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ABSTRACT

Background Circulating transforming growth factor-3
(TGF-B)-specific T cells that recognize TGF--expressing
immune regulatory cells have been described in patients
with cancer. TGF-B-derived peptide vaccination modulates
the tumor microenvironment and has shown clinical
effects in animal models of pancreatic cancer (PC). TGF-
[3-expressing regulatory cells are especially elevated

in PC and may prevent the clinical response to immune
checkpoint inhibitors (ICls). Thus, in the present study

we investigated the significance of TGF-3-specific T-cell
immunity in patients with PC treated with ICI combined
with radiotherapy in a randomized phase 2 study
(CheckPAC).

Methods Immune responses to a TGF-B-derived epitope
entitled TGF-B-15 as well as epitopes from Clostridium
tetani (tetanus) and influenza were measured in peripheral
blood mononuclear cells (PBMCs) with interferon-y
enzyme-linked immunospot assays. PBMCs were isolated
before and after treatment. Correlations between immune
response data and clinical data were evaluated with
parametric and non-parametric statistical methods.
Survival was analyzed with univariate and multivariate
Cox-regression. TGF-P3-15 specific T cells were isolated
and expanded and examined for recognition of autologous
regulatory immune cells by flow cytometry.

Results PBMCs from 32 patients were analyzed for
immune responses to the TGF-B-derived epitope entitled
TGF-B-15. Patients with a strong TGF-[3-specific inmune
response at treatment initiation had longer progression-
free and overall survival, compared with patients with

a weak or no TGF-B-specific immune response. This
remained significant in multivariate analysis. Patients with
weak and strong TGF-3-specific responses displayed
similar responses towards viral antigens. Furthermore, we
show that TGF-3-specific T cells from a clinical responder
specifically reacted to and lysed autologous, regulatory
immune cells. Finally, mimicking a TGF-3-15 vaccination,
we showed that repeated stimulations with the TGF-3-15
epitope in vitro enhanced the immune response to
TGF-B-15.

Conclusion A strong TGF-3-15 specific immune response
was associated with clinical benefit and improved survival
after ICl/radiotherapy for patients with PC. Importantly, the

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Transforming growth factor-f3 (TGF-B) is a key mol-
ecule involved in immunosuppression and fibrosis,
which is elevated in the tumor microenvironment of
pancreatic cancer (PC). Circulating TGF-B-specific T
cells have been described in patients with cancer.
TGF-B-derived peptide vaccination can control tu-
mor growth in a murine model of PC.

WHAT THIS STUDY ADDS

= Here we show that patients with PC with clinical
benefit from treatment with immune checkpoint
inhibitors (ICls) and radiotherapy harbored TGF-
-specific T cells in the periphery at treatment
initiation. These TGF-B-specific T cells recognized
regulatory immune cells and could be introduced in
vitro in non-responding patients.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These findings suggest that combining TGF-B-
based vaccination with ICl/radiotherapy will be ben-
eficial for patients with PC.

lack of TGF-3-specific T cells in some patients was not
caused by a general immune dysfunction. TGF-3-specific
T cells recognized regulatory immune cells and could

be introduced in vitro in patients without spontaneous
responses. Taken together, our data suggest that
combining TGF-B-based vaccination with ICl/radiotherapy
will be beneficial for patients with PC.

BACKGROUND

The discovery of the immune checkpoints,
cytotoxic T-lymphocytes-associated protein 4
and programmed cell death protein-1, and
the subsequent introduction of immune
checkpoint inhibitors (ICIs) have revolution-
ized the treatment and prognosis of several
cancers.! However, not all cancers are sensi-
tive to ICL. In particular pancreatic cancer
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(PC) remains highly refractory to ICI. Several trials that
investigated the ICI in patients with advanced PC failed
to demonstrate clinically relevant efficacy.*™* Recently,
a phase II trial in patients with refractory metastatic PC
(CheckPAC) investigated nivolumab with or without ipili-
mumab combined with stereotactic body radiotherapy
(SBRT).® A clinical benefit rate of 37.2% was observed
in the combination group, however only 14% of patients
achieved a partial response. The low clinical response to
ICI in patients with PC suggests that other immunosup-
pressive mechanisms in PC should be targeted to improve
the clinical response. One potential target is the cytokine,
transforming growth factor-§ (TGF-B).

TGF-B is a pleiotropic cytokine important in organo-
genesis and embryogenesis. It displays both profibrotic
and immunosuppressive properties.’” In PC, transformed
cells secrete TGF-B.°? In addition, regulatory immune
cells, such as regulatory T cells (Tregs),'” "' tumor asso-
ciated macrophages (TAMs), myeloid derived suppressor
cells (MDSCs) and neutrophils infiltrate the tumor
microenvironment (TME) in PC."** All these cell types
express TGF-B” and high TGF- levels in PC tissue are
associated with reduced overall survival (OS).'> Tumor-
derived TGF-B converts naive T cells (Tn) to Tregs, and
the level of tumor infiltrating Tregs in PC is inversely
correlated with 0S."° ' Another important regulatory
immune cell in PC is the cancer-associated fibroblast
(CAF). These cells secrete collagen into the TME, which
results in the fibrotic/desmoplastic stroma characteristic
of PC.'" ' CAFs are attracted to and activated by inflam-
matory cytokines, such as TGF-B, in the TME."” CAFs
display several tumor-promoting properties, including
the secretion of immunosuppressive cytokines, including
TGF-B."” Thus, several cells in the PC TME increase local
immune suppression by expressing TGF-B.

