Open access Original research

Arginase-2-specific cytotoxic T cells
specifically recognize functional

s
*°" Journal for
... ImmunoTherapy of Cancer

To cite: Weis-Banke SE,

Lisle TL, Perez-Penco M, et al.
Arginase-2-specific cytotoxic
T cells specifically recognize
functional regulatory T cells.
Journal for ImmunoTherapy
of Cancer 2022;10:¢005326.
doi:10.1136/jitc-2022-005326

» Additional supplemental
material is published online only.
To view, please visit the journal
online (http://dx.doi.org/10.
1136/jitc-2022-005326).

SEW-B and TLL contributed
equally.

SEW-B and TLL are joint first
authors.

Accepted 22 September 2022

‘ '.) Check for updates

© Author(s) (or their
employer(s)) 2022. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published by
BMJ.

"Department of Oncology, Herlev
Hospital, National Center for
Cancer Immune Therapy (CCIT-
DK), Herlev, Denmark
%Department of Biochemistry
and Molecular Biology,
University of Southern Denmark,
Odense, Denmark

3Department of Immunology
and Microbiology, University

of Copenhagen, Copenhagen,
Denmark

Correspondence to

Dr Mads Hald Andersen;
Mads.Hald.Andersen@regionh.
dk

regulatory T cells

Stine Emilie Weis-Banke,' Thomas Landkildehus Lisle,' Maria Perez-Penco ,

Aimilia Schina,’ Mie Linder Hiibbe," Majken Siersbaek,’
Morten Orebo Holmstrom,'® Mia Aaboe Jargensen,' Inge Marie Svane,’

Ozcan Met," Niels @dum,® Daniel Hargbel Madsen,' Marco Donia @ ,

Lars Gr@ntved,2 Mads Hald Andersen

ABSTRACT

Background High expression of the metabolic

enzyme arginase-2 (ARG2) by cancer cells, regulatory
immune cells, or cells of the tumor stroma can

reduce the availability of arginine (L-Arg) in the

tumor microenvironment (TME). Depletion of L-Arg

has detrimental consequences for T cells and leads

to T-cell dysfunction and suppression of anticancer
immune responses. Previous work from our group has
demonstrated the presence of proinflammatory ARG2-
specific CD4 T cells that inhibited tumor growth in murine
models on activation with ARG2-derived peptides. In this
study, we investigated the natural occurrence of ARG2-
specific CD8 T cells in both healthy donors (HDs) and
patients with cancer, along with their immunomodulatory
capabilities in the context of the TME.

Materials and methods A library of 15 major
histocompatibility complex (MHC) class I-restricted
ARG2-derived peptides were screened in HD peripheral
blood mononuclear cells using interferon gamma

(IFN-y) ELISPOT. ARG2-specific CD8 T-cell responses

were identified using intracellular cytokine staining and
ARG2-specific CD8 T-cell cultures were established

by enrichment and rapid expansion following in vitro
peptide stimulation. The reactivity of the cultures toward
ARG2-expressing cells, including cancer cell lines and
activated regulatory T cells (Tregs), was assessed using
IFN-y ELISPOT and a chromium release assay. The Treg
signature was validated based on proliferation suppression
assays, flow cytometry and quantitative reverse
transcription PCR (RT-gPCR). In addition, vaccinations with
ARG2-derived epitopes were performed in the murine
Pan02 tumor model, and induction of ARG2-specific T-cell
responses was evaluated with IFN-y ELISPOT. RNAseq and
subsequent GO-term and ImmuCC analysis was performed
on the tumor tissue.

Results We describe the existence of ARG2-specific CD8*
T cells and demonstrate these CD8™ T-cell responses in
both HDs and patients with cancer. ARG2-specific T cells
recognize and react to an ARG2-derived peptide presented
in the context of HLA-B8 and exert their cytotoxic function
against cancer cells with endogenous ARG2 expression.
We demonstrate that ARG2-specific T cells can specifically
recognize and react to activated Tregs with high ARG2
expression. Finally, we observe tumor growth suppression
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Overexpression of arginase enzymes in cancer cells
and immunosuppressive cells leads to the deple-
tion of the important amino acid arginine from the
tumor microenvironment, which negatively affects
T cell-mediated antitumor immunity. Naturally oc-
curring effector CD4* T cells specific to arginase-2
(ARG2) were previously shown to be present at a
high frequency in both healthy donors and patients
with cancer and induced tumor growth delay on ac-
tivation in @ murine tumor model.

WHAT THIS STUDY ADDS

= In this study, we identify CD8" T cells specific to
an ARG2-derived epitope. Moreover, we confirm
that ARG2 is preferentially expressed by function-
al immunosuppressive Tregs, and we show that
ARG2-expressing activated Tregs, along with ARG2-
expressing cancer cell lines, can be specifically
recognized by cytotoxic ARG2-specific CD8* T cells.
Moreover, we demonstrate tumor growth suppres-
sion and antitumorigenic immunomodulation in an
in vivo model of cancer.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE, OR POLICY

= This study highlights the antiregulatory function
of ARG2-specific CD8" effector T cells, which puts
ARG2-based immunomodulatory vaccines forward
as a novel therapeutic modality against cancer.

and antitumorigenic immunomodulation following ARG2
vaccination in an in vivo setting.

Conclusion These findings highlight the ability of ARG2-
specific T cells to modulate the immunosuppressive
TME and suggest that ARG2-based immunomodulatory
vaccines may be an interesting option for cancer
immunotherapy.

