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Cytotoxic T cells isolated from healthy donors and
cancer patients kill TGFp-expressing cancer cells in a

TGFp-dependent manner

Morten Orebo Holmstrdm @', Rasmus Erik Johansson Mortensen', Angelos Michail Pavlidis’, Evelina Martinenaite'?,
Stine Emilie Weis-Banke', Mia Aaboe-Jgrgensen’, Simone Kloch Bendtsen', Ozcan Met', Ayako Wakatsuki Pedersen?, Marco Donia’,

Inge Marie Svane' and Mads Hald Andersen'?

Transforming growth factor-beta (TGFp) is a highly potent immunosuppressive cytokine. Although TGFp is a tumor suppressor in
early/premalignant cancer lesions, the cytokine has several tumor-promoting effects in advanced cancer; abrogation of the
antitumor immune response is one of the most important tumor-promoting effects. As several immunoregulatory mechanisms
have recently been shown to be targets of specific T cells, we hypothesized that TGFp is targeted by naturally occurring specific
T cells and thus could be a potential target for immunomodulatory cancer vaccination. Hence, we tested healthy donor and cancer
patient T cells for spontaneous T-cell responses specifically targeting 38 20-mer epitopes derived from TGF(31. We identified
numerous CD4" and CD8™ T-cell responses against several epitopes in TGFf. Additionally, several ex vivo responses were identified.
By enriching specific T cells from different donors, we produced highly specific cultures specific to several TGFB-derived epitopes.
Cytotoxic CD8™ T-cell clones specific for both a 20-mer epitope and a 9-mer HLA-A2 restricted killed epitope peptide were pulsed in
HLA-A2" target cells and killed the HLA-A2" cancer cell lines THP-1 and UKE-1. Additionally, stimulation of THP-1 cancer cells with
cytokines that increased TGF( expression increased the fraction of killed cells. In conclusion, we have shown that healthy donors
and cancer patients harbor CD4™ and CD8" T cells specific for TGFB-derived epitopes and that cytotoxic T cells with specificity

toward TGFB-derived epitopes are able to recognize and kill cancer cell lines in a TGFp-dependent manner.
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INTRODUCTION
The cytokine transforming growth factor-beta (TGFp) is a highly
pleiotropic cytokine that is involved in diverse important
mechanisms, such as immune homeostasis, tissue regeneration,
organogenesis, and both the suppression and development of
cancer.'? In relation to the regulation of the immune response,
TGFB is highly implicated in immunosuppression that maintains
inflammation. The immunosuppressive properties of TGFp are
orchestrated through several mechanisms. First, TGF3 inhibits the
Th1 immune response through downregulation of the transcrip-
tion factor T-bet, thereby reducing the T cell-mediated production
of interferon-gamma (IFN-y) and granzyme B.2 Additionally, TGF@
decreases the expression of the IL-12 receptor B2, thereby
rendering T cells insensitive to proinflammatory IL-12 produced
by activated dendritic cells (DCs). TGFP decreases the density of
costimulatory molecules on DCs, thereby producing tolerogenic
DCs that may induce the formation of regulatory T cells (Tregs).
Moreover, TGF3 may act directly on naive T cells and induce them
to differentiate into immunosuppressive Tregs.>

In the setting of cancer, TGF has a dual role, as it acts both as a
tumor suppressor and a tumor promoter. Studies indicate

that TGFB acts as a tumor suppressor during the early
stages of tumorigenesis by decreasing intracellular c-myc and
cycline-dependent kinase inhibitors as well as inducing apoptosis
through the formation of death-associated protein kinase.*
However, these anticarcinogenic properties may be circumvented
by transformed cells that have acquired a mutation in the TGF
signaling pathway, which may reverse the effects of TGFf3, causing
the cytokine to act as a powerful tumor-promoting cytokine.
Hence, it has been shown in several models that preneoplastic
cells that acquire a mutation in the TGFf signaling pathway may
undergo transformation into overt malignant cells. This transfor-
mation is mediated by several mechanisms; premalignant cells
have partially lost their sensitivity to the anticarcinogenic proper-
ties of TGF, but perhaps more importantly, TGF has a significant
impact on the tumor stroma. As such, TGF may induce local
immune suppression in the tumor microenvironment (TME) and
thereby thwart an effective antitumor immune response.® Second,
TGFp can enhance tumor cell invasiveness and metastasis through
the induction of epithelial-mesenchymal transition (EMT),° and
TGFB may also induce the activation of cancer-associated
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fibroblasts (CAFs),” which themselves induce local immune
suppression as well as neoangiogenesis and fibrosis.2

In recent years, it has become increasingly clear that the
immune system harbors anti-regulatory T cells that kill regulatory
immune cells and thus enhance immune system reactivity.” These
anti-regulatory T cells target and kill both cancer cells and
regulatory immune cells that express immunosuppressive proteins
such as programmed death ligand-1 (PD-L1),'® PD-L2,"" indolea-
mine 2,3-dioxygenase 1 (IDO1),'? arginase-I (ARG1),'® and ARG2."*
These anti-regulatory T-cell responses may be enhanced by
peptide vaccination,'® and therapeutic cancer vaccination against
IDO1 and PD-L1 in advanced cancer has already shown promising
results.'®'”

Given that the immune system harbors T cells specifically
implicated in several immunosuppressive mechanisms, we inves-
tigated the presence of TGFB-specific T cells in healthy donors
(HDs) and cancer patients. We show that both cancer patients and
HDs exhibit strong and frequent responses against several
epitopes in TGFB, and we demonstrate that T cells are able to
kill TGFB-expressing cancer cells in a TGFB-dependent manner,
thus providing a preclinical rationale for immunomodulating
vaccination against TGFp.

MATERIALS AND METHODS

Patients and donors

Buffy coats from healthy anonymized blood donors were acquired
from the blood bank in Rigshospitalet, Copenhagen, Denmark.
According to the Danish Law on Research Ethics § 14, section 3,
the usage of anonymized biological material does not require
approval from an ethics committee. Buffy coats from cancer
patients were acquired from the Department of Oncology,
Copenhagen University Hospital, Herlev, Denmark. All patients
provided informed consent in line with the Helsinki Declaration
before study entry (Capital Region Ethics Committee approval
number H-2-2011-043). The patient buffy coats were cryopre-
served using the same method, but before cryopreservation, the
patient PBMCs were depleted of monocytes. Thus, the cryopre-
served patient cells were effectively peripheral blood lymphocytes
(PBLs), but for clarity, patient PBLs are referred to as PBMCs below.
PBMCs were isolated with Lymphoprep (Axis Shield, Oslo, Norway)
and frozen in fetal calf serum with 10% dimethyl sulfoxide (DMSO)
(Sigma-Aldrich, St. Louis, MO, USA).

Peptides

The entire TGFB1 sequence was split into 20-mer epitopes, each of
which had 10 overlapping amino acids, thus generating a library
of 38 peptides spanning the entire TGFf1 sequence. The peptides
were provided by Pepscan (Lelystadt, Netherlands) and dissolved
in DMSO at a concentration of 10 mM. After identifying the TGFB1
lead epitopes, these peptides were obtained at a higher purity
(>90%) from Schafer (Copenhagen, Denmark).