Previously, we have demonstrated that naturally occur-
ring T cells specifically targeted immunosuppressive
proteins, such as indoleamine 2,3-dioxygenase (IDO),
programmed death ligand 1 (PD-L1) /L2, and arginase-I/
IL*** The function of these pro-inflammatory, auto-
reactive T cells is opposite to regulatory cells and they are
therefore termed anti-regulatory T cells (anti-Tregs).?® %’
Anti-Tregs are a natural part of the immune system; they
kill immunosuppressive cells to curtail local immune
suppression. Thus, anti-Treg levels must delicately balance
regulatory immune cells to maintain immune homeo-
stasis.?® However, in the TME, immune homeostasis is
tipped in favor of immune suppression, which hinders
immune-mediated tumor-cell killing. Several lines of
evidence have shown that the immune microenviron-
ment in cancer can be modulated by anti-Tregs. First, we
showed that increasing anti-Treg levels in ¢n vitro cultures
increased the amplitude of virus- and tumor-specific
Tcell responses.”® * Second, vaccination with epitopes
derived from anti-regulatory proteins induced clinical
responses in several in vivo models of cancer,? 30-32 Third,
and most importantly, vaccinations with an IDO-derived
peptide showed clinical potential in patients with stage

M-IV non-small cell lung cancer.” Additionally, a vaccine
consisting of PD-L1 and IDO epitopes induced clinical
responses in an unprecedent 80% of patients with meta-
static melanoma, when administered in combination with
nivolumab.” The likely explanation is that, by inducing
the production of T cells specific to immunosuppressive
mechanisms, these anti-Tregs reacted to the regulatory
immune cells in the TME, and thus, curtailed immune
suppression.

Recently, we described the existence of TGF-B-spe-
cific anti-Tregs. Hence, we demonstrated that healthy
individuals and patients with cancer harbored naturally
occurring T cells that were specific for TGF-B-derived
epitopes.‘%5 Furthermore, we showed that T cells specific
for TGF-B could recognize and react to TGF-B-expressing
cancer cell lines in a TGF-B-dependent manner.” * In
addition, in a murine model of PC, we described that
TGF-B-derived peptide vaccination controlled tumor
growth by reducing fibrosis and by generating a pro-
inflammatory TME.”’

Given the fact that in PC, TGF-§ is highly involved in
local immune suppression, we explored in the present
study whether patients with PC treated with SBRT and
ICI might harbor TGF-B-specific T cells and we evalu-
ated the impact these cells had on the disease course.
We found that patients with PC harbored TGF-B-specific
T cells and that the TGF-B-specific immune response
measured before treatment with ICI combined with
SBRT was independently associated with improved
progression-free survival (PFS) and OS. Furthermore,
we showed that the lack of TGF-B-specific T cells in
some patients was not caused by a general immune
dysfunction.

MATERIALS AND METHODS

Patients and donors

Buffy coats from healthy donors were attained anony-
mously from the blood bank at Rigshospitalet, Copen-
hagen, Denmark. The usage of anonymized biological
material does not require approval from an ethics
committee according to Danish Law. Material was exam-
ined from the Clinical Study Protocol CheckPAC. All
patients provided informed consent, in agreement with
the Helsinki declaration. Patient selection for the in vitro
analyses was performed blinded. After initial findings
showed responses in patients with partial response (PR)
and stable disease (SD), the remaining unexamined PR
and SD patients were included in our analysis.

Peptide

The sequence for the used peptide TGF-B-15 was: REAV-
PEPVLLSRAELRLLRL. The peptide was acquired at
a high purity (>90%) from Schafer (Copenhagen,
Denmark) and was dissolved in dimethyl sulfoxide
(DMSO) at a concentration of 10 mM.
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In vitro cultures and enzyme-linked immunospot assay
Peripheral blood mononuclear cells (PBMCs) were
isolated and cryopreserved, as previously described.™ We
analyzed PBMCs that had received prior in vitro stimula-
tion with the TGF-B-15 epitope, as previously described.”
After incubation in 9-10days, the cells were counted
using a Countess II Automated Cell Counter (Thermo
Fisher) and the occurrence of T cells specific to TGF--15
was assessed with an interferon-y (IFN-y) enzyme-linked
immunospot (ELISpot) assay. Cells were plated out in trip-
licates with a concentration of 200,000 cells per well and
stimulated with peptide for a final concentration of 5 pM
in the well. PVDF membrane plates (Merck, Germany)
coated with primary IFN-y specific antibody (Mabtech,
Sweden) were used for the ELISpot assays. After incuba-
tion overnight the cells were poured off, and following
manufacturer’s protocol (Mabtech, Sweden) the wells
were coated with secondary antibody, streptavidin-
alkaline phosphatase (ALP), and enzyme substrate with
washing of wells with phosphate buffered saline before
and between each step. The plates were counted using
the ImmunoSpot S6 Ultimate Analyzer (CTL Analyzers,
Shaker Heights, Ohio, USA) when dry. The normalized
mean spots were defined as the mean number of spots in
peptide-stimulated wells subtracted by the mean number
of spots in negative control wells.

Repeated stimulations assays

In the repeated stimulations assays the in vitro cultures
were stimulated with 2pL of 10mM TGF-B-15 day 0 and
120U/mL of interleukin (IL)-2 (Novartis, Switzerland)
at day 1. This was repeated every 7days one time per
day or two times per day, and after the final stimulation
cells were incubated for 9-10days after which they were
assayed in ELISpot as described above.