INTRODUCTION
The immune system plays an important
role in suppression of malignancy by
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inhibiting tumor progression and aiding tumor elimina-
tion. However, tumors can evade immune surveillance
using a number of mechanisms, including produc-
tion of anti-inflammatory cytokines, downregulation of
important surface receptors, recruitment of immuno-
suppressive cells to the tumor bed, expression of inhib-
itory molecules that negatively affect T-cell function and
activation of metabolic pathways that deplete the tumor
microenvironment (TME) of amino acids needed for
T-cell function. Amino acid depletion can be caused by
the upregulation of metabolic enzymes, such as tryp-
tophan 2,3-dioxygenase, indolamine 2,3-dioxygenase
(IDO), or arginases (ARG) in tumor cells, stromal cells or
regulatory immune cells with immunosuppressive func-
tions.' * Sufficient arginine (L-Arg) availability is essential
for optimal T-cell function, and L-Arg deprivation causes
CD3{ chain downregulation and inhibits T-cell prolifer-
ation, differentiation and cytokine production, thereby
dampening anticancer immune responses.”*

ARG enzymes exist in two isoforms, arginase-1 (ARG1)
and arginase-2 (ARG2), that catalyze the same biochem-
ical reaction but differ in their subcellular localization
and expression patterns.” ® ARG1 is a cytosolic enzyme
that is expressed by several immunosuppressive cell
types—for example, myeloid-derived suppressor cells
(MDSCs), tumor-associated macrophages (TAMs), and
regulatory dendritic cells (DCs)—and increased ARGI
expression has been reported in a number of cancers.”
ARG?2 is localized to the mitochondria and is not as well
described as ARGI. Increased ARG2 expression, leading
to immunosuppression, has been reported in the cells of
some solid tumors,''™® in acute myeloid leukemia (AML)
blasts,"’ and in neuroblastoma.”” High ARG2 expression
has also been described in immunosuppressive cells of
the TME, including DCs,?' regulatory T cells (Tregs),”
TAMs,12 and cancer-associated fibroblasts.'??

We have previously described the existence of
proinflammatory T cells that specifically recognize
HILA-restricted epitopes from degraded intracellular
self-antigens derived from immune inhibitory proteins,
including IDO, programmed cell death ligand 1 (PD-L1),
and ARG1.**™ These cells have been termed ‘anti-Tregs’
due to their ability to directly target regulatory immune
cells.” Recently, we showed that vaccination with IDO and
PD-L1 epitopes, in combination with anti-PD1 antibodies,
has shown remarkably promising clinical efficacy as first-
line treatment in a clinical phase II trial for patients with
metastatic melanoma.” Additionally, our group recently
demonstrated that therapeutic vaccination against ARG1-
derived epitopes, in combination with anti-PD1 blockade,
facilitated antitumor immune responses and reduced
tumor growth in several murine cancer models.* Hence,
immunomodulatory vaccination targeting such epitopes
expressed by immune regulatory cells in the TME is a
novel and very promising therapeutic modality against
cancer. We also previously described the existence of
ARG2-specific T cells that recognized multiple ARG2-
derived epitopes.” These T cells were present at a high

frequency in both healthy donors (HDs) and patients with
cancer, suggesting their natural role in immune homeo-
stasis. Further characterization of ARG2-specific T cells
has revealed that they primarily exert CD4" responses to
ARG2 and that they recognize and react to immune cells
and cancer cells with intracellular ARG2 expression in an
antigen-dependent manner. Simultaneous activation of
CD4" and CD8" epitopes can result in strong synergistic
protection against tumors.” In the present study, we
therefore aimed to further characterize ARG2-specific T
cells to investigate whether short ARG2-derived peptides
could elicit CD8" T-cell responses. We describe the exis-
tence of cytotoxic ARG2-specific CD8" T cells, thereby
showing that the immune response against ARG2 peptides
also include cytotoxic effector CD8" T cells. Moreover,
we demonstrate that ARG2-specific T cells react to Tregs
with high ARG2 expression, which highlights the antireg-
ulatory role of ARG2-specific effector T cells. Finally, we
show the antitumorigenic and immunomodulatory effect
of ARG2-specific T cells in an in vivo setting after vaccina-
tion with an ARG2-derived epitope.

MATERIALS AND METHODS

Donor material

HDs’ peripheral blood mononuclear cells (PBMCs) were
isolated using density gradient separation over Lymph-
oprep (Alere) and cryopreserved at -150°C in fetal
bovine serum (FBS, Life Technologies) supplemented
with 10% dimethyl sulfide (DMSO). PBMCs from patients
with cancer with solid tumors were derived from blood
samples drawn within a minimum 4 weeks after adminis-
tration of any therapy. PBMCs were maintained in X-vivo
(BioNordika) supplemented with 5% human serum
(Sigma Aldrich).

Peptides (human ARG2)

Peptide sequences were predicted using algorithms (avail-
able at www.syfpeithi.de”® and chs.dtu.dk® **). The list of
short peptides was selected to only include peptide with
a score above 24 (SYFPEITHI) or with a rank below 1.5
(NetMHC). All peptides were synthesized by Schafer and
had a purity above 90%. Peptides were dissolved in 100%
DMSO to a stock concentration of 10mM or in sterile
water to a stock concentration of 2mM. Peptides dissolved
in water were sterile filtered before use. All peptides used
in this study are listed in online supplemental table S1.