Enzyme-linked immunospot assay

The identification of immune responses against TGF31 epitopes
was performed using enzyme-linked immunospot (ELISPOT)
assays as previously described.'” In short, PBMCs were thawed
and then stimulated with 2 yL of 10 mM peptides, and the cells
were incubated in 500 pL X-VIVO (Lonza, Belgium) for 2 h at 37 °C
in a humidified atmosphere with 5% CO,. After incubation, 1.5 mL
of X-VIVO with 5% human serum was added to the cell cultures,
and the cultures were incubated under the conditions described
above. The next day, IL-2 (Novartis, Switzerland) was added to the
cells at a concentration of 120U/mL. The cells were then
incubated for 12-14 days before being counted using a Countess
I Automated Cell Counter (ThermoFisher). The cells were
subjected to ELISPOT assays at the desired concentration and
stimulated with peptide at a final concentration of 5uM. The
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plates used for ELISPOT were PVDF membrane plates (Merck,
Germany) coated with primary IFN-y-specific antibody (Mabtech,
Sweden). Plates were coated with primary antibody the day before
use and allowed to incubate at room temperature. The next day,
the wells were washed six times in 200 uL sterile PBS, and the
wells were preconditioned with X-VIVO for a minimum of 2h.
Next, the X-VIVO was poured out, and PBMCs resuspended in X-
VIVO at a concentration of 2-3 x 10° cells/well were plated. Next,
PBMCs were stimulated with peptides as described above. The
plates were incubated overnight. The next day, the cells were
poured out, the wells were washed six times with 200 pL PBS, and
the wells were coated with secondary antibody, streptavidin-ALP,
and enzyme substrate according to the manufacturer’s protocol
(Mabtech, Sweden) with appropriate washing of wells with PBS
between each step. The ELISPOT plates were dried overnight and
then analyzed and counted using the ImmunoSpot S6 Ultimate
Analyzer (CTL Analyzers, Shaker Heights, OH, USA). The number of
specific cells was defined as the mean number of spots in the
peptide-stimulated wells minus the mean number of spots in the
negative control wells. Statistical analysis was performed using the
distribution-free resampling (DFR) method and the more con-
servative DFR2x method described by Moodie et al.'® Ex vivo
ELISPOT assays were performed by resting thawed cells overnight
and then plating the cells directly without any prior in vitro
stimulation. The cells used for the ex vivo ELISPOT assays were
incubated for 48 h in the plate to provide an appropriate amount
of time for antigen processing.

Fluorescence-activated cell sorting (FACS) and intracellular
cytokine staining (ICS)

The identification of responses in primary PBMC cultures using ICS
and FACS was performed with our usual in vitro culture method
for cell cultures destined for analysis by ELISPOT. However, instead
of stimulating cells in the ELISPOT wells, the cells were analyzed as
previously described.'”” We used the following fluorochrome-
tagged antibodies: anti-CD3-APC-H7, anti-CD4-PerCP or anti-CD4-
FITC, anti-CD8-FITC or anti-CD8-PerCP, anti-IFN-y-APC, anti-TNF-a-
BV421, and anti-CD107a-PE (all BD Biosciences, San José, CA, USA).
Dead cells were stained with Fixable Viability Stain 510 (BD
Biosciences, San José, CA, USA). Another method used to identify
activated T cells was by overnight stimulation of T cells with either
antigen or target cells. After 18-24 h of stimulation, cells were
stained with the surface antigen-specific antibodies and fixable
viability stain mentioned above in combination with anti-CD107a-
PE and anti-CD137-BV421 (BD Biosciences, San José, CA, USA).
Donor PBMCs were analyzed for HLA-A2 by staining with anti-
HLA-A2-FITC (BD Biosciences, San José, CA, USA) and an
appropriate isotype control.

FACS of live cells for the establishment of specific T-cell cultures
Enrichment of specific T cells from a primary PBMC culture was
performed by using our usual in vitro culture method for cell
cultures destined for analysis by ELISPOT. Next, the cells were
stimulated with antigen overnight, and the next day, the cells
were washed twice in FACS buffer and then stained for 30 min
with the following antibodies: LIVE/DEAD Fixable Near-IR Dead
Cell Stain Kit (Waltham, MA, USA), anti-CD4-FITC, anti-CD8-PerCP,
anti-CD107a-PE and anti-CD137-BV421 (BD Biosciences, San José,
CA, USA). Cells were then washed twice and resuspended in FACS
buffer. Next, the cells were sorted on a FACS ARIA flow cytometer
with the appropriate application settings and compensation
controls. Cell sorting was performed with the purity setting. After
sorting, the cells were split into two fractions—half of the enriched
cells were expanded using our rapid expansion protocol, and the
other half of the cells were cloned using limiting dilution with
seeding of three cells/well. Cloned cells were expanded using our
rapid expansion protocol.
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Magnetically activated cell sorting (MACS) and establishment of T-
cell cultures specific for TGFB-15

We used MACS to enrich for antigen-specific T cells both from
primary cultures and from previously enriched cultures. Enrich-
ment of specific T cells from a primary PBMC culture was
performed by using our usua in vitro culture method for cell
cultures destined for analysis by ELISPOT. Next, the cells were
stimulated with antigen overnight, and the next day, the cells
were enriched using the MACS CD137 enrichment kit (Miltenyi
Biotech, Bergisch Gladbach, Germany) according to the manu-
facturer’s protocol. The enriched cells were expanded using our
rapid expansion protocol, and to obtain a high proportion of
T cells specific for TGFf-15, we re-enriched the TGFf3-15-specific
culture, which was then enriched for CD8" T cells after an
appropriate amount of time for expansion. The enriched CD8"
T cells were either cloned by a limiting dilution method or
expanded directly. All enriched cultures and clones were
expanded using our rapid expansion protocol.

Chromium-51 cytotoxicity assay and cytokine stimulation of target
cells

We used the standard chromium-51 cytotoxicity assay to assess
the killing potential of the specific T cells as described
previously.”® To manipulate the expression of TGFB in several
cancer cell lines, the cancer cell lines were stimulated with IL-4
(100 or 200 U/mL) and TGFB1 (2.5 or 5ng/mL) (all Peprotech,
Rocky Hill, New Jersey, USA) either alone or in combination for 48
h before the assay. All cancer cell lines were maintained in R10
medium (RPMI supplemented with 10% FCS) at all times during
culture. Cr51 experiments were performed in R10 medium,
whereas ELISPOT assays and ICS were performed in X-VIVO.

