analysis.

Immunohistochemistry (IHC) and whole slide imaging

Immunohistochemistry was performed on cryosections. Details
on the general staining procedure and antibody-specific proto-
cols are found in Supplemental Methods and Table S2, respec-
tively. Stained tissue sections were visualized using a
computerized image analysis system with a dedicated analysis
software (VIS software suite, Visiopharm, Denmark).'>'”

Prior to image analysis tumor areas were defined by a
pathologist and only samples with >50 % of tumor area were
analyzed. Full tissue sections were analyzed and all evaluable
tumor area on the slide was used for quantification. The num-
ber of positively stained cells per mm?* of tumor was counted.

RNA extraction and T-cell receptor (TCR) sequencing

Cryproserved tumor pieces were thawed, homogenized using a
pestle and total RNA was extracted using the RNeasy Mini Kit
according to the manufacturer’s instructions (Qiagen, Hilden,
Germany).

Blood samples collected in PaxGene tubes or EDTA-tubes
were extracted using Paxgene Blood RNA (Pre AnalytiX
GmbH, Hilden, Germany) and RiboPure RNA Purification Kit
blood (Thermo Fisher Scientific, Waltham, USA), respectively,
according to the manufactures instructions. RNA was quanti-
fied using a Nanodrop 8000 (Thermo Fisher Scientific, Wal-
tham, USA) and/or a Qubit (Life Technologies, Carlsbad USA)
and RNA quality was measured on a Bioanalyzer 2100 (Agilent,
Santa Clara, USA).

For analysis of the TCR repertoire, 250 ng total RNA was
reverse transcribed using a template switch oligo (TSO),
TRAC- and TRBC- gene-specific primers (RT-TRAC, RT-
TRBC), and RevertAid H Minus Reverse Transcriptase
(Thermo Scientific, Waltham, USA) in buffer enriched to
6 mM Mg>*. For primer sequences, please refer to Table S3.
Incubation time was 90 min at 42°C followed by 15 min at
72°C. One-sixth of cDNA was then amplified using PfuUltra
Hotstart DNA Polymerase (Agilent, Santa Clara, USA) with
the PCR program: 2 min at 95°C, 20 cycles of 30 s at 94°C, 30 s
at 68°C and 45 s at 72°C, followed by 6 min at 72°C (primers:
PCRI1-TS, PCR1-TRAC and PCR1-TRBC). PCR products were
purified with beads (Beckman Coulter, Danvers, USA) and
one-third of the purified product was subjected to further



amplification: 2 min at 95°C, 25 cycles of 30 s at 94°C, 30 s at
65°C, 45 s at 72°C, followed by 6 min at 72°C (primers: PCR2-
TS, PCR2-TRAC, PCR2-TRBC1 and PCR2-TRBC2). Final
PCR product was size-selected using gel electrophoresis, puri-
fied with QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany), subjected to library preparation using TruSeq Nano
DNA LT Sample Preparation Kit (Illumina, San Diego, USA)
and sequenced using MiSeq v3 600 cycle Reagent Kit (Illumina,
San Diego, USA). The average sequencing depth was ~10°
reads/sample. TCR sequences were identified within raw data-
sets, translated into amino acids sequences and then divided
into V, CDR3 and ] regions. V and ] genes were then annotated,
sequence counts for individual regions as well as for V-CDR3-]
patterns were calculated, and sequence frequencies were
expressed relative to the number of accepted TCR sequences of
the selected chain type (o or §). The range of unique CDR3
sequences detected for TCR-a was 8,112-33,909 for tumor
samples and 34,696-126,596 for blood samples and for TCR-8
was 10,789-13,307 for tumor and 33,488-94,109 for blood
samples.

Based on the clonal abundance (p;) of all clones with unique
CDR3-8 sequences in each sample, we calculated Shannon’s
entropy (H) as a measure of diversity:

H= =3 pi logapi.

Shannon’s entropy was then normalized by the logarithm of
the number of unique CDR3-8 sequences (N) for the respective
sample (to yield a normalized measure of diversity between zero
and one) and subtracted from one to produce our clonality score:

H

C=1- .
logsN

Flow cytometry

Multiparametric flow cytometry was applied to allow character-
ization of cellular phenotype. Antibody details are provided in
Table S4 and staining procedures are detailed in Supplemental
Methods. Cells were analyzed using a Fortessa flow cytometer
(BD Biosciences, San Jose, CA) and FlowJoX analysis software
(Treestar, Ashland, USA).