In vitro stimulation and interferon gamma (IFN-y) ELISPOT

PBMCs from HDs or patients with cancer were subjected
to in vitro stimulation with ARG2-derived peptides by
plating the cells with 10ppM peptide. The following day,
the cells received low-dose interleukin (IL)-2 treatment
(120U/mL). At 10-14days after peptide stimulation,
the cells were used for IFN-y ELISPOT. ELISPOT plates
were coated with 7.5pg/pl IFN-y capture antibody
(MabTech) overnight. The next day, the plates were
washed and blocked in X-vivo media followed by the
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plating of 2.5-3.5x10° PBMCs per well for ELISPOT, with
and without restimulation with 5 pM peptide. A minimum
of three technical replicates were set up per condition.
The cells were incubated 14-16hours before they were
washed away and a biotin-conjugated secondary antibody
(Mabtech) was added, followed by a 2-hour incubation.
Next, the wells were washed again, followed by incuba-
tion with streptavidin-conjugated alkaline phosphatase
(Mabtech) for 1hour. Finally, spots were developed by
addition of 5-Bromo-4-chloro-3-indolyl phosphate/nitro
blue tetrazolium (BCIP/NBT) substrate (Mabtech). Tap
water was used to stop the reaction. Spots corresponding
to IFN-y secretion were quantified by visualization on a
CTL ImmunoSpot S6 Ultimate-V analyzer with Immuno-
Spot software V.5.1. Peptide-specific IFN-y secreting cells
were calculated by subtracting the average spot count
in control wells from the average spot count in peptide-
stimulated wells. ELISPOT assays with ARG2-specific T
cells (effector cells) and various immune cells or cancer
cells as target cells were set up by adding 3-5x10* effector
cells to ELISPOT wells followed by 5x10°-10* target
cells. Peptide pulsing was performed by incubating the
target cells with 20 pM peptide for 1 hour, followed by two
washes to remove unbound peptide. Effector cells with
added peptide served as the positive control and target
cells plated without effector cells served as the nega-
tive control. In ELISPOT assays with immune cells as
target cells, wells containing only effector cells were also
included as controls. The average spot count from repli-
cate wells was subtracted from the spot count of effector
cells plated with the respective target cells.

Ex vivo ELISPOT

PBMCs were thawed and rested overnight. The next day,
9x10° cells were plated per well. Control and peptide stim-
ulations were performed in at least triplicates. The rest of
the protocol was performed as described previously.

Cell lines

K562, Kh62-A1, FM6, FM28, and FMS82 cell lines were main-
tained in RMPI-1640 (Gibco) supplemented with 10% FBS.
OCI-M2 was maintained in Iscove’s MDM (Gibco) with 20%
FBS. Cells were passaged every 2-3 days. Adherent cells (FM6,
FM28, and FM82) were passaged following detachment from
the flask with 0.25% trypsin (Gibco). All cells lines were
confirmed to be mycoplasma negative.

Intracellular cytokine staining (ICS)

PBMCs were in vitro stimulated with peptide as described
previously. At 10-14 days post simulation, the cells were
used for ICS. Cells were incubated with peptide or a
no-peptide control and a CD107a-PE antibody (BD) for
lhour, followed by addition of GolgiPlug (BD). After
a 4-hour incubation period, the cells were washed and
stained with antibodies for extracellular markers: CD3-
PC/H7, CD4-FITC, and CD8-PerCP. Dead cells were
stained with FVS-510. Next, the cells were permeabilized
using fixation/permeabilization buffer (Invitrogen),

followed by staining with intracellular antibodies: IFN-y—
APC and tumor necrosis factor alpha (TNF-o.)-BV421.
Data were acquired using a BD Canto II flow cytom-
eter and analyzed using FlowJo. The gating strategy is
presented in online supplemental figure S6, and the anti-
bodies used in this study are listed in online supplemental
table S2.

Flow cytometry-based analysis of HLA expression

HLA-ABC and HLA-B8 expression levels in cell lines were
analyzed by staining with HLA-ABC-FITC (BD) and HLA-
B8-PE (Miltenyi Biotec) antibodies, respectively. The
HLA-negative cell line K562 was used to set the gates for
HLA-ABC" and HLA-B8" cells. Data were acquired using
a BD Canto II flow cytometer and analyzed using Flow]o.
The antibodies used in this study are listed in online
supplemental table S2.

Generation of ARG2-specific T-cell cultures

ARG2-specific T-cell cultures were obtained by stimula-
tion of PBMCs with A2505 peptide, followed by low-dose
IL-2 (120U/mL) the next day. At 12 days after peptide
stimulation, the cells were restimulated with peptide, and
IFN-y -secreting cells were isolated using magnetic beads
(Miltenyi Biotec). Next, these cells were expanded using
a rapid expansion protocol, including feeder cells, CD3
antibody, and high-dose IL-2 (3000-6000U/mL). On
days 16 and 17 after initiation of expansion, culture spec-
ificity was determined by stimulation with A2S05 peptide
and determination of the cytokine release by ICS.

Activation, expansion, and isolation of Tregsand T__,

PBMCs were thawed and stimulated with CD3/CD28
Dynabeads (Gibco), following the manufacturer’s
instructions, in X-vivo supplemented with 10% FBS, 1%
sodium pyruvate (Gibco), and 1% non-essential amino
acids (Gibco). On days 2, 5, and 7 after bead activation,
IL-2 (300U/mL) was added. On day 8, the beads were
removed, and the cells were plated in medium without
IL-2. On day 9, the cells were stained with CD3-APC/
H7, CD4-PerCP, CD25-Pe-Cy/7, and the dead-cell stain
FVS-510. An aliquot of cells was used as a fluorescence
minus one control for CD127, while the remaining cells
were stained with CD127-FITC. An aliquot of CD127-
FITC stained cells was fixed, permeabilized and stained
with an FOXP3-PE antibody. From the live population,
Tregs were sorted as CD3'CD4'CD25"#"CD127 and T,
were sorted as CD3'CD4'CD25'°"CD127". Sorting was
performed using a BD FACSMelody flow cytometer, and
data were visualized using BD FACSChorus software. The
gating strategy and specific sorting gates are presented
in online supplemental figures S4 and S5, and the anti-
bodies used are listed in online supplemental table S2.