Lysing of cells and determination of the protein content in cell
lysates

Cells destined for analysis by WB were washed twice using sterile
PBS. The supernatant was carefully removed, and the pellet was
kept at —80°C. Cells were lysed using RIPA lysis solution
(ThermoFisher) with a 1:100 dilution of Halt protease inhibitor
cocktail (ThermoFisher). Cells were lysed with constant agitation at
4°C for 15min. Next, the cells were spun down, and the
supernatant was carefully removed and transferred to a new
Eppendorf tube. For equal loading of protein in the gel, the
amount of protein in each lysate was determined using the BCA
Protein Assay Kit (ThermoFisher) according to the manufacturer’s
protocol.

Analysis of intracellular TGF using western blotting

Prior to loading the gels, lysates from each cell line were mixed
with distilled water and Bolt™ reducing agent (10x dilution) and
Bolt™ buffer (4x dilution) (both ThermoFisher Scientific) for a total
loading volume of 50 uL. The amount of loaded protein varied
from experiment to experiment, but the amount of loaded protein
was always equal across all lanes in one gel. For quantification of
the protein size, we used the BioRad Precision Plus ladder. After
loading of the Bolt™ 4-12% Bis-Tris Plus gel (ThermoFisher) with
lysates, the gel was run for ~20 min at 200 V using a PowerPac HV
(BioRad). Next, the gel was transferred to an iBlot 2 PVDF ministack
(ThermofFisher), and blotting was performed using an iBlot Gel 2
Transfer device (ThermoFisher) at 20V for 1 min, 23V for 4 min
and 25V for 2 min. After transferring the protein, the membrane
was cut in half, as the antibodies specific for TGFf3 and the vinculin
housekeeping protein required different blocking and incubation
conditions. The membrane with the TGFP protein was blocked for
1h in blocking buffer containing TBS 4+ 0.1% Tween + 3% BSA,
whereas the membrane with vinculin was blocked for 1 h in TBS +
0.1% Tween +5% skimmed milk powder. After 1 h of blocking, the
membrane with TGFP was incubated overnight with constant
agitation with the TGFB specific antibody (Cell Signaling
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Technologies, CST3711) at a 1:2000 dilution in blocking buffer at
4°C. The membrane with vinculin was incubated in TBST + 0.1%
Tween overnight at 4°C. On the following day, the membrane
with vinculin was washed three times for 5 min each with TBST
buffer and then stained with the vinculin-specific antibody
SAB4200080 (Sigma-Aldrich) at a 1:1,000,000 dilution in blocking
buffer for 1 h at room temperature with constant agitation. Next,
both membranes were washed three times for 5 min each with
the appropriate blocking buffer and then incubated with either
anti-rabbit antibody (CST7074) at a 1:2000 dilution in blocking
buffer (TGFB membrane), whereas the membrane with vinculin
was incubated with blocking buffer containing anti-mouse anti-
body (CST7076) at a 1:2000 dilution. Next, the membranes were
washed three times in TBST and then incubated for 5 min at RT
with the SuperSignal™ West Femto Maximum Sensitivity Sub-
strate (ThermoFisher) before imaging using a BioRad Gel Doc gel
reader (BioRad) at chemihigh resolution for visualization of the
vinculin and TGFP bands and by using colorimetric analysis for
visualization of the ladder. The bands for TGF(3 were acquired after
~10s of exposure, whereas the bands for vinculin were acquired
after ~80 s of exposure; however, this time varied from experiment
to experiment. The band for TGFf appeared universally at ~50
kDa, which is in accordance with the TGFf-specific band detected
in cell lysates by the manufacturer. The bands for the vinculin
loading controls appeared at ~120 kDa. The relative expression of
TGFB in the different cell lysates was analyzed using Image)
software.?’

FACS analysis of HLA-I expression on THP-1 cells

For the analysis of HLA-I expression on THP-1 cells treated with
different cytokines, 10° cells were isolated and split into two
fractions—one for the isotype control and one for staining for
HLA-I. As THP-1 is a myeloid cell line, we chose to use an Fc-
blocker to decrease the amount of nonspecific binding. Blocking
was performed by blocking 5x 10° cells with 95 uL FACS buffer
(PBS + 2% FCS) and 5 pL Fc-blocker. Cells were blocked for 10 min.
Next, the cells were washed and stained with either 20 pL anti-
HLA-I FITC-conjugated antibody (BD Biosciences, San José, USA) or
the appropriate isotype control. Cells were stained for 30 min and
washed twice. Just before FACS, cells were stained with 5 uL 7AAD
to exclude dead cells from the FACS experiment.

siRNA-mediated TGF silencing

A set of three Stealth siRNA duplexes for targeted silencing of
TGFB (HSS110683, HSS110684, and H55110685) and Stealth siRNA
negative control duplexes were obtained from Invitrogen
(Invitrogen/Life Technologies, Paisley, UK). The Stealth TGFp siRNA
duplexes consisted of the sense sequences 5-GGUGGAAACCC
ACAACGAAAUCUAU-3/, 5'-UCCUGGCCCUGUACAACCAGCAUAA-3’
and 5'-CCACCUGCAAGACUAUCGACAUGGA-3'. In general, nega-
tive control siRNAs are most often used as nontargeting siRNAs
and are designed not to target any gene. They are used to
determine the nonspecific effects of siRNA delivery and to provide
a baseline for comparison to siRNA-treated samples, and they are
the most appropriate negative control for such experiments.

In regard to off-target effects, they occur when a siRNA has
sufficient homology to an untargeted gene, thereby silencing it
along with the intended target. It is well known that off-target
effects can be problematic when using traditional siRNA since
both the sense and antisense strands of an unmodified siRNA can
enter the RNAi pathway. However, we used a 25-mer blunt dsRNA
oligo that contains a chemically modified sense strand, which
allows only the antisense strand to efficiently enter the RNAi
pathway. This modification eliminates concerns about sense
strand off-target effects. For TGFB silencing experiments, THP-1
cells were transfected with TGFP siRNA using electroporation
parameters that were previously described.?*?* In short, 6.5 x 10°
cells were washed three times in OPTIMEM and then resuspended
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in 400 pL OPTIMEM. Cells were transferred to a 4-mm-gap cuvette
and transfected with 0.25 nmol of each of the three TGFB siRNAs
using one pulse of 500V lasting for 2 mS. Directly after
transfection, the cells were transferred into a warm medium and
allowed to rest for 48 h before setup of the Cr51 cytotoxicity
experiment. The remaining cells were pelleted and analyzed for
intracellular TGF expression as described above. An appropriate
transfection efficiency was confirmed prior to performing the
functional experiments by transfecting 6.5 x 10° THP-1 cells with 3
ML BLOCK-T fluorescent oligo (ThermoFisher) using the same
transfection settings. At 24 h after transfection, the cells were
analyzed by FACS for the expression of FITC to ensure the proper
transfection efficiency (Supplementary Fig. 1). Mock-transfected
cells were used as negative controls. The negative controls used
for the functional experiments and western blotting were mock-
transfected cells.