Enzyme-linked immunospot (Elispot) assays

Antitumor reactivity of expanded TILs against autologous
tumor cells, passaged in vivo as xenografts or in vitro as cell
lines, was assayed using IFNy Elispot (Mabtech, Nacka Strand,
Sweden). For blocking experiments, tumor targets were pre-
incubated with W6/32 antibody (BioLegend, San Diego, USA).
For details on the experimental procedure, see Supplemental
Methods. A response was considered positive if wells contain-
ing TIL + autologous target had significantly higher spot
counts than control wells containing TILs alone.

Statistical methods

Statistical analysis was performed using Graph Pad Prism
software and SAS software (Release 9.4, SAS-institute, Cary,
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USA). Differences between groups or experimental condi-
tions were determined using parametric two-tailed t-tests
(paired or unpaired, as appropriate). Correlations between
TLS-positive and -negative patients and clinical or patho-
logical findings were analyzed using the Fisher’s exact-test
and the Mann-Whitney-U-test. Survival analysis was per-
formed using the Kaplan-Meyer estimate and the log-rank
test was used to compare survival curves statistically. For
multivariate survival analysis, the Cox proportional hazards
model was used to compute hazard ratios and its 95% con-
fidence interval. Two-sided p-values <0.05 were considered
statistically significant and in the figures are indicated as
*p < 0.05, p < 0.01 and *p < 0.001.

Results

T-cell infiltration and evidence of in situ clonal T-cell
expansion in PDA

PDA tumors are generally characterized by a strong desmoplas-
tic reaction and abundant stroma that can constitute up to 70%
of the tumor mass."®'” Our analyses were therefore performed
on whole sections of tumor tissue by means of a high-resolu-
tion automated microscopy-based procedure that allows accu-
rate enumeration of immune cells in heterogeneous tumors
and in immune cell conglomerates.>'” Representative exam-
ples of our findings are shown in Fig. 1A. While approximately
25% of the tumors (18/72 analyzed) are sparsely infiltrated
with CD3" T-cells (mean number of CD3™ cells <100/mm?),
the majority of samples showed intermediate (100-300 CD3"
cells/mm?; 32/72 = 44% of samples) to high (>300 CD3™ cells/
mm?; 22/72 = 31% of samples) numbers of infiltrating T-cells
(Fig. 1C). The mean number of CD3™ cells/mm® was 276 +
288. The vast desmoplastic parts of PDA tumors were typically
devoid of T-cells (Fig. S1).

The infiltration by major T-cell subtypes (CD8" cytotoxic
and FoxP3™ regulatory T-cells) was examined on serial sections
as shown in Fig. 1B. Staining for CD4" was not included in our
evaluation, because it is known to also detect myeloid cell sub-
sets. The data summary in Fig. 1D shows that CD8" T-cells
and/or FoxP3™ T-cells dominate the T-cell infiltrate in a subset
of tumors, but not in most cases, and thus suggests that CD4™"
responder T-cells represent the major fraction of CD3* T-cells
in PDA samples.

During the evaluation of our tumor sections, we noted that
the majority of samples (78%) contained multiple dense aggre-
gates of lymphocytes that were dispersed throughout the tissue
(exemplified in Fig. 2A). Detailed immunohistochemistry
revealed that these conglomerates displayed all hallmarks of
ectopic, tertiary lymphoid structures (TLS), in particular
T- and B-cell areas with respective co-localization of myeloid
and follicular dendritic cells (DC), as well as presence of high-
endothelial venules (Figs. S2A and B). Because TLS are known
to exert functions similar to secondary lymphoid organs, and
contain professional antigen-presenting cells, we hypothesized
that the TLS found in PDA tumors might be sites of T-cell acti-
vation and proliferation. Concordantly, we observed clusters of
Ki-67 positive cells within TLS, indicative of ongoing cell divi-
sion (Figs. S2C D). In order to substantiate this finding, we also
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Figure 1. Immune infiltration patterns in primary resectable PDA. (A) Representative examples of PDA tumors showing low (left), intermediate (middle) or high (right)
infiltration of CD3™ T-cells; scale bars denote 250 nm; data is representative of 72 patients analyzed. (B) Serial sections of a PDA tumor stained for total CD3™ T-cells
(left), CD8™ cytotoxic T-cells (middle) and FoxP3™ regulatory T-cells (right); scale bars denote 250 um. (C) Proportion of patients (n = 72) displaying low, intermediate or
high CD3™ T-cell infiltration (mean CD3 count/mm? tumor area <100, 100-300 and >300, respectively). (D) Number of CD3", CD8" and FoxP3™ T-cells/mm? tumor area
in PDA patients (n>60 ). Notably, tumor area is defined as the total tumor tissue, including the stromal and fibrotic areas, but excluding surrounding normal pancreatic
tissue and chronically inflamed tissue areas that are not directly associated with the tumor.