Total RNA extraction

Cells were harvested, washed in PBS, and pelleted for
RNA extraction. Cell pellets were stored at -80°C until
RNA isolation. Total RNA isolation was performed using
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the RNEasy Plus Mini Kit (Qiagen), following the manu-
facturer’s instructions, with elution in 30 pL. RNAse-free
water. The RNA concentration was determined using a
NanoDrop2000 Spectrophotometer (Thermo Scientific).
RNA was stored at -80°C.

c¢DNA synthesis and RT-qPCR

cDNA was synthesized using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) with
random primers and 400ng or 1000 ng RNA (T cells and
cancer cell lines, respectively). Before RIT-qPCR anal-
ysis, cDNA was diluted 1:2-1:4. RT-qPCR analysis was
performed using the TagMan Gene Expression Assay
on a Roche LightCycler 480 instrument. The assay was
performed in technical triplicates for all primers, and
the results were analyzed as previously described.” For
low-expression samples with no amplification during the
assay, the Ct value was set to 40. Controls lacking reverse
transcriptase were included in the primer validation anal-
ysis. The primers used in this study are listed in online
supplemental table S3.

Preparation of cell lysates for western blotting

Set2, UKE-1, and sorted Treg and T, cells were washed
twice with sterile PBS before being pelleted and stored
at —80°C. Cell pellets were resuspended in ice-cold RIPA
Lysis Buffer (Thermo Scientific) supplemented with Halt
Protease Inhibitor Cocktail (Thermo Scientific) ata 1:100
dilution. Cell lysates were placed under constant agitation
for 15min at 4°C before being centrifuged at 16,800xg
at 4°C for 15min. Supernatants were then transferred to
new Eppendorf tubes and used for protein concentration
measurements performed with the BCA Protein Assay
Kit (Thermo Scientific) according to the manufacturer’s
protocol.

Western blot analysis of ARG2 expression in sorted Treg and

T

\;gtlumes of cell lysate corresponding to 20 pg total protein
were mixed with distilled water, Bolt Sample Reducing
Agent (1:10 dilution), and Bolt LDS Sample Buffer
(1:4 dilution, Invitrogen) for a total sample volume of
50pL. The samples were incubated at 99°C for 10 min
to aid denaturation and subsequently separated on Bolt
4%-12% Bis-Tris Plus gels (Invitrogen) for 20min at
200 V using a PowerPac HV (BioRad) and Bolt MES SDS
Running Buffer (Invitrogen). To allow for protein size
quantification, the BioRad Precision Plus Protein Dual
Color ladder was used. The gel was transferred to an iBlot
2 PVDF Ministack (Invitrogen) and electroblotted with
an iBlot Gel 2 Transfer device (Invitrogen) according to
the manufacturer’s guidelines. The membranes were cut
in two pieces to allow for separate stainings of the ARG2
and vinculin proteins. Both parts of the membrane were
blocked for 1hour in Tris-buffered saline (TBS) buffer
(Thermo Scientific) supplemented with 0.1% Tween-20
(Sigma Aldrich), known as TBST) with 5% added
skimmed milk powder. Next, one part of the membrane

was incubated overnight at 4°C with the primary ARG2-
specific antibody diluted 1:1000 in blocking buffer, while
the other half of the membrane was kept in TBST over-
night. On the following day, the unstained part of the
membrane was incubated for 1hour with the vinculin-
specific antibody diluted 1:100000 in blocking buffer.
Then, the membranes were washed with TBST three
times for 5min. The ARG2-stained and vinculin-stained
membranes were then incubated with either anti-rabbit
or anti-mouse secondary antibodies, respectively, at a
1:2000 dilution in blocking buffer for 1 hour. After three
washes, the membranes were developed for 5min with
SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Scientific) and visualized on a Gel Doc XR
System (BioRad) using ImageLab software V.5.2.1. The
used antibodies are listed in online supplemental table
S2.

SCr-release cytotoxicity assay

Conventional *'Crrealease cytotoxicity assays were
performed to evaluate the cytotoxicity of ARG2-specific
CDS8' T cells, as previously described.* Briefly, target cells
were labeled with 100pCi radioactive Sl¢r for 1 hour,
followed by two washes to remove any excess *'Cr outside
the cells. Effector cells and target cells were plated at
different effector-to-target (E:T) ratios and incubated for
4hours. Next, 100 uL. supernatant was recovered, and *'Cr
release was determined using a 2470 Automatic y-counter
(Perkin Elmer). Maximum °!Cr release was determined
in separate well by addition of 100 pL of 10% Triton-X to
target cells. Spontaneous target cell lysis was determined
in other wells by incubating the target cells with medium
alone. Assays were set up using technical duplicates for all
E:T ratios; maximum and minimum release wells were set
up with six technical replicates.

In vitro Treg suppression assay

The CD8-positive fraction of the activated PBMCs used
for Treg/ T, sorting was isolated on day 8 after stimula-
tion initiation using magnetic bead separation (Miltenyi
Biotec). The purity of the sorted cells was assessed by
flow cytometry after staining the cells with CD3-APC/
H7, CD8-FITC and FVS-510. On the following day, the
CD8 T cells were stained with carboxyfluorescein succin-
imidyl ester (CFSE) dye (Sigma Aldrich) at a concen-
tration of 5pM. Next, 1.5x10° CFSE-labeled CD8 T cells
were cocultured in a round-bottom 96-well plate together
with 0.8x10° sorted-purified Treg or T, cells. The cells
were stimulated with human T activator anti-CD3/CD28
Dynabeads (Gibco) at a ratio of 1:25 and supplemented
with IL-2 (300 U/mL) 1day after coculture initiation. The
proliferation status of the CD8 T cells was analyzed using
flow cytometry on days 0 and 5 after initiating the cocul-
ture. Staining the cells with CD4-PerCP enabled segrega-
tion of the Treg/ T . cells from the CFSE-labeled CD8 T
cells. For each analyzed time point, three technical repli-
cates were set up. Data were acquired using a BD Canto
IT flow cytometer and analyzed using FCS Express V.7 and
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FlowJo V.10. The antibodies used can be found in online
supplemental table S2.