RESULTS

TGFB harbors several immunogenic epitopes that induce a
response in both healthy donor and cancer patient T cells
PBMCs from five HDs were tested to detect spontaneous immune
responses against epitopes in TGFB. We chose to investigate
immune responses against all parts of TGF3 by dividing the entire
TGF( sequence into 20-mer peptides, each with 10 overlapping
amino acids, thus generating a total of 38 peptides (Fig. 1).
Responses were analyzed by in vitro interferon-gamma (IFN-y)
enzyme-linked immunospot (ELISPOT) assays. The effective screen-
ing was performed by stimulation of PBMCs with three pooled
peptides in vitro and then restimulation with each peptide
individually after 7-10 days of in vitro culture. Responses were
detected against several epitopes in TGF(3, and these epitopes were
spread out over the entire TGFP sequence (Fig. 2A). Based on the
frequency and amplitude of the responses, we chose eight lead
epitopes. To confirm the immunogenic potential of these epitopes,
we tested PBMCs from additional HD, which were stimulated in vitro
with each peptide individually. We confirmed strong and frequent
responses to all eight lead epitopes, among which TGFp-02, TGFf3-
15, TGFB-26, and TGFB-33 produced the strongest and most
frequent responses (Fig. 2B, C). As HD and cancer patients can
show different patterns of immune responses toward epitopes®*, we
investigated the immunogenic potential of the selected epitopes in
patients with metastatic melanoma and prostate cancer. The
responses identified in cancer patients were not as strong as the
responses identified in HDs, and not all epitopes incited a strong
response in patient PBMCs. TGFB-02, TGFB-15, TGFB-26, and TGFf-
33 appeared to be immunogenic in patients (Fig. 2D). Using
intracellular cytokine staining (ICS), we showed that the selected
epitopes induced both CD4™ (Fig. 2E) and CD8" T-cell responses
(Fig. 2F). Additionally, we established bulk cultures for several of the
TGFf3 lead epitopes using magnetically activated cell sorting (MACS),
and these cultures harbored both CD4" and CD8" TGFpB-specific
T cells (Supplementary Fig. 2), thus demonstrating the high
immunogenic potential of several epitopes in TGFB. Ex vivo
responses against several epitopes were identified in both HD and
cancer patient PBMCs. Cells were thawed and rested overnight
before plating and stimulation for 48 h, and both HD and patient
PBMCs stimulated ex vivo released significant amounts of IFN-y
(Fig. 3A, B). We detected a CD8" T-cell response in ex vivo-plated
PBMCs from a patient with prostate cancer (UR1121.14) after only 5
h of stimulation with the epitope TGFB-15 (Fig. 3C). As this patient
showed a strong response to TGFf3-15, our intention was to establish
a specific T-cell culture against TGFB-15 using PBMCs from this
patient. First, we wanted to establish whether CD137 could be
used as a marker for sorting specific T cells from this donor.
Accordingly, we stimulated patient PBMCs with TGFB-15 and
maintained the cells in culture for 14 days. Next, the PBMCs
were restimulated with TGF(3-15 for 18 h and then analyzed for the
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TGFb-01:MPPSGLRLLLLLLPLLWLLV AA 1-20
TGFb-02:LLLPLLWLLVLTPGRPAAGL AA 10-30
TGFb-03:LTPGRPAAGLSTCKTIDMEL AA 20-40
TGFb-04: STCKTIDMELVKRKRIEAIR AA 30-50
TGFb-05: VKRKRIEAIRGQILSKLRLA AA 40-60
TGFb-06:GQILSKLRLASPPSQGEVPP AA 50-70
TGFb-07:SPPSQGEVPPGPLPEAVLAL AA 60-80
TGFb-08:GPLPEAVLALYNSTRDRVAG AA 70-90
TGFb-09: YNSTRDRVAGESAEPEPEPE AA 80-100
TGFb-10:ESAEPEPEPEADYYAKEVTR AA 90-110
TGFb-11:ADYYAKEVTRVLMVETHNEI AA 100-120
TGFb-12:VLMVETHNEIYDKFKQSTHS AA 110-130
TGFb-13:YDKFKQSTHSIYMFFNTSEL AA 120-140
TGFb-14:IYMFFNTSELREAVPEPVLL AA 130-150
TGFb-15:REAVPEPVLLSRAELRLLRL AA 140-160
TGFb-16: SRAELRLLRLKLKVEQHVEL AA 150-170
TGFb-17 : KLKVEQHVELYQKYSNNSWR AA 160-180
TGFb-18:YQKYSNNSWRYLSNRLLAPS AA 170-190
TGFb-19:YLSNRLLAPSDSPEWLSFDV AA 180-200
TGFb-20:DSPEWLSFDVTGVVRQWLSR AA 190-210
TGFb-21: TGVVRQWLSRGGEIEGFRLS AA 200-220
TGFb-22: GGEIEGFRLSAHCSCDSRDN AA 210-230
TGFb-23: AHCSCDSRDNTLQVDINGET AA 220-240
TGFb-24: TLQVDINGFTTGRRGDLATI AA 230-250
TGFb-25: TGRRGDLATIHGMNRPFLLL AA 240-260
TGFb-26: HGMNRPFLLLMATPLERAQH AA 250-270
TGFb-27 :MATPLERAQHLQSSRHRRAL AA 260-280
TGFb-28: LOSSRHRRALDTNYCFSSTE AA 270-290
TGFb-29:DTNYCFSSTEKNCCVRQLYT AA 280-300
TGFb-30: KNCCVRQLYIDFRKDLGWKW AA 290-310
TGFb-31:DFRKDLGWKWIHEPKGYHAN AA 300-320
TGFb-32: IHEPKGYHANFCLGPCPYIW AA 310-330
TGFb-33: FCLGPCPYIWSLDTQYSKVL AA 320-340
TGFb-34:SLDTQYSKVLALYNQHNPGA AA 330-350
TGFb-35: ALYNQHNPGASAAPCCVPQA AA 340-360
TGFb-36:SAAPCCVPQALEPLPIVYYV AA 350-370
TGFb-37:LEPLPIVYYVGRKPKVEQLS AA 360-380
TGFb-38: GRKPKVEQLSNMIVRSCKCS AA 370-390
1 29 279 390

| SP | Latency associated peptide (LAP)| Active TGF |

Fig. 1 Amino acid sequences of all 20-mer epitopes in the TGFp
peptide library. Underlining of letters has been performed to ease
tracking of the sequences. Below is a figure depicting the different
parts of TGFf. The signal peptide (SP), Amino acid (AA)

expression of CD137 and CD107a using FACS. By this experiment,
we showed that CD137 would be a suitable marker for enriching for
specific T cells, as 16.6% of CD8" T cells were CD137" after
stimulation with the peptide (Fig. 3D). Thus, we enriched TGF(3-15-
specific T cells by using the MACS CD137 enrichment kit and
established a culture containing both CD4*1 (Fig. 3E) and CD8"
TGFB-15-specific T cells (Fig. 3F).