stained with selected antibodies specific for individual TCR-
B-chain V-gene families and found that TLS within a single
tumor greatly differed with respect to the numbers of T-cells
expressing a given V. In the example shown in Figs. 2B and C,
VB2-positive T-cells were densely packed in only one of the 15
TLS found in this section, while being more diffusely distrib-
uted both in other TLS and throughout the tumor. Fig. S3
shows further examples of clustered Vp2-positive T-cells in
TLS that are likely the result of local clonal expansion. Similar
results were obtained using antibodies detecting other V8 fami-
lies, although the visualization was more challenging due to
lower usage of most of these V-genes in the total T-cell reper-
toire and/or lesser quality of the primary antibody (data not
shown).

Taken together, our immunohistochemistry data suggests
that the CD3" T-cell infiltration found in many of the PDA

tumor biopsies is not merely a result of the migration of
activated T-cells into the chronically inflamed tumor micro-
environment, but also—at least in part—a consequence of
local clonal T-cell expansion. Evaluation of the immune
infiltrate in the context of post-surgery patient follow-up
revealed a significant association between detection of TLS
in the resected primary tumors and overall survival
(Fig. S4). No correlations of TLS positivity with other clini-
cal or pathological findings were found (Table S1). In line
with this, multivariate Cox-regression analysis confirmed
the presence of TLS as an independent prognostic factor for
prolonged survival (Table S5). Similar analyses on basis of
intra-tumoral CD3", CD8" and FoxP3™ T-cells, as deter-
mined by immunhistochemistry and flow cytometry, did
not result in statistically significant correlations with patient
survival.
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Figure 2. Evidence of clonal expansion in tertiary lymphoid structures (TLS). (A) Example of a tumor biopsy with many TLS as visualized by CD3 staining. (B) VB2-specific
staining on a serial section of the tumor shown in (A). (C) Magnification of three areas of the aforementioned tumor, showing that V82-positive T-cells are not enriched in
TLS other than #1 and are diffusely spread throughout the tumor tissue. Numbers indicate the TLS as denoted in panel (B). Scale bars represent 250 pm. Data shown is

representative of 33 tumors analyzed.

PDA tumors contain highly enriched TCR sequences

We proceeded to systematically compare the TCR repertoire in
tumor and blood of patients by means of TCR deep-sequenc-
ing. Remarkably, in all cases examined, the 10 most frequent
CDR3 sequences in the tumor represent 15-60% of the total
number of CDR3-reads, while this percentage is significantly
lower in blood samples (Fig. 3A). As shown for two representa-
tive PDA patients in Fig. 3B, the largest T-cell clones found in
the tumor take up a major part of the infiltrating T-cell reper-
toire. While abundant CDR3 sequences can also be found in
the blood of certain patients (PDA-060 in Fig. 3B; blue bar),
their frequency is generally much lower than that of the domi-
nant CDR3 sequences found in the tumor (Fig. 3A and PDA-
082 in Fig. 3B). The difference in CDR3 repertoire between
tumor and blood is further highlighted in Fig. 3C, in which the
detected unique CDR3 sequences are ranked on the horizontal
axis on the basis of the number of reads. In essence, these
graphs illustrate that the tumor T-cell repertoire is dominated
by large clones, represented by frequently detected CDR3
sequences. The blood T-cell repertoire, although also contain-
ing larger clones, in addition harbors thousands of small T-cell
clones, represented by CDR3 sequences that are detected at
very low frequencies. This difference in repertoire diversity is
also illustrated by the significantly higher clonality values
observed in the TILs as compared to the blood TCR repertoire
of PDA patients (Fig. 3D).