Establishment of TGF-p expressing target cells and target
recognition assay

Monocytes were isolated using the MACS Miltenyi CD14
MicroBead Kit using the manufacturers protocol. After
isolation of the monocytes, cells were plated at a density
of 106/ mL in Ross Park Memorial Institute Medium
(RPMI)+10% fetal bovine serum supplemented with
1000 U/mL granulocyte macrophage colony-stimulating
factor (GM-CSF) and 5ng/mL TGF-B. After 5days of
culturing, the cells were transfected with TGF--1 siRNA
using methods described earlier” and restimulated with
cytokines. Immunoblotting of cell lysates from stimu-
lated monocytes from a healthy donor showed effective
knockdown of TGF-f at 48 hours after transfection, and
in our earlier studies knock down was still evident at 72
hours after transfection.”® Hence, we chose to assay the
target cells at 72 hours post siRNA transfection. The cells
were assayed as target cells in an intracellular cytokine
staining with autologous TGF-B-15 specific T-cell clones
as effector cells with an effector:target ratio of 4:1 or 20:1.
The intracellular cytokine staining (ICS) was performed
as previously described” with samples acquired on an

FACSCanto II flow cytometer (BD Biosciences), whereas
we used an expanded panel for detection of cytotoxic
markers in one experiment (online supplemental table
1). These samples were acquired on a NovoCyte Quan-
teon flow cytometer (Agilent).

Establishment of TGF-p-15 specific T-cell clones

PBMC from patient 15 were thawed and stimulated with
TGF-B-15 peptide and IL-2 (120 U/mL) for 14 days. Next,
cells were restimulated and antigen specific cells were
isolated using the MACS Miltenyi IFN-y capture kit using
the manufacturers protocol. Isolated cells were resus-
pended in x-vivo supplemented with 5% human serum
containing irradiated feeder cells (10°/100pL) in addi-
tion to phytohemagglutinin (PHA) and 120 U/mL IL-2.
Cells were plated in 100pL medium and restimulated
every third day with IL-2 for a total concentration of
120U/mL. When cultures started to expand, they were
cultures in larger volumes of medium with 120 U/mL IL-2
and then expanded using our rapid expansion protocol
as previously described.”

Analysis of expression of TGF-p by myeloid cells

We did not have enough myeloid cells from the patient to
analyze the expression of TGF-B by these cells. However,
healthy donor monocytes were isolated, stimulated and
transfected using exactly the same methods as for the
siRNA mediated silencing of patient monocytes. Expres-
sion of TGF- was analyzed by western blotting using a
TGF-B specific antibody (CST3711) on cells lysed at
48hours post transfection using previously published
methods.™

Statistics

Statistical analysis of paired observations was done using
two-tailed paired t-test and when sample size was small,
non-parametric Wilcoxon matched pairs signed-rank
test was used. For unpaired observations two-tailed non-
parametric Mann-Whitney test was used. These tests were
done using the GraphPad Prism V.9.

Survival analysis was performed with the statistical
software R using the survival package for analysis. All
variables that were found to be associated with OS and
PFS in the original trial’ were tested for association
with these in our cohort of patients tested for immune
responses. This univariate analysis was performed using
the log-rank analysis. All statistically significant parame-
ters were included in a Cox proportional hazards model
to analyze the independent association of immune
responses to OS and PFS. Kaplan-Meier curves were
made using GraphPad Prism V.9. Analysis of the ELISpot
data also used the distribution-free resampling (DFR)
method and the more conservative DFR2x method.™
Statistical analysis for specific recognition of TGF-B-ex-
pressing targets by T cells were performed with a paired
t-test.
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RESULTS

Patient characteristics

We examined T-cell responses in patients with metastatic
PC enrolled in the CheckPAC trial and showed spon-
taneous immune responses to a previously published
TGF-B-15 epitope.” % CheckPAC was a phase II, single-
center trial in patients with refractory metastatic PC
conducted at Copenhagen University Hospital, Herlev,
Denmark. The clinical outcome was reported previ-
ously.” The trial included 84 patients that received ICI
combined with SBRT. The trial included two arms: arm
A received single agent nivolumab, and arm B received
nivolumab combined with ipilimumab. Among the 84
patients included, we analyzed immune responses to the
TGF-B-15 epitope in 32 patients. The patient characteris-
tics are displayed in online supplemental table 2. Of the
32 patients analyzed, 7 (22%) achieved a PR, 12 (37%)
had SD, and 13 (41%) displayed progressive disease
(PD). The achievement of either PR or SD was defined
as clinical benefit from treatment.” PD was defined as no
clinical benefit from therapy. Within a median follow-up
time of 219 days (range 65-1511), two patients remained
alive (6%).

Patients with clinical benefit harbored T cells specific to
TGF-p

We chose to analyze TGF-B-15-specific responses, because
our previous study showed that both CD4" and CD8"
T cells specific to this epitope recognized and killed
TGF-B-expressing cells in a TGF-B-dependent manner.* *°
We found, that T cells isolated both at baseline and after
four series of treatment displayed responses to TGF-3-15
(figure 1A,B). Patients with clinical benefit had signifi-
cantly higher baseline immune-response amplitudes
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than patients with PD, whereas we found no difference in
response amplitude after treatment (8 weeks) (figure 1C).
These data suggested that a TGF-B-specific immune
response present before initiating treatment could
influence the clinical response to ICI/SRBT. Of note,
we found that patients with clinical benefit displayed a
significant drop in the TGF-B-specific response amplitude
8 weeks after treatment start (figure 2A,B). Furthermore,
patients with a durable clinical benefit to therapy, defined
as a PR or SD lasting longer than 6 months, displayed a
significantly lower TGF-B-specific response 8 weeks after
treatment, compared with patients without a durable clin-
ical benefit, (online supplemental figure 1A,B).

Next, we analyzed serial PBMC samples from three
patients with a follow-up time longer than 2 years. We
analyzed TGF-B-15-specific immune responses to assess
temporal variations in the response. Interestingly, we
found that the response amplitude fluctuated over time
(figure 2C).