Treg/T__, population analysis in cocultures of activated PBMCs
with effector T cells

On day 9 following stimulation initiation, 7.5x10° acti-
vated PBMCs were incubated alone or together with
either 5x10> ARG2-specific CD8 T cells or 5x10° autolo-
gous control CD8 T cells. The control CD8 T cells were
isolated from activated PBMCs as described previously.
The cells were cultured for 6 hours in a 48-well plate after
which they were stained using the same procedure as
for the sorting of Tregs and T, , as described earlier. In
addition, similar gating strategies were used (see online
supplemental figure S5) based on samples that only
contained activated PBMCs. The Treg and T, popula-
tion sizes of the samples containing ARG2-specific CD8
T cells or control CD8 T cells were compared with the
samples containing only activated PBMCs to determine
the percentual decrease in the two populations. Three
technical replicates were included for both conditions
with added T cells, while six technical replicates were
included for the condition with activated PBMCs alone.

Animal experiments

Animal experiments were conducted at the animal facility
at Copenhagen University Hospital, Herlev, Department
of Oncology. C57BL/6 female mice were bred in-house
from a background of C57BL/6]JBomTac. Daily care was
performed by animal caretakers in the animal facility.

Peptide vaccinations

The murine ARG1 peptide (mARG1_169-177, ISAK-
DIVYI) was synthesized by Schafer and was dissolved in
DMSO to a stock concentration of 10 mM. The murine
ARG2 peptide (mARG2_188-196, LSPPNIVYI) was synthe-
sized by PepScan or Schifer and dissolved in sterile water
to a stock concentration of 2mM. The ARG2 peptide was
filtered before use by passing it through a sterile 0.22 pm
filter. The purity of all synthesized peptides was >90%.
All peptides used in this study are listed in online supple-
mental table S1. ARG2 peptide (100pg) was suspended
in a volume of 50 pL sterile water and emulsified 1:1 with
Montanide ISA 51 (Seppic). Control vaccines included
50 pL sterile water, emulsified 1:1 with Montanide. Mice
were vaccinated subcutaneously at the base of the tail
with 100 pL of control or peptide emulsions. For tumor
studies, mice were vaccinated on days 11 and 17 (Pan02),
on days 0 and 7 (MC38), or on days 0 and 5 (B16-F10 and
LL2) post tumor inoculation. For the remaining studies,
mice were vaccinated one to three times with a minimum
1-week interval between vaccinations.

Tumor studies

Pan02, MC38, B16-F10 and LL2 cell lines were thawed
lweek prior to inoculation and cultured in DMEM
(Gibco) with 10% FBS (Invitrogen) and 1% penicillin
and streptavidin (P/S) (Life Technologies).

Female C57BL/6 mice received subcutaneous inocu-
lations of 5x10° Pan02, MC38, B16-F10 or LL2 cells on
the right flank. The tumor volume was measured with
a digital caliper and calculated as (lengthxwidth?)/2.
Experimental endpoint was defined as tumor volume
above 1000mm” or the presence of tumorous ulceration.
Investigators that performed tumor measurements were
blinded to the treatment groups.

Murine IFN-y ELISPOT

Mice were sacrificed at endpoint for tumor studies and
Iweek after the last vaccination for the remaining studies.
Spleens were harvested, smashed through a 70 pm filter, and
red blood cells were lysed with Red Blood Cell Lysis Solution
(Qiagen). 8x10° splenocytes were plated per well in IFN=y
ELISPOT plates. IFN-y ELISPOT was performed as previ-
ously described.” Tumors were harvested, cut into smaller
pieces and enzymatically digested in RPMI-1640 medium
(Gibco) containing 2.1mg/mL collagenase type 1 (Worth-
ington), 75pg/mL DNase I (Worthington), 5mM CaCl,
and 1%P/S. Cells were filtered through a 70pum cell strainer
and red blood cells were lysed as described previously. CD45"
tumor-infiltrating lymphocytes (TILs) were isolated from
tumor single-cell suspensions with CD45 microbeads (for
MC38 and LL2 tumors) (Miltenyi Biotec) or with CD45
(TIL) microbeads (for B16-F10 tumors) (Miltenyi Biotec).
The isolated CD45" cells were rested overnight. 5x10° CD45"
cells were plated per well in IFN-y ELISPOT plates. For
phenotyping ARG2 responses, CD8" and CD4" T cells were
isolated from the spleen of vaccinated mice with CD8a (Ly-2)
and CD4 (L3T4) microbeads (Miltenyi Biotec), respectively,
following manufacturer’s instruction. Isolated T cells were
rested overnight. 2.8x10°CD8" or CD4" T cells were plated in
an IFN=y ELISPOT plate with 6x10° splenocytes from a naive
mouse (used as antigen-presenting cells). Peptide-specific
responses were reported as the difference in the average
number of spots between peptidesstimulated and unstimu-
lated wells.

Tumor RNA extraction and RNA sequencing

Tumor fragments (<30mg) were stored in RNAlater (Invi-
trogen) at —80°C. Tumors were homogenized on a Tissue-
Lyser (Qiagen), and RNA was extracted with the RNEasy
Plus Mini Kit (Qiagen), according to the manufacturer’s
instructions. RNA concentration was measured on a Nano-
drop 2000 Spectrophotometer. Isolated RNA was stored
at —-80°C. RNAseq was performed on tumors from four
untreated and six vaccinated mice as previously described."!
In short, 500ng purified RNA (RIN score >7) was enriched
for polyadenylated mRNA wusing oligo dT magnetic
beads (Illumina) followed by fragmentation and cDNA
synthesis using random priming (NEBNext). The cDNA
was prepared for Illumina sequencing by adaptor ligation
followed by indexing using PCR and size selection. Concen-
tration of the cDNA libraries was determined by the KAPA
Library Quantification Kits (Roche) and sequenced using
Novaseq 6000 Illumina sequencing platform. RNAseq data
is available on GEO repository (GSE212500). Alignment
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and quantification of reads was performed as previously
described.* Shortly, sequenced DNA was aligned to the
GRCm39 reference genome assembly using STAR V.2.7.8,
and reads were quantified using featureCounts,” and the
ENSEMBL Genes and Transcripts V.104. Differential gene
expression was analyzed by DESqu.43 Volcano plots were
generated with EnhancedVolcano package V.1.8.0 based
on the differential gene expression analysis. Biological
processes associated with differentially upregulated genes
were assessed with The Gene Ontology Resource (http://
geneontology.org/) followed by classification of the most
specific subprocesses.