The enrichment of selected TCRs in the tumor is vividly
illustrated by Fig. 3E, which depicts the relative frequencies in
which the top-10 CDR3 sequences from the tumor are found in
tumor versus blood. Depending on the TCR sequence, this
enrichment can be up to 10,000 fold (mean enrichment ~3,000
fold). A similar analysis of the top-10 CDR3 sequences in the
blood of these patients, in which their relative abundance in
blood vs. tumor was compared, confirmed the notion that the
TCR repertoires in tumor and blood are clearly distinct
(Fig. S5A). Even though large peripheral T-cell clones, most
likely representing pathogen-specific T-cell responses, can be
detected in the tumor, these do not rank highly in the tumor
TCR repertoire. This argues against the possibility that the TIL
TCR-repertoire would primarily represent activated T-cells
that have been drawn into the inflamed tumor microenviron-
ment and/or would be derived from the blood in the tumor
vasculature.

Analysis of the TCR repertoire in tumor and blood sam-
ples from patients with metastatic melanoma resulted in
data highly similar to those obtained in PDA, both with
respect to overall clonal distribution (Fig. S5B) and relative
frequencies of top-10 tumor CDR3 sequences in tumor ver-
sus blood (Fig. 3F, Fig. S5C). Since the existence of a
tumor-reactive TIL repertoire in melanoma has been firmly
established ***' and a prognostic role of the TIL TCR rep-
ertoire has recently been characterized,”>** this resemblance
between melanoma and PDA further supports the existence
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Figure 3. Evidence of highly enriched T-cell clones in PDA and melanoma on basis of TCR deep-sequencing. (A) Sum of the 10 largest clones/unique CDR3 sequences (rel-
ative frequency) identified in tumor (n = 17) and blood samples (n = 7) of PDAC patients by deep-sequencing of TCR-« and -8 chains. (B) Relative frequency of the 10
largest clones (detected by TCR-« and -8 chain sequencing) in tumor (red) and blood (blue) samples of two representative PDA patients versus all remaining clones
(gray), where 100% represents the total number of CDR3 reads as given below the bars. (C) All unique CDR3 sequences detected in tumor (red) or blood (blue) of the
two aforementioned PDA patients sorted according to their frequency within the sample, showing that larger clones (left) dominate in tumor, whereas smaller clones
dominate in the blood (right). (D) Clonality of the TCR-g repertoire in tumor (n = 17) and blood (n = 5) of PDA patients, showing lower TCR diversity in tumor-infiltrating
T-cells. Values can range from 0 (maximum diversity) to 1 (minimal diversity). (E) Size of the 10 largest TCR clones (TCR-« and -8 sequencing) detected in the tumor of
the two aforementioned PDA patients in tumor vs. blood. (E) Size of the 10 largest TCR clones (TCR-« and -8 sequencing) detected in the tumor of two representative
melanoma patients in tumor versus blood (n = 7 tumor and n = 5 blood samples were analyzed).

of an antitumor T-cell response in a majority of patients
with primary resectable PDA.

PDA TiLs display an antigen experienced phenotype

In parallel to our immunohistochemistry and TCR deep-
sequencing efforts, we examined the phenotypes of the TILs
derived from freshly dissociated PDA samples by means of flow
cytometry (Fig. 4, see Fig. S6A for gating strategies). In accor-
dance with the immunohistochemistry data, flow cytometric
analysis revealed a diverse immune infiltrate consisting of lym-
phocytes and myeloid cells (Figs. S6B and C). Furthermore, dis-
crimination between CD4" and CD8" T-cell subsets pointed at
an overall dominance of CD4" over CD8"' cells (Fig. 4A).
Importantly, in the majority of cases, this dominance of CD4"
T-cells does not reflect high levels of CD25*CD127-/lowFoxP™
regulatory T-cells (range 2.4-14.4% of CD4" T-cells; Fig. 4B; see
also immunohistochemistry data in Fig. 1D), suggesting that
most CD4 ™" cells are conventional responder/helper T-cells.