T-cell responses specific to TGF-p-15 were independently
associated with improved survival

Our data strongly suggested that an intact TGF--spe-
cific immune response could impact the response to
therapy. Therefore, we investigated whether the baseline
TGF-B-15-specific immune response was associated with
survival in our patient cohort. We stratified patients based
on whether they showed responses above or below the
median normalized TGF-B-15-specific immune response
of 51 spots per 92x10° cells. Interestingly, we found that
patients with a response amplitude above the median
had significantly longer OS than those with responses
below the median (univariate Cox-regression, HR: 0.171,
p=2.54><1()_4; figure 3A and table 1). Next, we investigated

Baseline On-treatment

Unstimulated
400+ 400

a0 | .
¢ .

.

.

H

L

300

0.0827
200] .
.
®e

: .
1004 3 :

100 E
° .
oL 5] o_fqé_@
&

200

Unstimulated

Normalized Spot count/2x10%5 cells
Normalized Spot count/2x10%5 cells

2 Q 2 &
& R 2 &
& & & &
N2 ¥ &
& & &2 i
2 & &2 &
& & & S
<€ <€

Figure 1 TGF-B-15 specific responses in patients with pancreatic cancer (PC) PBMC. (A) PBMC from patients with PC were
stimulated once in vitro with TGF-f-15 peptide and interleukin-2, and incubated for 14 days before plating in interferon-y
enzyme-linked immunospot assays at a concentration of 2x10°cells/well with overnight incubation. The experiments were
performed in triplicates with negative control wells left unstimulated. The responses were characterized in 32 samples isolated
at baseline (left) and in 31 samples isolated after four series of treatment (right). (B) Representative pictures of a response at
baseline (top) and a response after four series of treatment (bottom). (C) The normalized counts from A were used to compare
the amplitude of response in patients with clinical benefit and response in patients with progressive disease. Normalization

of the data was performed by subtracting the mean spot count of the control wells from the mean spot count of peptide
stimulated wells. Error bar depicts SEM. Statistics made using Mann-Whitney test. PBMC, peripheral blood mononuclear cell;

TGF-B, transforming growth factor-f.
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Figure 2 The amplitude of TGF-B-15 specific immune responses fluctuates over time. (A) Normalized counts at baseline were
compared with counts after four series of treatment for patients with clinical benefit (left) and patients with progressive disease
(right). Statistics made using Wilcoxon matched-pairs signed-rank test. (B) Representative pictures of baseline response and
response after four series in a patient with clinical benefit (top), and of a response in a patient with progressive disease (bottom).
(C) Normalized TGF-B-15 specific immune responses analyzed over time in three patients with clinical benefit. Normalization of
spot counts performed as described previously. TGF-B, transforming growth factor-f.
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Figure 3 Strong TGF-B-15 specific responses before treatment initiation predict superior survival. (A) Kaplan-Meier curve
displaying overall survival in patients with a response above or below the median response amplitude to TGF-3-15. (B) Kaplan-
Meier curve displaying progression-free survival in patients with a response above or below the median response amplitude to
TGF-B-15. Time-to-event analyses were performed using the log-rank test. TGF-f3, transforming growth factor-f3.
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Table 1 Univariate Cox-regression on overall survival

Covariate

HR

Lower 95% CI

Upper 95% CI

P value

Treatment arm

SBRT+nivolumab-+ipilimumab

SBRT+nivolumab
Age, years
>66.5 years
<66.5 years
Sex
Female
Male

WHO performance status

0
1
Weight loss >5%
No
Yes

Number of metastatic sites

>2
<2
Whipple procedure
No
Yes
Biliary stent
No
Yes
Median CA19-9, kU/L
<median
>median
NLR
>5
<5
Bilirubin, 25 pmol/L
>25
<25
Albumin, 36 g/L
<36
>36
CRP, 10mg/L
<10
>10
mGPS
0
>1
Prior lines of therapy
<2
>2

2.04

1.12

0.608

1.297

1.437

2.644

0.856

0.857

1.577

1.66

NA

NA

3.295

0.920

0.920

1.52

0.986

0.545

0.287

0.620

0.693

1.103

0.363

0.391

0.731

0.748

NA

NA

0.774

0.445

0.445

0.724

4.214

2.314

1.287

2.715

2.977

6.338

2.02

1.88

3.4

3.69

NA

NA

14.03

1.902

1.902

3.191

0.055

0.754

0.193

0.49

0.33

0.0292

0.722

0.7

0.246

0.213

NA

NA

0.107

0.823

0.823

0.269

Continued
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Table 1 Continued

Covariate HR Lower 95% CI  Upper 95% CI P value
Treatment arm
Best optimal response to prior last therapy

Clinical benefit 1

No benefit 1.41 0.674 2.94 0.363
ELISpot response to TGF-3-15 at baseline

<median 1

>median 0.171 0.066 0.44 0.000254
Multivariate Cox-regression on overall survival
Covariate HR Lower 95% CI  Upper 95% CI P value
Number of metastatic sites

>2 1

<2 1.7 0.71 4.44 0.22
ELISpot response to TGF-3-15 at baseline

<median 1

>median 0.18 0.071 0.5 0.0008

CRP, C-reactive protein; ELISpot, enzyme-linked immunospot assay; mGPS, modified Glasgow Prognostic Score; NLR, neutrophil-to-
lymphocyte ratio; SBRT, stereotactic body radiotherapy ; TGF-f, transforming growth factor-f3 .