ImmuCC

The computational framework of the CIBERSORT analyt-
ical tool,** along with the developed ImmuCC signature
matrix (non-tissue speciﬁc),45 suitable for the deconvo-
lution of mouse bulk RNA-Seq data, were used to char-
acterize and to quantify 25 immune cell subtypes. The
ImmuCC signature matrix used consists of 511 genes
of which 510 genes from our bulk RNA-Seq data were
mapped (one missing). For the deconvolution of the bulk
RNA-Seq samples with CIBERSORT, DEseq2’s median of
ratios normalized data were used to produce the input
mixture matrix. Additionally, the analysis included both
CIBERSORT-relative and CIBERSORT-absolute modes.
While CIBERSORT-relative represents immune cell frac-
tions relative to the total immune content, thus suitable
for intrasample comparisons, CIBERSORT-absolute
produces a score that quantifies the abundance of each
cell type, making it appropriate for intrasample compar-
isons between cell types as well as intersample compar-
isons of the same cell type. The CIBERSORT outputs
were generated by performing 1000 permutations and by
disabling the quantile normalization parameter. For this
study, two population schemes were defined (compact
and extended, online supplemental tables S6 and S7),
resulting in the aggregation of some of the 25 immune
subpopulations. Total absolute scores for subpopulations
merged were calculated as the sum of the subpopulations.
The relative fractions were recalculated based on each
scheme’s new total immune content.

Statistical analysis

Statistical analysis of ELISPOT responses was performed in
R studio using distribution free resampling rule as described
by Moodie et al*® The descriptive statistics from the prolif-
eration assay and the change in Treg population size from
the Treg/ T,  population analysis were analyzed statistically
using unpaired ttests. Two-way analysis of variance with
comparisons between multiple time points was performed
to determine statistical significance for tumor growth curves.
Statistical significance for the difference in peptide-specific
IFN-gsecreting cells and ImuneCCrelated analysis between
treatment groups were assessed with a Mann-Whitney U test
and an unpaired, two-tailed t test, respectively. Statistical anal-
yses were performed in GraphPad Prism V.9.

RESULTS

Spontaneous CD8" T-cell responses to ARG2

In our previous studies of ARG2 as a T-cell target, we
demonstrated CD4" T-cell responses to ARG2-derived
peptides.”* Here, we set out to investigate ARG2-specific
CDS8" T cells using short peptides that could be directly
presented on MHC class I molecules. Using in silico
HLA-prediction algorithms (available at www.syfpeithi.
de™ and cbs.dtu.dk™ *®), we obtained a library of 15 short
ARG2-derived peptides (9mers and 10mers) predicted to
strongly bind to HLA-A2 (online supplemental table S1).
We screened these 15 peptides in PBMCs from five HDs
who were confirmed to be HLA-A2 positive (HLA-A2").
PBMCs were stimulated with each peptide in vitro and
restimulated in IFN-y ELISPOT after 12—14 days of culture.
The peptides A2505, A2514 and A2S15 were identified
as strong candidates by eliciting significant responses in
PBMGCs from three or more donors (figure 1A). However,
we could not validate the responses seen with A2S15, as
repetition of the IFN-y ELISPOT in HDs did not show
significant responses (online supplemental figure S1A).
On the other hand, A2S14 elicited strong IFN-y ELISPOT
responses in the validation set-up (online supplemental
figure S1B), but further characterization of the responses
by ICS for TNF-a and IFN-y revealed that the reaction
was from CD4" T cells (online supplemental figure S1C).
A2805 was also found to elicit strong IFN-y ELISPOT
responses in a validation experiment (figure 1B) and ICS
for TNF-o0 and IFN-y demonstrated that the responses
were from CD8" T cells (figure 1C).

Having identified A2505 as an ARG2-derived peptide
that elicited CD8" T-cell responses, we screened 17 HDs
for response to this peptide, along with a previously
described highly immunogenic ARG2-derived peptide,
A21.2°* We observed strong and frequent responses to
A2L2, but only few responses to A2S05 (figure 2A). Since
the HLA type of the HDs used for this assay was unde-
termined, we speculated that their HLA types could be
incompatible with our HLA-A2 predicted peptide, A2505.
Accordingly, we screened 38 donors (13 patients with
cancer with solid tumors and 25 HDs) with known HLA-A2
status (positive or negative) for response to A2505. We
primarily selected donors who were HLA-A2" (n=29) but
included some HLA-A2™ donors (n=9) as controls. Again,
responses to A2505 were not frequently observed, with
statistically significant responses occurring in only 10
out of the 38 donors (figure 2B). Importantly, in donors
with strong in vitro responses to A2505, we were also able
to detect strong and significant responses in PBMCs ex
vivo (figure 2C). Interestingly, responses to A2505 were
observed in both HLA-A2" and HLA-A2™ donors (online
supplemental figure S1D), suggesting that A2S05 was not
HILA-A2 restricted as predicted by the in silico algorithm.
Indeed, we performed full HLA typing of four donors
with strong A2S05 responses and found that only two
donors were HLA-A2", whereas all four donors shared
HLA-A1, HLA-B8 and HLA-C7 haplotypes (figure 2D).
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Identification of an ARG2 peptide that elicits CD8" T-cell responses. (A, left) IFN-y ELISPOT screening of responses to

15 different HLA-A2 predicted ARG2-derived peptides in five healthy HLA-A2* donors. 3x10° cells were plated per well. Control
and peptide stimulations were done in triplicates. Peptide-specific IFN-y secreting cells are given as the difference of spots
between cells in the peptide-stimulated wells and control wells. (A, right) Representative examples of the ELISPOT responses
(shown in A). (B, left) IFN-y ELISPOT responses of three HDs to A2S05. 3x10° cells were plated per well. Control and peptide
stimulations were done in triplicates. Bars represent the mean IFN-y spot count+SD. (B, right) Representative examples of the
ELISPOT responses (shown in B). (C) Representative intracellular cytokine staining for IFN-y and TNF-a secreting in samples
from three HDs stimulated with control or A2S05 gating strategy is available in online supplemental figure S6. DP: TNF-o.*
IFN-y*. DP, double positive; HD, healthy donor; IFN-y, interferon gamma; PBMC, peripheral blood mononuclear cell; TNF-a,

tumor necrosis factor alpha.