The majority of CD4* and CD8" TILs exhibit a CD45RA-
CCR7- effector memory (Tem) phenotype (Fig. 4C) and low
expression of the homing receptor CD62L (Figs. 4D and E),
which is consistent with their ability to infiltrate tumor tissue.
A large fraction of the T-cells are positive for the inhibitory
receptor PD-1, while considerably smaller fractions co-express

additional inhibitory receptors including CTLA-4, LAG-3 and
TIM-3 (Figs. 4D and E), all markers associated with antigen
encounter as well as T-cell exhaustion.

The phenotype of PDA TILs is very similar to that observed for
melanoma patients (Fig. S7). Of note, melanoma samples show more
balanced CD4" and CD8" T-cell frequencies (compare Fig. 4A and
Fig.S7A)and amore prominentexpression of TIM-3 (Fig. S7E).

Expanded PDA TILs react against autologous tumor cells

The striking similarities between PDA and melanoma TILs
prompted us to perform in vitro TIL expansions with tumor
biopsies from 96 PDA patients using the “young TIL proto-
col” developed by Rosenberg and colleagues.'® Both the suc-
cess rate of establishing TIL cultures (~80%) and the
efficiency of in vitro expansion (mean expansion ~800-fold;
Fig. 5A) were very similar for PDA and melanoma, suggest-
ing that expansion of PDA TILs can be scaled up to clinical
needs for adoptive TIL therapy as currently performed for
melanoma. Monitoring of TIL phenotype during the culture
period revealed that biopsies with diverse levels of T-cell
infiltration consistently produced cultures with high T-cell
content toward the end of the expansion phase (Fig. 5B). In
line with their initial phenotype and the activatory culture
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Figure 4. Phenotype of PDA-infiltrating T-cell subsets. Flow cytometric evaluation of

TiM-3

(A) the frequency of CD4™ and CD8™ TILs (n = 46) (B) the frequency of regulatory T-

cells in CD4™ TILs (n = 14) (C) the distribution of memory cell subsets (naive — CD45RA*/CCR7*; Tecm — CD45RA™CCR7*, Tem — CD45RACCR7~, Temra -

CD45RATCCR7™) within tumor-infiltrating CD4" (left panel) and CD8 (right panel)

T-cells (n = 38). (D-E) Representative flow cytometry data of two primary PDA TIL

isolates (totally > 20 PDA patients were analyzed), showing expression of PD1 on CD4" and CD4~ T-cells (left panel), as well as co-expression patterns of activation and

exhaustion markers on CD4™" (top) and CD8™ (bottom) TlLs.

conditions used, the resulting T-cells predominantly display
an effector memory phenotype (Fig. 5C). Importantly, in
vitro culture appears to revert the exhausted phenotype
observed in freshly isolated TILs, in that PD-1 expression
strongly decreased in the course of the culture period
(Figs. 5D and E).

Whenever sufficient fresh PDA biopsy material was avail-
able, we transplanted histologically validated tumor fragments
into NOD.Cg-Prkdc*™® [12rg"™""7 (NSG) mice with the aim to
establish pairs of TILs and patient-derived xenografts. For the
majority (17 of 20) of currently available matched TIL/tumor
sets, the expanded TILs were found to react to the autologous
tumor cells from freshly dissociated xenografts (Fig. 6). For
PDA-161, where in addition to the xenograft an autologous
tumor cell line was available, the TIL reactivity against both
types of target cells was comparable (Fig. 6E). While autologous
non-tumor cells (e.g., B-cells) were not available as control tar-
gets and the use of non-autologous tumors as controls would
not be meaningful due to the occurrence of allo-reactions, TIL
reactivity could be effectively inhibited by the addition of pan-

HLA class I antibodies in 15 of 17 of responding cultures
(Fig. 6F). This blockade is in line with the expectation that only
the CD8" T-cells should react against the HLA class I-positive,
class II-negative tumor cells. The expanded TILs only occasion-
ally displayed reactivity against the NK-cell target K562
(Fig. 6C), but also in this case antitumor reactivity was effi-
ciently blocked by anti-HLA antibodies, arguing that cytotoxic
T-cell and NK-like activity co-exist in this TIL culture.