TGF-15-specific T cells recognize and kill peptide-pulsed HLA-
A2" target cells

Using limiting dilution, we established CD8% TGFB-15-specific
clones from patient UR1121.14, and the clones showed high
reactivity to TGF3-15 (Supplementary Fig. 3). Staining of PBMCs
with an HLA-A2"-specific antibody revealed that the donor
UR1121.14 was HLA-A2" (data not shown), and we next sought
to establish whether the specific T cells could lyse peptide-pulsed
HLA-A2" target cells by using standard Cr51 cytotoxicity assays. As
the TGFB-15 epitope is a 20-mer, it cannot be presented in its full
length on HLA-I molecules. Previous reports have shown that TAP-
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Fig. 2 In vitro responses against several TGFB1-derived epitopes. A Peripheral blood mononuclear cells from five healthy donors were analyzed
for in vitro responses against 38 20-mer peptides derived from the TGFf31 protein. Each peptide had 10 amino acids overlapping with the adjacent
20-mer peptide. Cells were stimulated once with a pool of three peptides and restimulated with each peptide individually in the ELISPOT assay
after 7-9 days of incubation. Green rectangles depict the lead epitopes, which were chosen upon analyzing the immune responses in the five
healthy donors. B Representative ELISPOT responses against the identified lead peptides. C Heatmap depicting the amplitude of the responses in
PBMCs from healthy donors against the lead epitopes. X in the heatmap indicates that the peptide was not tested in the donor. The names on the
x axis refer to the healthy donor ID. D Heatmap depicting the amplitude of the responses in cancer patient PBMCs against the lead epitopes. X in
the heatmap indicates that the peptide was not tested in the patient. The names on the x axis refer to patient IDs. E CD4" responses in T cells
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Fig. 3 Ex vivo responses against several TGFB1-derived epitopes. A Amplitude of responses in PBMCs from both cancer patients and healthy
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deficient HLA-A2™ T2 cells can efficiently cross-present long
peptides.'®* Thus, we examined whether the TGFB-15 epitope
could be processed and presented by T2 cells. Peptide-pulsed T2
cells were readily lysed by specific T cells, whereas nonpulsed T2
cells were not killed by specific T cells (Fig. 4A). As T2 cells are
positive for other HLA alleles than HLA-A2, the killing could
potentially be mediated by a match on another HLA allele. Thus,
we used K562 cells as target cells. The original K562 cell line is
completely HLA deficient,”® but we chose to work with two cell
lines that were genetically modified to stably express either HLA-
A2 or HLA-A3, ensuring that these were the only HLA alleles
expressed by the respective cells. Hence, only peptide-pulsed
HLA-A2" cells were killed by TGFB-15-specific clones, whereas
nonpulsed HLA-A2" cells and peptide-pulsed HLA-A3™" cells were
not killed (Fig. 4B).

Next, we identified the minimal epitope in TGF(3-15 by dividing
the TGFB-15 epitope into a 10-mer peptide library of nine
overlapping amino acids, thus generating 11 10-mer peptides.
T cells from the TGFB-15-specific bulk culture were plated for
ELISPOT assays and stimulated with each of the 10-mer peptides,
which revealed that the minimal epitope in the TGFB-15 sequence
was the epitope with the sequence VLLSRAELRL (TGFb-15-08)
(Supplementary Fig. 4).

TGFB-15-specific T cells kill TGFB-expressing HLA-A2" cancer cells

As TGF( is heavily involved in creating a tumor-suppressive
environment, we sought to identify whether TGF(3-15-specific

SPRINGERNATURE

T cells were able to recognize HLA-A2" cancer cell lines in order to
establish whether the immune system itself can kill immunosup-
pressive TGFf-expressing cells. The cell lines UKE-1, SET-2, and
THP-1, which are all derived from patients with acute myeloid
leukemia, were used as target cells in concert with the HLA-A2™"
melanoma cell lines WM-852 and K562 as well as HLA-A2" K562
cells. TGFB-15-specific T cells were stimulated overnight with the
respective target cells at an effector target ratio of 3:1, and the
next day, T cells were analyzed for the expression of CD137 and
CD107a. Two cancer cell lines, THP-1 and UKE-1, were recognized
by specific T cells, whereas the other cell lines did not activate
T cells (Fig. 4C). These findings were confirmed using ICS (Fig. 4D).
Next, we wanted to confirm that UKE-1 and THP-1 cells express
TGFB, so we determined the amount of intracellular TGF@ by
western blotting (WB) of cell lysates. Lysates from UKE-1 and THP-
1 cells were analyzed in concert with lysates from the myeloid
leukemia cell lines HL60, SET-2, and MonoMac, the lymphoma cell
line Daudi, the myeloma cell line RPMI8226, and the melanoma
cell line WM-852. WB showed that all the analyzed cells expressed
TGFB (Supplementary Fig. 5). As both UKE-1 and THP-1 cells
express TGFB intracellularly, the activation of TGFp-15-specific
T cells by these cells was mediated by the recognition of
TGFB-derived epitopes presented by HLA-I on UKE-1 and THP-1
cells. Next, a Cr51 release assay demonstrated that both UKE-1 and
THP-1 cells are readily killed by TGFB-15-specific T cells (Fig. 4E),
whereas neither SET-2 nor WM-852 cells were killed by T cells
(Fig. 4F).
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Fig.4 TGFpB-15-specific CD8" T-cell clones kill target cells in an HLA-A2-restricted manner and kill cancer cell lines expressing TGFp. A TGFp-15-
specific CD8" T cells effectively lysed T2 cells pulsed with TGFf-15. B To control that the TGFf-15 response was indeed HLA-A2 restricted, it
was demonstrated that HLA-A2™ target cells but not HLA-A3™ target cells pulsed with peptide were lysed. C Stimulation of TGFp-15-specific
clones with HLA-A2" cancer cell lines and K562 cells with subsequent analysis of the expression of CD107a and CD137 on T cells.
D Stimulation of T cells with UKE-1 and THP-1 in an ICS. E UKE-1 and THP-1 cells used as target cells in Cr51 release assays with TGFf-15-
specific CD8" T cells as effector cells. F The HLA-A2" and TGFp-expressing cancer cell lines SET-2 and WM-852 were used as target cells in a
Cr51 release assay with TGFp-15-specific T cells as effector cells. K562-A2 loaded with TGFf-15 peptide was included as a positive control

Increased T-cell recognition of THP-1 cells that express increased
amounts of TGF

Treatment of the THP-1 cell line with different cytokines has been
shown to impact the gene expression of THP-1 cells.?” As IL-4 is a
cornerstone cytokine in the development of the Th2 response and
TGFB secretion is involved in the Th2 response,® we speculated
that treatment of THP-1 cells with IL-4 would enhance the
expression of TGFP. Additionally, since the stimulation of DCs with
TGFB is known to increase the expression of TGF(B, we
hypothesized that treatment of THP-1 cells with TGFf would
increase the expression of TGFB in THP-1 cells. Importantly, the
TGFB-15 epitope is located in the latency-associated peptide (LAP)
of TGF and hence is not found in the active form of the TGF
sequence. Consequently, any change in the recognition of THP-1
cells by TGFB-15-specific T cells after treatment with exogenous
active TGFB will depend on a change in the expression of
intracellular TGFB, as exogenous active TGFP does not contain
the TGFB-15 epitope. THP-1 cells were treated with either IL-4
(100 U/mL), TGFB1 (2.5ng/mL), or both cytokines together for
48 h. Then, the cells were harvested and analyzed for the
expression of intracellular TGFB using WB. Treatment with IL-4
did not increase the amount of intracellular TGF, whereas THP-1