Characterization of ARG2-specific CD8* T cells

To further characterize the ARG2-specific CDS8" T cells,
we established A2S05-specific T-cell cultures from four
donors. Briefly, donor PBMCs were stimulated with
A2505 in vitro. Twelve days later, peptide-specific T cells
were restimulated and isolated using an IFN-y capture
kit. IFN-y-producing cells were expanded using a rapid
expansion protocol and the specificity was examined at
16-17 days after expansion by ICS for IFN-y and TNF-c.
We were able to establish highly specific CD8" T-cell
cultures from all four donors (figure 3A).

These cultures were used to determine the HLA
restriction of A2S05. IFN-y ELISPOTs were performed
by coculturing A2S05-specific T cells from HD78 and
HD93 with different haplotype-relevant target cells
lines prepulsed with A2S05 peptide. These experiments
revealed no reactivity toward HLA-A1" and HLA-C7" cell
lines (figure 3B,C) but showed recognition and reactivity
activity toward the HLA-B8" metastatic malignant mela-
noma cell line FM6 (figure 3D). FM6 was confirmed to
be HLA-B8" by flow cytometry and confirmed to express

ARG2 by RT-qPCR (online supplemental figure S2). All
four ARG2-specific CD8" T-cell cultures were confirmed
to show reactivity against FM6 and three additional
HLA-B8' cell lines (online supplemental figure S3). The
specificity of the ARG2-specific CD8" Tcell cultures was
confirmed by the lack of reactivity against a peptide with
the corresponding ARG1 sequence (ARG1_65-73) in
IFN-y ELISPOT (online supplemental figure S3). Next,
we performed standard *'Crrelease cytotoxicity assays to
establish whether the ARG2-specific CD8" T cells could
lyse FM6 cells. Indeed, the specific T cells lysed FM6
cells in a concentration-dependent manner (figure 3E),
demonstrating the cytotoxic capacity of ARG2-specific
CDS8" T cells. Stimulation with IFN-y increased the mean
fluorescence intensity of HLA-B8 expression (online
supplemental figure S2) and resulted in a small increase
in the lysis of FM6 cells (figure 3E).

ARG2-specific T cells specifically recognize activated Tregs
In a recent study, Lowe and colleagues found that acti-
vated Tregs from peripheral blood exhibited high ARG2
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Figure 2 A2S05 elicits responses in both HLA-A2* and
HLA-A2~ donors and responses are also detectable ex vivo.
(A) IFN-y ELISPOT responses to A2L2 and A2S05 in 17 HDs.
3.5x10° cells were plated per well. Control and peptide
stimulations were done in triplicates. Peptide-specific IFN-y
secreting cells are given as the difference of spots between
cells in the peptide-stimulated wells and control wells. Each
dot represents one donor and bars represent the mean.

(B) IFN-y ELISPOT responses to A2S05 in 30 HDs and 13
patients with cancer (2 patients with prostate cancer and

11 patients with melanoma) with known HLA types. Each
dot represents one donor and bars represent the mean. (C,
left) Ex vivo ELISPOT responses to A2S05. 9x10° cells were
plated per well and control and peptide stimulations were
done in three to six replicates. Bars represent the mean IFN-y
spot count+SD. *P<0.05 (according to the DFR rule) (C, right)
Representative examples of the ex vivo ELISPOT responses
(shown in C). (D) HLA-typing data from the three HDs and one
patient with cancer (AAO1, melanoma) with strong responses
to A2S05. HLA types shared between donors are highlighted
in yellow. DFR, distribution free resampling rule; HD, healthy
donor; IFN-y, interferon gamma; PBMC, peripheral blood
mononuclear cell.

expression when compared with activated effector CD4"
T cells. Furthermore, they demonstrated an ARG2-
dependent suppression of T-cell proliferation by Tregs.*”
We hypothesized that if activated Tregs express higher
levels of ARG2 than other T cells, they could be prefer-
entially recognized by ARG2-specific T cells. To test this
hypothesis, we activated PBMCs using anti-CD3/CD28
beads and added IL-2 on days 2, 5, and 7 based on the
experiments described by Lowe ¢t al** On day 9 after
activation, we purified Tregs and resting T cells (T )