Discussion

Our study provides converging evidence for the existence of an
antitumor T-cell response in a majority of patients with pri-
mary resectable PDA. While the detection of significant num-
bers of T-cells with activated phenotype does not suffice as
evidence in this respect, because activated T-cells are capable of
infiltrating inflamed tissues such as tumors in an antigen-inde-
pendent fashion,** our data clearly point at local encounter of
tumor antigens and clonal T-cell expansion in the tumor. One
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Figure 5. In vitro expansion of PDA-infiltrating lymphocytes. (A) Fold expansion of
two-week rapid expansion protocol. (B) Frequency of CD3™ TILs before start of cul

TIL cultures derived from PDA (n = 86) and melanoma (n = 44) patients during the
ture (ex vivo, primary isolate), after pre-expansion in 24-well plates (day 14) and after

rapid expansion (day 28) (n > 45 ), as measured by flow cytometry. (C) Distribution of memory cell subsets (naive - CD45RA™/CCR7"; Tcm — CD45RA™CCR7*; Tem -
CD45RA™CCR7~; Temra — CD45RATCCR7™) after expansion in CD4 ™" (left panel) and CD8™ (right panel) T-cells (n = 60), measured by flow cytometry. (D) Expression of

the negative regulatory marker PD-1 on CD4" (left panel) and CD8 (right panel)
and after rapid expansion (day 28) shown as percent PD1% cells (n >19). (E) PD-1
sured by flow cytometry.

key finding is the detection of TLS in the vast majority of
tumors tested, along with the clustering of T-cells expressing
Ki-67 and certain V-8 chains within these TLS. Moreover, we
are the first to show, by means of TCR deep-sequencing, that

T-cells before start of culture (ex vivo), after pre-expansion in 24-well plates (day 14)
fluorescence in T-cells of a representative culture ex vivo, on day 14 and day 28, mea-

the T-cell repertoire in PDA tumors is clearly less diverse and
distinct from that in the peripheral blood and greatly enriched
for certain T-cell clones. The 10 most frequently detected TCR
CDR3 sequences in the tumor take up 15-60% of the total
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CDR3 reads, while these sequences are detected at much lower
frequencies in the patient’s blood. Parallel analyses of tumor
and blood samples from patients with metastatic melanoma
rendered a highly similar picture. The similarity between the T-
cell response in PDA and melanoma is further substantiated by
the fact that in vitro expansion of TILs worked equally efficient
in our hands for both indications. Last but not least, most of
the expanded PDA TIL cultures demonstrated in vitro MHC-
class I-restricted reactivity against autologous tumor cells. In
view of these findings, we are now working toward the develop-
ment of adoptive T-cell therapy for countering the devastating
recurrence rate in patients with primary resectable PDA.

While our data provide strong support for in vitro tumor-
reactivity of PDA TILs, we would like to note that the fre-
quency of tumor-reactive T-cells in the expanded cultures is
rather low (<1 %). Accordingly, our pilot in vivo experiments
with two selected TIL preparations did not reveal significant
efficacy against autologous PDA xenografts, in spite of good in
vivo expansion of the TILs (data not shown). Based on longitu-
dinal analysis of the TIL cultures, we have indications that the
TCR repertoire changes significantly during ex vivo expansion,
including marked decreases in the frequencies of TCRs that are
abundant in tumor samples. Our current data suggest that this
could be a more prominent problem with PDA than with

melanoma TILs (our unpublished observations). Although TIL
culture procedures can be optimized to counter the loss of rele-
vant T-cell clones, e.g., by sorting for PD-1 positive cells and/or
application of anti-4-1BB co-stimulatory antibodies during cul-
ture,”>*” the most effective remedy to this problem likely
involves cloning of the dominant TCR-«/8 sequences from pri-
mary tumor material.>> Our ongoing attempts in this respect
are aimed at identifying tumor-dominant TCR-«/f pairs on
basis of TCR deep-sequencing data.