whether the TGF-B-15-specific immune response was
independently associated with OS. We performed univar-
iate survival analysis on clinical parameters that could be
associated with survival, with a special focus on parameters
that were included in the survival analysis in the original
CheckPAC trial report.” Strangely, a univariate Cox-
regression analysis showed that <2 metastases was associ-
ated with a shorter OS (HR=2.64, p=0.03), but no other
parameters showed statistical significance (table 1). To
further examine this, a multivariate analysis that included
the metastases parameter and the TGF-B-15-specific
immune response showed that only the TGF-B-15-specific
immune response was independently associated with OS
(HR: 0.18) for patients with a response above the median
amplitude (p=8x107*; table 1). Of note, the univariate anal-
ysis showed borderline significance for reduced survival
among patients who received single-agent nivolumab
(HR: 2.04, p=0.055). Hence, we included this parameter
in another multivariate analysis, together with metastases
and the TGF-B-15-specific immune response. In the latter
model, importantly neither the metastases variable nor
the treatment variable was associated with OS; however,
a TGF-B-15-specific response above the median remained
associated with improved survival (HR: 0.19, p=0.0032;
data not shown). The same analyses were performed
for PFS. In the univariate analysis, the TGF-B-15-specific
response was associated with a prolonged PFS (HR:
0.227, p=0.0015; figure 3B and table 2). Other significant
parameters from the univariate analysis were: nivolumab
treatment (HR: 2.86, p=0.007), male sex (HR: 0.406,
p=0.029), and >36 g/L albumin in peripheral blood (HR:
4.68, p=0.038). When these significant parameters were

included in the multivariate analysis, together with the
TGF-B-15-specific immune response, only the TGF-B-15
response above the median remained independently
associated with PFS (HR: 0.322, p=0.023; table 2). Inter-
estingly, the patients with a TGF-B-15 response above the
75% percentile had the highest OS and PFS of examined
samples (online supplemental figure 2A,B). These results
added impetus to the notion that the level of TGF-B-
15-specific T cells in patients with PC was important in
achieving a clinical response to ICI/SBRT treatment.

Association between TGF-f-15-specific response and

survival was not due to general immune dysfunction in non-
responding patients

After these intriguing results, we investigated whether
patients with poor survival might harbor a dysfunc-
tional immune system and that the low response ampli-
tude observed in these patients was caused by general
T-cell dysfunction. We analyzed the PBMC response to
two broadly immunogenic epitopes—one derived from
Clostridium tetani® (tetanus-long) and the other derived
from influenza virus (C18 A2 influenza). The latter was a
nonamer epitope restricted to human leukocyte antigen
(HLA)-A2; consequently, only samples with HLA-A2" were
analyzed for responses against the influenza epitope. We
analyzed 23 patients samples for responses against tetanus
and 16 for responses against influenza. The normalized
median response were 124 spots for the tetanus epitope
and 114 spots for the influenza epitope with 2x10° plated
cells (data not shown). Samples from patients with
strong and weak TGF-B-15 specific immune responses
had similar response amplitudes to both tetanus and
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Table 2 Univariate Cox-regression on progression-free survival

Covariate

HR

Lower 95% CI

Upper 95% CI

P value

Treatment arm

SBRT+nivolumab+ipilimumab

SBRT+nivolumab
Age, years
>66.5 years
<66.5 years
Sex
Female
Male

WHO performance status

0
1
Weight loss >5%
No
Yes

Number of metastatic sites

>2
<2
Whipple procedure
No
Yes
Biliary stent
No
Yes
Median CA19-9, kU/L
<median
>median
NLR
>5
<5
Bilirubin, 25 pmol/L
>25
<25
Albumin, 36g/L
<36
>36
CRP, 10mg/L
<10
>10
mGPS
0
>1
Prior lines of therapy
<2
>2

2.86

1.123

0.406

1.3

1.316

2.336

0.681

1.169

1.329

1.957

NA

NA

4.68

1.34

0.545

0.1815

0.62

0.6323

0.972

0.29

0.548

0.635

0.878

NA

NA

1.084

0.387

0.387

0.489

6.10

2.314

0.911

2.73

2.737

5.612

1.60

2.50

2.80

4.36

NA

NA

20.18

1.66

1.66

2.05

0.007

0.754

0.029

0.486

0.463

0.0579

0.377

0.69

0.452

0.1

NA

NA

0.038

0.547

0.547

0.996

Continued
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Table 2 Continued

Covariate HR Lower 95% CI Upper 95% CI P value
Best optimal response to prior last therapy

Clinical benefit 1

No benefit 1 0.493 2.08 0.972
ELISpot response to TGF-3-15 at baseline

<median 1

>median 0.227 0.091 0.566 0.0015
Multivariate Cox-regression on progression-free
survival
Covariate HR Lower 95% CI Upper 95% CI P value
Treatment arm

SBRT+nivolumab+ipilimumab 1

SBRT+nivolumab 1.94 0.832 4.53 0.125
Sex

Female 1

Male 0.446 0.192 1.034 0.061
Albumin, 36 g/mL

<36 1

>36 2.60 0.55 12.31 0.229
ELISpot response to TGF-B3-15 at baseline

<median 1

>median 0.322 0.121 0.857 0.023

CRP, C-reactive protein; ELISpot, enzyme-linked immunospot assay; mGPS, modified Glasgow Prognostic Score; NLR, Neutrophil-to-
lymphocyte ratio; SBRT, stereotactic body radiotherapy ; TGF-f, transforming growth factor-f3 .

influenza epitopes (figure 4). Additionally, we showed
that the TGF-B-15-response amplitude was not correlated
with neither the tetanus response (r*=0.05) nor the influ-
enza response (r*=0.15) (online supplemental figure
3A,B). Perhaps more importantly, the response ampli-
tude to neither the tetanus nor the influenza epitope was
not associated with either OS or PFS (figure 5A-D).