Cellular & Molecular Immunology (2021) 18:415-426

cells treated with TGFB alone or in combination with IL-4
displayed increased amounts of intracellular TGF(3 (Fig. 5A). As
we expected that the increased expression of TGF would result in
increased killing of THP-1 cells, we used cytokine-treated THP-
1 cells as target cells in a Cr51 release assay and demonstrated an
increase in the fraction of killed cytokine-treated THP-1 cells
(Fig. 5B). We then tested whether increased concentrations of IL-4
and TGF[3 would enhance the production of TGFf and hence the
fraction of killed cells. THP-1 cells were treated with increased
doses of IL-4 (200 U/mL), TGF( (5 ng/mL), or both cytokines for 48
h. WB of the cell lysates showed that all three cytokine conditions
increased the intracellular amount of TGFB (Fig. 5C), and THP-1
cells treated with IL-4 or TGF( alone or in combination were more
readily killed (Fig. 5D). However, we wondered why IL-4-treated
cells were more readily killed than TGFf-treated cells, as the latter
displayed a higher expression of TGFf. Since TGFP is a highly
immunosuppressive cytokine, we speculated that THP-1 cells
treated with TGF3 could possibly express lower amounts of HLA-I.
Cytokine-treated THP-1 cells were analyzed for the expression of
HLA-I using FACS, and cells treated with TGFf3 showed consider-
ably lower expression of HLA-lI than untreated cells and IL-4-
treated cells (Fig. 5E). Finally, to clarify whether decreased

SPRINGER NATURE
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Fig. 5 Recognition and killing of cancer cells by TGFp-15-specific T cells depends on the expression of TGF} by cancer cells. A Western blot
(WB) analysis of intracellular expression of TGFp in THP-1 cells that were stimulated for 48 h with either IL-4 (100 U/mL) or TGFf (2.5 ng/mL) or
both in combination. B Killing of THP-1 cells that were stimulated for 48 h with either TGF (2.5 ng/mL) or both with IL-4 (100 U/mL) and TGF}
(2.5 ng/mL). C Western blot analysis of intracellular expression of TGF in THP-1 cells that were stimulated for 48 h with either IL-4 (200 U/mL)
or TGFp (5 ng/mL) or both in combination. D Killing of THP-1 cells that were stimulated for 48 h with either IL-4 (200 U/mL) or TGFp (5 ng/mL)
or both in combination. E Expression of HLA-I in THP-1 cells treated with either IL-4 (200 U/mL) or TGF (5 ng/mL) or both in combination.
F Western blot analysis of the expression of intracellular TGFf in THP-1 cells after 48 h of transfection with TGF siRNA. G Western blot analysis
of the expression of intracellular TGFp in THP-1 cells after 72 h of transfection with TGFp siRNA. H Cr51 release assay showing the killing of
THP-1 cells mock-transfected or transfected with TGFp siRNA at 48 H after transfection. | Cr51 release assay showing the killing of THP-1 cells
mock-transfected or transfected with TGFf siRNA at 72 H after transfection
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amounts of TGFP would result in a lower fraction of killed cells, the
production of TGFf in THP-1 cells was silenced using siRNA
oligonucleotides specific for TGF. Mock-transfected and siRNA-
transfected cells were pelleted and lysed 48 and 72h after
transfection. WB of the lysates revealed markedly lower amounts
of intracellular TGFB in the siRNA-transfected cells at both time
points (Fig. 5F, G), and a Cr51 release assay of siRNA-transfected
THP-1 cells as target cells demonstrated a reduced fraction of
killed siRNA-transfected cells compared to that of mock-
transfected cells (Fig. 5H, I).

A 9-mer epitope in the signal peptide of TGFp is a target of
specific T cells

Given the high frequency of T-cell responses associated with
several different sites in the TGFP sequence, we set out to
characterize an HLA-A2-restricted 9-mer epitope located in
another part of the TGFP sequence in more detail. By usmg the
SYFPEITHI database of MHC ligands and peptide motifs®
searched the entire TGFf sequence for 9-mer epitopes with hlgh
binding affinity for HLA-A2, and the peptide sequence
LLLLPLLWL, which is part of the TGFB-01 peptide, was identified
as the top binding 9-mer epitope with a binding affinity score of
30. Hence, we scrutinized spontaneous T-cell responses to this
epitope, which was called TGFB-A2-01, in HLA-A2" healthy
donor PBMCs. The majority of healthy donor PBMCs displayed a
response against the epitope (Fig. 6A). Using ICS, we showed
that the T-cell responses were indeed CD8" T-cell responses
(Fig. 6B). We then isolated TGFB-A2-01-specific T cells from a
healthy donor (BC363) with a strong response to TGF3-A2-01 by
performing a single in vitro stimulation of donor PBMCs
followed by 14 days of culture. Next, cells were stimulated
overnight with TGFB-A2-01, and the specific cells were then
enriched using FACS live cell sorting by gating on CD3"/CD87/
CD137" cells. The enriched cells were expanded as described in

IFN-y ELISPOT on healthy donor PBMC
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the materials and methods section, and after 14 days of
expansion, several T-cell lines derived from the enrichment
showed high specificity for the TGF(3-A2-01 peptide (Supple-
mentary Fig. 6). The specific T cells lysed the peptide-pulsed
HLA-A2" cells, whereas the nonpulsed HLA-A2" and peptide-
pulsed HLA-A3" target cells were not lysed (Fig. 6C). As the WB
analysis showed that the HLA-A2" cell lines UKE-1, SET-2, and
WM-852 all express TGFf (Supplementary Fig. 5), we used these
cells as target cells in a Cr51 release assay, and both UKE-1 and
SET-2 cells were killed, whereas the WM-852 cells were not killed
(Fig. 6D). Of note, SET-2 cells were not killed by the TGFf-specific
T-cells. We enhanced the expression of TGFf3 by THP-1 cells by
stimulating THP-1 cells for 48 h with TGFB (5 ng/mL) either alone
or in combination with IL-4 (200 U/mL). Cytokine-treated THP-
1 cells were more readily killed than unstimulated target cells
(Fig. 6E). Finally, THP-1 cells transfected with TGF(3 siRNA were
not as readily killed as mock-transfected cells 48 h (Fig. 6F) and
72 h (Fig. 6G) after transfection, showing that the killing of target
cells depends on the expression level of TGFf{.