A question of definite interest concerns the nature of the T-
cell epitopes recognized by tumor-reactive TILs, and in particu-
lar whether, in analogy to T-cells from melanoma, lung cancer
and colorectal cancer,”®*® a majority of these TILs would be
directed against mutanome-encoded neo-epitopes. A counter-
indication in this respect is the relatively low number of non-
synonymous mutations and indels found in PDA. In line with
published reports,”® we find the number of such mutations for
primary resectable PDA in the range of 5215, with an addi-
tional 4-6 indels (data not shown). Nevertheless, it was recently
demonstrated that T-cell mediated recognition of mutanome-
encoded neo-epitopes can also be identified in tumors with
lower mutational load, e.g., colorectal, bile duct and esophageal
cancer,”’ and that mutanome-specific T-cell reactivity can be
found in both the CD8" and CD4" arms of the T-cell



©1240859-10 1. POSCHKE ET AL.

response.”'34 Furthermore, an increasing number of tumor-
associated auto-antigens is found to be expressed by the medul-
lary thymic epithelial cells (mTECs), implying that the high
affinity T-cell repertoire targeting many of these antigens has
been deleted. However, gene expression by mTEC does not
cover the full repertoire of auto-antigens,”” leaving the possibil-
ity that TILs found in PDA tumors target auto-antigens such as
certain cancer testis antigens or other tumor-associated anti-
gens.’®”” In addition over-expression of mutated p53 is known
to elicit CD4™ T-helper and IgG antibody responses against
non-mutated parts of the antigen, to which the immune system
is not tolerant (*® and references therein).

While our study is the first to provide comprehensive, inter-
locking evidence for the clonal expansion of tumor-reactive T-
cells in PDA, several prior reports have pointed toward the
existence of T-cell mediated immune surveillance in this dis-
ease. Four studies showed that high numbers of CD8* and low
numbers of FoxP3" regulatory T-cells, as detected by immuno-
histochemistry in samples of primary resectable PDA, correlate
with clinical outcome,”** while two other studies primarily
highlight the detrimental role of Th2-cells and regulatory T-
cells.**** In addition, three recent reports refer to the existence
of TLS in PDA.'">*** Notably, the outcome of one of these
studies suggested that TLS could only be observed in tumor
samples from patients that underwent whole tumor cell vacci-
nation (GVAX) prior to tumor resection, not in pre-vaccina-
tion biopsies or biopsies from control patients, and thereby
that the TLS were induced by the vaccination.'® Based on our
data and that of Castino® and Hiraoka,** in which TLS were
found in 75%, 78% and 100% of non-treated patients, respec-
tively, we propose that in the GVAX study '° the TLS may have
been missed in pre-vaccination and control biopsies due to the
smaller size of the tumor sections. In fact, our initial estimate of
the fraction of TLS-positive tumors based on analysis of a single
tumor section was lower (=50%). However, by sectioning
through the negatively scored tumors, we found TLS in an
additional ~30% of samples, illustrating how easily such fea-
tures may be overlooked. An interesting aspect in the study by
Hiraoka et al. is the distinction between peritumoral and intra-
tumoral TLS, and the association of intra-tumoral TLS with
prolonged overall survival,** which is in line with Castino
et al.** and similar findings for other cancers.**** Evaluation of
our own data substantiated the link between presence of TLS
and better survival in PDA. The protective effect of TLS is fur-
ther supported by the higher expression of pro-inflammatory
cytokines such as IFNy, IL-12, IL-6, IL-8 in TLS-positive as
compared to TLS-negative tumors.***

In conclusion, our data clearly demonstrate that PDA is not
an immunologically “cold” tumor, as has been suggested in the
context of the failure of checkpoint blockade in this indica-
tion.*” Nevertheless, the average number of non-synonymous
mutations in PDA is ~10-fold lower than in melanoma.’* In
fact, the correlation between the clinical impact of checkpoint
blockade and mutational load in melanoma offers a plausible
explanation for the failure of this therapeutic approach in
PDA.**° Furthermore, it is evident that the PDA microenvi-
ronment in patients with advanced disease poses additional
hurdles for effective T-cell therapy, such as the physical barrier
represented by the extensive stroma and the large number of

myeloid cells in the infiltrate (Figs. S1 and 6).”">* In view of
these considerations, our strategy for implementing T-cell ther-
apy in PDA focuses on the treatment of early-stage recurrence
in patients with primary resectable PDA, by means of adoptive
T-cell therapy including use of selected TIL clones or TCRs.*
It is duly noted that the co-application of immunomodulatory
antibodies and/or individualized vaccines>* is likely to
increase the efficacy of this treatment.
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