TGF-p-15 specific T cells recognize autologous regulatory
myeloid cells in a TGF-B-dependent manner

According to our data, the TGF-f-15 specific immune
response is independently associated with both OS and
PFS. We have previously demonstrated that TGF-B-15
specific CD4" and CD8" T cells recognize TGF-B-ex-
pressing myeloid cancer cells.”” ** Hence, the TGF-B-15
specific T cells identified above are able to recognize and
kill TGF-B-expressing immunoregulatory cells in the TME
thereby lowering the levels of immune suppression. To
show this, we isolated monocytes from the best clinical
responding patient and stimulated those with TGF-8, and
GM-CSF cytokines to generate regulatory myeloid cells
that expressed TGF-B. Four days later, cells were trans-
fected with TGF-B siRNA as described in materials and
methods and after 72 hours of incubation the myeloid
cells were used as target cells in an ICS assay. Western blot
analysis of myeloid cells from a healthy donor stimulated

and transfected using exactly the same methods showed
effective knock down of TGF-f 48 hours post transfection
(figure 6A). Hence, TGF-B siRNA transfected regulatory
myeloid cells from the patient were used as target cells
at this time point using two different autologous CD4"
TGF-B-15 specific T-cell clones as effector cells. Exper-
iments were performed in three independent experi-
ments with two different TGF-B-15 specific T-cell clones as
effector cells with a 4:1 effector:target ratio in two experi-
mentsanda 20:1 ratio in one experiment. The T-cell clones
were significantly more activated on stimulation with
mock transfected regulatory myeloid cells compared with
TGF-f siRNA transfected myeloid cells (figure 6B,C and
online supplemental figure 4A,B). The TGF-B-15 specific
T-cell clones killed mock transfected regulatory myeloid
cells whereas TGF-B silencing rescued regulatory myeloid
cells from T-cell mediated lysis (figure 6D,E and online
supplemental figure 5A,B). In this experiment we used
an expanded antibody panel to analyze the expression of
additional activation markers by the T-cell clones (online
supplemental table 1). We found that expression of the
cytotoxic markers CD107a and granulysin was increased
by the T-cell clone (clone 27) on stimulation with mock
transfected regulatory myeloid cells (figure 6F). Even
though the experiments were performed at different
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Figure 4 The amplitude of TGF-B-15 specific responses is not coupled to the amplitude of responses to tetanus peptide. (A)
Peripheral blood mononuclear cell were tested for response to the tetanus epitope ‘tetanus-long’ using in vitro interferon-y
enzyme-linked immunospot assays. The amplitude of the normalized tetanus-long specific response was compared between
patients with a response above or below the median TGF-B-15 specific immune response. Responses against tetanus-long
were not analyzed in baseline samples in five patients from the group with a response above the median and in one patient
from the group with a response below the median, but in samples acquired within 2 weeks of baseline. (B) Representative
pictures of a patient with an absent TGF-B-specific immune response (top) but an intact tetanus specific immune response
(bottom). (C) Same analysis as in A with a short influenza virus derived epitope ‘C18 A2 Flu’ instead of tetanus derived epitope.
(D) Representative pictures of a patient with an absent TGF--specific immune response (top) but an intact influenza virus
specific immune response (bottom). Error bars depict SEM. Statistics made using Mann-Whitney test. TGF-f3, transforming
growth factor-f.

time points of effector T-cell expansion and at different  addition, TGF-B-15 specific T-cell clones produced signifi-
effector:target ratios we demonstrated a statistically signif-  cantly higher levels of tumor necrosis factor (TNF)-o on
icant lower number of cells in the monocyte gate in mock  stimulation with mock transfected target cells compared
transfected cells compared with siRNA transfected mono- with siRNA transfected target cells (p=0.040) (online
cytes (p=0.0184) (online supplemental figure 6A). In
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Figure 5 Clostridium tetani and influenza specific responses are not associated with survival. (A) Kaplan-Meier curve
displaying overall survival in patients with a response above or below the median response amplitude to tetanus-long.

(B) Kaplan-Meier curve displaying progression-free survival in patients with a response above or below the median response
amplitude to tetanus-long. (C) Kaplan-Meier curve displaying overall survival in patients with a response above or below the
median response amplitude to C18 A2 influenza. (D) Kaplan-Meier curve displaying progression-free survival in patients with a
response above or below the median response amplitude to C18 A2 influenza. Time-to-event analyses were performed using

the log-rank test.

supplemental figure 6B). Stimulation of TGF-B-15
specific T-cell clones with mock transfected target cells
resulted in higher levels of IFN-y expressing and IFN-y/
TNF-o. double positive cells, however this difference was
not statistically significant, probably due to low sample
size (6)online supplemental figure 6C,D). Importantly,
the TGF-B, cytokine used for stimulation is not included
in the TGF-B-15 epitope which resides in the latency asso-
ciated peptide (LAP) part of TGF—B.35 Hence, recognition
of TGF-B stimulated target cells is not due to processing
and presentation of TGF-f cytokine but instead due to
increased expression of endogenous TGF-f.

Repeated antigen stimulations with a TGF-f3-15 peptide led

to T-cell responses in PBMCs that did not display a response
after one in vitro stimulation