DISCUSSION

Perhaps the strongest tumor-promoting property of TGFp is its
robust immunosuppressive effect. TGF inhibits the formation of
the Th1 transcription factor T-bet, thereby inhibiting the produc-
tion of IFN-y, granzyme B, and perforin in both CD8" T cells and
NK cells.?**° Stimulation of DCs with TGFB decreases the
expression of HLA-Il and costimulatory molecules, thus generating
tolerogenic DCs.?> These DCs secrete TGFR and IL-10, and
additionally, the low expression of costimulatory molecules results
in ineffective priming of naive T cells, which then turn into Tregs.
Moreover, TGFf3 has been shown to skew the differentiation of
monocytes into non-M1/non-M2 macrophages, which phenotypi-
cally resemble myeloid-derived suppressor cells (MDSCs).>' These
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Fig. 6 CD8"' T cells specific for an HLA-A2 binding 9-mer epitope in the TGFp signal peptide sequence readily kill TGFp-expressing HLA-A2*-
specific cancer cell lines in an HLA-A2- and TGFB-dependent manner. A Healthy donor PBMCs secrete IFN-y upon stimulation with the HLA-A2
binding 9-mer epitope TGF3-A2-01 after 14 days in vitro culture (left), representative ELISPOT responses (right). B Intracellular cytokine
staining of healthy donor PBMCs stimulated with TGFB-A2-01 gated on CD8" T cells with analysis of IFN-y and TFN-a expression (top) and
expression of CD107a (bottom). C TGF-A2-01-specific CD8" T cells from a healthy donor used as effector cells against TGF3-A2-01-pulsed
HLA-A2" target cells, nonpulsed HLA-A2™" target cells, and peptide-pulsed HLA-A3" target cells. D TGFp-A2-01-specific CD8™ T cells were used
as effector cells with the HLA-A2" cells UKE-1, SET-2, and WM-852 as targets in a Cr51 release assay. E THP-1 cells that were stimulated for 48 h
with either TGFf (5 ng/mL) alone or combined with IL-4 (200 U/mL) were used as target cells in a Cr51 release assay with TGF3-A2-01-specific
T cells as target cells. F Killing of THP-1 cells mock-transfected or transfected with TGFp siRNA at 48 H after transfection. I Killing of THP-1 cells
mock-transfected or transfected with TGFpB siRNA at 72 H after transfection
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highly suppressive cells not only express TGFf3 themselves but also
express several other immunosuppressive substances, such as
arginase and reactive oxygen species.>? The metastatic process is
also influenced by TGFB and MDSCs. In a murine lung cancer
model, deletion of the TGFB receptor on myeloid cells inhibited
the formation of distal metastases, an effect that was dependent
on the presence of CD8" T cells.3* In another study, abrogation of
TGFp signaling in malignant cells resulted in an influx of MDSCs
into the tumor site. These MDSCs secreted TGFR and matrix
metalloproteinases themselves, thereby enhancing local immune
suppression and tumor cell invasiveness.3* These studies show
how TGF{ produced by myeloid cells is an important factor for the
suppression of the tumor-specific immune response, and as such,
there is compelling evidence that TGFB is a powerful tumor-
promoting and immune-suppressing cytokine. Given the discov-
ery of T cells specifically involved in several other immune
regulatory mechanisms,® it seemed logical for us to search for
TGFB-specific T cells in HDs and cancer patients.

In the current study, we found high levels of TGFp-specific
immune responses in both cancer patients and HDs. Screening of
a 20-mer library spanning the entire sequence showed that TGF
contains several highly immunogenic epitopes. In fact, the
number of immunogenic epitopes may be underestimated by
our method of pooling the peptides during in vitro stimulation, as
this may lead to HLA competition between the different peptides.
As such, the degree of the TGFB-specific immune responses could
be even higher than shown by our data. By stimulating PBMC
cultures with nonpooled epitopes, we confirmed the immuno-
genic potential of the identified lead epitopes in both HDs and
cancer patients. The responses in HDs were apparently stronger
than the responses in patients with cancer. The reduced responses
are most likely attributed to the absence of antigen-presenting
cells in the patient samples, as patient PBMCs had been depleted
of monocytes prior to cryopreservation. Of note, immunogenic
epitopes were found in all parts of the TGFB protein sequence,
and we directly identified several responses against the epitopes
ex vivo. These responses are highly noteworthy, as neoantigen-
specific immune responses are only very rarely detected usin%
ELISPOT or tetramer staining without prior in vitro expansion.3
The detection of ex vivo responses to a nonmutant self-antigen
show that the immune system constantly maintains a pool of
primed TGFB-specific T cells that are ready to dampen local TGF{3-
mediated immune suppression. We speculate that the high
immunogenic potential of several of the identified TGF3 epitopes
could reflect that the immune system must control the number of
TGFB-expressing cells in a very strict manner to curtail deleterious
local immune suppression.

We chose to continue our experiments with two different
epitopes—one 9-mer epitope derived from the signal sequence of
TGFB (TGFB-A2-01) and one 20-mer epitope (TGFB-15) derived
from the LAP sequence of TGFp. Responses to both epitopes were
HLA-A2-restricted, as the peptide-pulsed HLA-A2" K562 cells were
readily lysed by T cells, and we identified the minimal HLA-A2-
restricted epitope in the 20-mer TGF(3-15 epitope. Next, we
revealed that the specific T cells recognized and killed HLA-A2*
TGFB-expressing cancer cell lines. First, we showed that all
investigated cancer cell lines express TGFB. Using Cr51 release
assays, we showed that TGFB-A2-01-specific T cells were able to
kill THP-1, UKE-1 and SET-2 cells, whereas TGFp-15-specific T cells
killed only THP-1 and UKE-1 cells. Of note, neither of the T-cell
lines killed WM-852 cells, which are HLA-A2", and only the TGF(-
A2-01-specific cells killed SET-2 cells. This could be due to the
inability of the target cells to process and present the epitope of
interest for the specific T cells, whereas another explanation could
be that the cancer cell lines employ several immunosuppressive
mechanisms that inactivate the TGFB-specific T cells. Cancer cells
may also express different amounts of TGFf3, and the lack of killing
may simply be due to the low expression of TGFp.

SPRINGERNATURE

This is supported by our experiments showing that the killing of
TGFB-expressing cancer cells depends on the amount of
expressed TGFp. It is well known that the cytokine expression
profile of THP-1 cells can be modulated through stimulation with
different cytokines. We used IL-4 and the active form of BTGFf,
which did not contain the TGFB-15 epitope, to modulate TGFf3
expression. Importantly, the cytokine-induced increase in intra-
cellular expression of TGF( resulted in increased recognition by
TGFB-specific T cells. We were, however, puzzled by the fact that
IL-4-treated cells were more readily killed than TGF{3-treated cells,
even though IL-4 did not increase intracellular TGFf levels as
much as TGFB. This was explained by the fact that TGFf3-treated
cells displayed markedly lower levels of HLA-I than IL-4-stimulated
cells. Interestingly, we showed that even though HLA-I expression
was attenuated by cytokine stimulation, we identified an increase
in the fraction of killed cells. This is explained by the fact that
cytokine stimulation increased the levels of intracellular TGF(, thus
leading to an increased presentation of TGFB-derived epitopes by
HLA-I molecules on the cell surface. In addition, it is important to
underscore that the peptides TGFB-15 and TGFb-A2-01 are not
part of the active recombinant form of TGFP used to treat THP-1
cells. These peptides are found in the LAP sequence of TGF@ and
the signal peptide, respectively. As such, the increased recognition
of TGFB-stimulated THP-1 cells cannot be attributed to the cross-
presentation of recombinant TGF{. Finally, partial inhibition of
TGF( expression through transfection of THP-1 cells with TGF(
siRNA resulted in a significant reduction in the fraction of killed
THP-1 cells.