The results provided above strongly suggests that a
measurable TGF-B-15-specific immune response is
important in the clinical response to ICI/SBRT treat-
ment in patients with PC and that the mechanism beyond
the beneficial effect of TGF-B-15 specific T cells is their
ability to kill immunosuppressive TGF-B expressing cells.
Thus, inducing a TGF-B-15 response with therapeutic
peptide vaccines might be beneficial, when combined
with ICI/SBRT. Not all patients and healthy donors

displayed an immune response to TGFf-15 after one
in vitro stimulation. We investigated whether a response
could be induced by repeated in vitro stimulations with
the TGF-B-15 epitope as this mimics the repeated antigen
stimulations performed during a therapeutic vaccina-
tion schedule. We chose to work with PBMC samples
from earlier experiments that showed weak or absent
responses to TGF-B-15 after one in vitro stimulation.
T-cell responses were analyzed after one in vitro stimula-
tion and after one or two additional ¢n vitro stimulations.
We showed that repeated antigen stimulations increased
the TGF-B-15-specific immune response in PBMCs from
both patients with PC (figure 7A) and healthy individ-
uals (figure 7B,C). Of tested patients with PC, 27% had
a DFR2x response after one stimulation which increased
to 66% after repeated stimulations (online supplemental
figure 7). Within the tested healthy donors, 9% had a
DFR2x response after one stimulation which increased
to 71% after repeated stimulations (online supplemental
figure 7). These data showed that repeated antigen stimu-
lations with the TGF-B-15 peptide increased the numbers
of TGF-B-specific T cells in PBMCs.
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Figure 6 T cells specific for TGF-B-15 from a patient with pancreatic cancer with complete response to immune checkpoint
inhibitor and stereotactic body radiotherapy recognize and kill autologous regulatory myeloid cells in a TGF-f-dependent
manner. (A) Western blot analysis of TGF-f3 expression by regulatory myeloid cells that had been either mock transfected

or transfected with TGF-8 siRNA. Monocytes were stimulated for 4 days with GM-CSF and TGF-f,, then transfected and
restimulated with GM-CSF and TGF-f, for 2days before harvesting and lysing of cells. (B) Two TGF-3-15 specific T-cell clones
were stimulated with siRNA or mock transfected autologous regulatory myeloid cells in an intracellular cytokine staining (ICS)
assay. (C) Contour plot of results shown in B. (D) The amount of regulatory myeloid cells detected in the forward-side scatter
plot during the ICS experiment was quantified. (E) Contour plot of results shown in D. (F) Expression of the cytotoxicity markers
CD107a and granulysin by TGF-B-15 specific T-cell clones on stimulation with autologous regulatory myeloid cells. GM-SCF,
granulocyte-macrophage colony stimulating-factor; IFN, interferon-y; TGF-f, transforming growth factor-f3; TNF, tumor necrosis

factor-a.

DISCUSSION

In this study, we scrutinized spontaneous T-cell responses
specific to a TGF-B-derived epitope in patients with PC
treated with ICI and SBRT. Recently, we showed that both
patients with cancer and healthy individuals harbor T cells
specific to TGF-B-derived epitopes, and that TGF-B-spe-
cific T cells recognized and killed TGF-B-expressing
target cells.”” *® An increased expression of TGF is
associated with inferior survival in PC," and TGF-B is
heavily involved in local immune suppression in PC.

Thus, the identification of TGF-B-specific T-cell responses
in patients with PC is interesting as the specific T cells
could possibly recognize and kill TGF-B-expressing regu-
latory cells in the tumor. Consequently, we investigated
relationships between the TGF-f-15-specific immune
response and clinical outcomes. Interestingly, compared
with patients who did not show clinical benefit to treat-
ment, patients with clinical benefit had a significantly
stronger TGF-B-15-specific immune response before
treatment initiation and a significantly stronger decline
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in the TGF-B-15-specific T-cell response after initiation of
treatment. The latter phenomenon could be explained
by migration of TGF-B-specific T cells to the tumor after
initiating ICI therapy. These results were consistent with
the striking observation that patients with a TGF--15-
specific immune response above the median had signifi-
cantly longer PFS and OS, compared with patients with a
response below the median.

We also investigated whether the identified difference
in OS between patients with strong and weak TGF-B-15-
specific immune responses might be attributed to differ-
ences in the general immune status of the patients. We
compared the spontaneous immune responses in these
two groups against two highly immunogenic epitopes
derived from common pathogens—influenza virus and
C. tetani.** We found no difference between groups
in the response amplitude to neither influenza nor
tetanus. Additionally, there was no correlation between

the response amplitude to TGF--15 and the response
to tetanus or influenza epitopes. Interestingly, patients
with a strong pathogen specific immune response did not
show neither improved OS nor improved PFS after ICI
treatment. This implied that the strength of the TGF--15-
specific immune response did not depend on the general
immune constitution; instead it reflected the number of
anti-regulatory TGF-B-specific T cells.

These findings could imply that TGF-B-specific anti-
Tregs play a role in the response to ICI/SBRT in PC, and
we speculated that the TGF-f-15-specific T cells identi-
fied were able to recognize TGF-B expressing regulatory
cells. Hence, we isolated TGF—B—IB—speciﬁc T-cell clones
from a patient without any signs of disease at 2038 days of
follow-up and showed that these cells indeed recognized
regulatory myeloid cells in a TGF§ dependent manner.
TGF-B-15-specific T-cells both released pro-inflammatory
cytokines and cytotoxic mediators on activation and were
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able to directly kill TGF-B-expressing myeloid cells. This
strongly suggests that T cells specific to TGF- exert their
effect by the recognition of TGF-B-expressing cells thereby
lowering the local immune suppression in the tumor.
Conversion of monocytes into regulatory myeloid cells
was performed in vitro through stimulation with TGF-B,
cytokine. Importantly, the TGF-B-15 epitope is not found
in the TGF-B, sequence, but instead in the LAP part of
the sequence. Thus, the increased recognition of in vitro
generated regulatory cells is not explained by processing
and presentation of the TGF-B, cytokine but can only be
by increased endogenous expression of TGF-f. Given the
many effects of TGF-B in PC, it is worthwhile to consider
the potential immunomodulating and tumor-suppressive
effects that TGF-B-specific T cells could have in patients.
In PC, approximately 95% of patients harbor an acti-
vating mutation in the KRAS-gene."" These mutations
induce the production of TGF-B in transformed cells.®?
Hence, TGF-B-specific T cells would act directly on the
transformed cells. However, several other prevalent
immunosuppressive cells would also be targeted.