As described above, TGFP remains a highly immunosuppressive
cytokine, and in the setting of advanced cancer, TGF3 has potent
tumor-promoting effects. Different strategies targeting TGF have
been investigated in the setting of malignant disease, and several
of these have shown promising results. The TGF{3-receptor
inhibitor galunisertib has been tested in clinical trials in patients
with glioma and pancreatic cancer, and the compound showed
some clinical activity in both diseases.>®3” Another interesting
method involving TGF signaling is the use of belagenpumatucel-
L, a vaccine consisting of irradiated lung cancer cell lines
transfected with a TGFB2 antisense plasmid to attenuate the
expression of TGFP2 and thus decrease the immunosuppressive
properties of the injected tumor cells, which would then induce a
robust tumor-specific immune response. This drug reached phase
Il in clinical trials but failed to reach the primary endpoint.*® The
TGFB1/2/3 blocking antibody fresulimumab has shown some
effect in both breast cancer and primary myelofibrosis.>**° In
addition, several in vivo studies have tested the ability of TGFf-
specific antibodies to enhance the effect of cancer-targeting
vaccines. In one murine CT26 colon cancer model, TGFB-specific
antibodies were administered in addition to irradiated CT26 tumor
cells in a prophylactic setting, showing a benefit in mice that
received both antibody and vaccination therapy.*' In another
murine model of TC1 cells that expressed the human papilloma-
virus E6 and E7 antigens, mice that received both antibody-
and E6/E7-directed vaccines showed a better tumor response and
immune response to the vaccine antigens than mice that received
only the vaccine.*? Furthermore, in a murine glioma model, mice
that received both antibodies and vaccines directed against
glioma-associated antigens displayed an enhanced immune
response to the vaccination antigens.”* Only two in vivo studies
have employed anti-TGFB-directed vaccines. One study aimed to
decrease the fibrogenic effects of TGFB. Vaccinated mice
displayed increased body weight, decreased TGFB activity,
decreased amounts of collagen, and reduced pSMAD3 levels.**
In another setting, a murine HPV model was treated with vaccines
with both the HPV antigen and the TGF3-derived peptide used in
the colitis model. Mice that received both vaccines showed
reduced tumor weights, and decreased numbers of Tregs and
splenocytes showed reactivity toward the vaccination antigen.*
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Hence, these studies showed that induction of a TGF-specific
immune response would decrease the activity of TGFf3. However,
none of the studies investigated the occurrence of immune
responses against the TGF epitopes in splenocytes.

We believe that our results showing that both healthy donors
and cancer patients harbor a high number of T cells that are able
to recognize and kill TGFB-expressing cells warrant further
investigation. Our findings provide evidence for the existence of
anti-regulatory T cells, which are naturally occurring T cells that
may recognize and kill immunosuppressive cells to dampen anti-
inflammation promoted by regulatory cells.>*® As the tumor
microenvironment is highly immunosuppressive, the clinical
relevance of these anti-regulatory T cells is to enhance the anti-
regulatory T-cell response in cancer patients to increase the levels
of inflammation in the tumor, which would allow for the improved
immune-mediated killing of tumor cells.'® In fact, two clinical trials
aiming at inducing/enhancing the anti-regulatory T-cell response
in cancer patients have shown promising results.'®'” To the best
of our knowledge, the identified TGFf-specific T cells represent
another class of anti-requlatory T cells that target and kill
immunosuppressive cells, and we believe that the identified T-
cell responses could be used in the setting of therapeutic
cancer vaccination with TGFf-derived epitopes. Enhancement/
induction of a TGFB-specific immune response has the potential to
enhance the tumor-specific immune response in several cancers,
just as induction of the immune response against other
immunoregulatory mechanisms has been shown to enhance the
immunogenicity of dendritic cell-based vaccines.*” Generally,
vaccines show a robust safety profile®® and could be relatively
easily incorporated into existing anti-neoplastic treatment regi-
mens. However, before targeting TGFB, one needs to take the
antitumorigenic properties of TGFf into account. In the early
stage of tumors and premalignant lesions, TGFf restrains the
growth of transformed cells and instead induces the apoptosis
of these cells. Therefore, TGFB is a potent tumor suppressor at
the early/premalignant stage, and TGFB-directed therapy could
result in deleterious tumor escape. However, in the murine
vaccination study discussed above, vaccination against TGF(
alone did not result in increased tumor cell growth.* This finding
needs to be confirmed in additional studies, in which animal
models with either inducible or spontaneous tumors would
receive a TGFB-directed vaccine. An increase in the frequency of
tumors in animals with a TGFB-specific immune response would
suggest that TGFp-specific immune responses are deleterious in
the very early or premalignant setting. Therefore, it would be of
relevance to identify any differences in the levels of TGFf in the
malignant and premalignant setting, as we have shown that
recognition of target cells depends on the intracellular levels of
TGFB. This recognition may be suppressed by both active
extracellular TGFB and by other immunosuppressive proteins,
such as IDO and PD-L1. Thus, the regulation of TGFB-specific
T cells must be very complex, as the levels of intracellular and
extracellular TGFf in concert with the amounts of additional
immunosuppressive proteins will influence the activation of TGFp-
specific T cells.

TGFB-specific immune therapy could have great potential in the
adjuvant setting. Induction of TGFp-specific T-cell responses may
not only abrogate local TGFB-mediated immune suppression, thus
facilitating the entry of neoantigen-specific T cells into the TME,
but may also reduce the metastatic potential of transformed cells
by inhibiting the process of EMT and prevent the formation of the
metastatic niche, which has been shown to partially rely on TGF(3
signaling.®® Hence, traditional beliefs regarding the beneficial
effects of vaccination in the early disease stages may not apply to
TGFpB-directed cancer vaccines. Instead, we speculate that the
vaccines could be used in the adjuvant setting in concert with
other immune-therapeutic modalities, such as immune checkpoint
inhibitors or neoantigen-specific cancer vaccines.
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In conclusion, the highly immunosuppressive cytokine TGFf is a
target for specific T cells, and TGFB contains several highly
immunogenic epitopes, which are found in all parts of the TGFf
protein. TGFB-specific T cells are both CD4" and CD8", and CD8"
TGFB-specific T cells can kill several tumor cell lines expressing
TGF. The fraction of killed cancer cells depends upon the level of
intracellular TGF, as increased levels of intracellular TGF result in
an increase in the killed cell fraction, whereas abrogation of TGF(3
production by siRNA transfection results in a reduced fraction of
killed cells.
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