PC is characterized by a highly desmoplastic stroma
and CAFs are the main culprits of this feature.'” '® CAFs
are thought to originate from both bone marrow-derived
mesenchymal stem cells and pancreatic stellate cells.*
Through secretion of TGF-B, PC-derived cell lines can
activate CAF, which increases the deposition of extracel-
lular matrix proteins and enhances fibrosis.'” ** Further-
more, activated CAFs also secrete TGF-3, which acts in an
autocrine fashion® thus resulting in additional secretion
of TGF-f and notably intratumoral TGF-§ expression was
shown to correlate with tissue fibrosis.* Another study
demonstrated that patients with PC with a high level
of fibrosis in combination with the CAF-marker alpha
smooth muscle actin (aSMA), showed inferior survival.**
This finding underscored the importance of CAFs in
PC. The immunomodulatory effects of CAFs have been
studied extensively, and CAF populations are similar
among different cancers.”” Of note, one group of CAFs
is characterized by increased TGF-B signaling—so called
myofibroblastic CAFs (myCAFs).* Interestingly, a subset
of myCAFs was associated with a lack of response to ICI in
several cancers,” ¥/

The composition of immune cells in PC is heteroge-
neous'” but generally, most are of myeloid origin.'*"*
These myeloid cells include TAMs, MDSCs, and neutro-
phils, which all express TGF-} and modulate the TME.
Neutrophils secrete high amounts of TGF-§ in the PC
TME, which attracts and activates CAFs.®® Additionally,
local TGF-B converts myeloid cells into M2 macrophages,
TAMs, and MDSCs, which are elevated in PC,"' and they
negatively impact both PFS and OS in patients.'* ** *
These myeloid cells express TGF-B* and, apart from their
own immunosuppressive properties, they also mediate the
conversion of Tn into Tregs.”' °® Hence, the emergence of
both MDSCs and Tregs in the TME of PC depends on
TGF-B. Moreover, the level of CD8" T cells in the TME is

inversely correlated with the levels of myeloid cells and
Tregs." '*°* Importantly, we showed that TGF-B expressing
regulatory myeloid cells are targets of TGF-B-15 specific T
cells. This suggests that TGF-B-specific T cells may alter
the composition of immune cells in the PC TME into a
more pro-inflammatory phenotype. Consequently, TGF-3
is an attractive target for enhancing the effect of cancer
immune therapy in PC, and several methods for inhib-
iting TGF-f signaling are undergoing preclinical and clin-
ical testing for different cancers.

We recently described an alternative way to target a
TGF-B-rich TME. We showed the antitumor activity of
TGF-B-derived peptide vaccination in a murine tumor
model of PC.*”” We described that TGF-B-derived peptide
vaccination therapy indeed targets immunosuppression
in the TME by differentiating the cellular composition
towards a more pro-inflammatory phenotype. Our find-
ings highlight TGF-B-derived peptide vaccination as a
novel immunotherapeutic approach. Based on these
data and the results of this study, we suggest that ther-
apeutic cancer vaccines of TGF-B-derived epitopes may
be an effective future treatment modality in combina-
tion with SBRT and ICI. Moreover, repeated peptide
vaccinations could enhance the TGF-B-specific immune
response in patients. The rationale for repeated vaccina-
tions is to increase the numbers of TGF-B-specific T cells
that migrate to the TME; these cells will attack TGF-B-ex-
pressing cells and release Thl cytokines thus, TGF-3
signaling will be reduced, and the TME will be converted
to an immunopermissive environment that favors the
killing of transformed cells by tumor-specific T cells. In
the present study, we mimicked therapeutic vaccinations
by performing repeated antigen stimulations in PBMCs
that displayed a weak/absent response to TGF--15. We
found that repeated stimulations induced a strong TGF-3-
15-specific immune response in almost all cultures and
showed that specific T cells recognized regulatory TGF-3
expressing myeloid cells. This finding supports the notion
that repeated vaccinations with TGF-B-derived peptides
can induce a TGF-B-specific immune response. Moreover,
these findings suggested that TGF-B-15-specific T cells
were not terminally exhausted or absent in samples that
did not respond.

We previously described spontaneous T-cell responses
to several other immunosuppressive proteins.21 2 54
Earlier clinical trials of vaccinations against immunosup-
pressive targets, such as IDO and PD-L1, have demon-
strated potency in patients with cancer in combination
with ICL* Accordingly, we are initiating a phase I clin-
ical trial to test the safety and efficacy of vaccinations
with TGF-B-derived peptides, in combination with radio-
therapy and ICI, in patients with metastatic PC resistant
to chemotherapy (EudraCT 2022-002734-13).

CONCLUSION
PBMC samples from patients with PC treated with ICI
and SBRT displayed immune responses to the TGF--15
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epitope. Patients with clinical benefit from treatment had
stronger TGF-B-15-specific T-cell responses than patients
with PD. Furthermore, a strong TGF-B-15-specific T-cell
response before treatment initiation was independently
associated with prolonged PFS and OS. We also showed
that low-level TGF-B-15-specific responses observed in
some patients were not due to a general dysfunction of
the immune system, as these patients retained a normal
T-cell response to common pathogen-derived epitopes.
Furthermore, we showed that TGF-B-15-specific T cells
recognized and Kkilled autologous regulatory myeloid
cells in a TGF-f dependent manner, and that immune
responses could be induced/enhanced by repeated
antigen stimulations. Consequently, we believe that
administering therapeutic cancer vaccinations to deliver
repeated TGF-B-15-antigen stimulations in patients with
PC will induce a specific T-cell response that is likely to
lead to a clinical response.
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