using FACS (online supplemental figures S4A and S5)
and plated Tregs or T  as target cells for autologous
ARG2-specific CD8" T cells in an IFN-y ELISPOT assay.
We observed significantly higher responses to Tregs than
to T, in all three donors (figure 4A-C). Furthermore,
coculture of activated PBMCs with ARG2-specific T cells
led to a significant decrease in the Treg population when
compared with activated PBMCs cocultured with autol-
ogous CD8" T cells (figure 4D), suggesting cytotoxic
activity of ARG2-specific T cells toward Tregs. Importantly,
RT-qPCR analysis showed threefold to sevenfold higher
ARG?2 expression in Tregs than in T (figure 4E), along
with minimal levels of ARGI expression (online supple-
mental figure S4B), indicating ARG2-dependent recog-
nition of Tregs. Preferable ARG2 expression in Tregs
on protein level was confirmed by western blot analysis
(figure 4F and online supplemental figure S4). We also
compared ARG2 expression levels in Tregs and T, to
expression levels in the bulk culture of activated PBMCs
from which the two T-cell subsets were isolated and found
the bulk culture to express ARG2 at levels comparable to
T, (figure 4E). Moreover, ARG2 expression in the ARG2-
specific T cells was comparable to the ARG2 expression in
T, (online supplemental figure S4D). Finally, we plated
Tregs or T as target cells for autologous ARG2-specific
CD4" T cells in an IFN-y ELISPOT assay. Interestingly,
ARG2-specific CD4" T cells also showed significantly
higher responses toward Tregs than T, (figure 4F-G).
To confirm the immunosuppressive phenotype of the
isolated, ARG2-expressing Tregs, we took an aliquot of
activated PBMCs and stained intracellularly for FOXP3.
Assessment of FOXP3 expression between cells sorted
as Tregs and T, showed higher FOXP3 expression
in Tregs compared with T (figure 5A). This was also
confirmed by RT-qPCR analysis of FOXP3 expression in
Tregs and T, (online supplemental figure S4C). To
further validate our sort-purification strategy, we assessed
the expression of several other Treg signature genes by
RT-gPCR and found preferential expression of IL2RA
(CD25), TNFRSFI8 (GITR), IKZF2 (HELIOS), CTLAA4,
and [L10in Tregs (figure 5B-F). Interestingly, Tregs also
preferably expressed PDCDI (PD-1) over T, (figure 5G).
Finally, the functional phenotype of the sort-purified
Tregs was confirmed by a proliferation assay. To this end,
we isolated highly pure populations of autologous CD8"
T cells (online supplemental figure S4E). We assessed
proliferation of anti-CD3/CD28 and IL-2 stimulated
CDS8" T cells cocultured with T, or Tregs over the course
of 5days and found that Tregs significantly suppressed
CD8" T-cell proliferation compared with T (figure 5H).

ARG2-specific T cells induced by peptide vaccination are
immunomodulatory and inhibit tumor growth in a murine
model of pancreatic cancer

We have previously identified a highly immunogenic
murine ARG2-derived epitope that elicited strong and
frequent T-cell responses on a single vaccination.™
Moreover, we have shown that vaccination with the
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Figure 3 ARG2-specific CD8* T cells recognize A2S05 in the context of HLA-B8. (A) Generation of A2S05-specific T-cell
cultures. ARG2-specific CD8* T cells were expanded from three HDs and one patient with cancer (AAO1, melanoma). The
specificity of the T-cell cultures against A2S05 was assessed by intracellular cytokine staining for TNF-o. and IFN-y. CD107a was
included as a marker of cytotoxicity. Bars show the percentage of CD8" T cells expressing CD107a and secreting IFN-y, TNF-o.
or both (DP) in response to Ctrl stimulation or A2S05 stimulation (pep). (B-D) ARG2-specific T cells from two donors (HD78

and HD93) were evaluated in IFN-y ELISPOT with cancer cells lines prepulsed with A2S05 peptide. The same cell lines without
peptide stimulation were included as Ctrls. 3x10* ARG2-specific T cells were plated with 1x10* cancer cells (E:T of 3:1). The cell
lines were either HLA-A1" (B), HLA-C7*, (C) or HLA-B8™ (D). T cells plated alone (-) or T cells plated with A2S05 (+pep) served
as negative and positive Ctrls, respectively. Bars represent the mean IFN-y spot count=SD of technical triplicates. (E) °'Cr-
release assay of FM6 and FM6 stimulated with IFN-y (100 U/mL) for 24 hours prior to the assay with A2S05-specific T cells from
HD78. Error bars represent mean+SD of technical duplicates. Ctrl, control; DP, double positive; E:T, effector-totarget ratio; -HD,
healthy donor; IFN-y, interferon gamma; TNF-a,, tumor necrosis factor alpha.

immunogenic ARG2-derived peptide induced tumor
growth delay in a murine model of lung cancer.** To
confirm the antitumor effect of ARG2-derived peptide
vaccination in another tumor model and to investigate
the immunomodulatory function of ARG2-specific T
cells, we employed the syngeneic mouse model Pan02.

Pan02 is a model of pancreatic ductal adenocarcinoma
(PDAC) and thereby relevant for studying ARG2-based
vaccines given the previously demonstrated correlation
between ARG2 expression and poor prognosis in patients
with PDAC together with the demonstration of high Arg2
expression in Pan02 tumors at tumor endpoint.'*™**
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Figure 4 ARG2-specific T cells recognize and react to stimulated Tregs (Tregs). (A-C) IFN-y ELISPOT responses of ARG2-
specific CD8" T cells to in vitro activated and expanded Tregs (Tregs) or resting CD4" T cells (T __). 5x1 0* ARG2-specific CD8*
T cells were plated per well with 5x10° target cells (E:T of 10:1). Bars show the mean IFN-y spot count+SD. Background from
Tregs and T__ have been corrected in the bars. All conditions were plated in six replicates. *P<0.05 (according to the DFR).

(D) Flow cytometry assessment of the Treg population after coculture of activated PBMCs with autologous CD8" T cells (Ctrl
T cells) or ARG2-specific T cells for 6 hours. Cocultures were set up with a 3:2 ratio of activated PBMCs to T cells. Activated
PBMCs alone were used to set the gates for Tregs, which are similar to the gates used for sorting of Tregs for the ELISPOT
experiment in (C). Bars show the mean decrease in Treg population when cocultured with Ctrl T cells or ARG2-specific T cells
compared with PBMCs plated alone+SD of three technical replicates (depicted as dots). “P=0.0194 (unpaired t test). (E) RT-
gPCR analysis of ARG2 expression in the Tregs and T__, used for the ELISPOT (in A-C). The bulk culture of activated PBMCs
from which the Treg and T__ were isolated was also included. ARG2 expression was normalized to the housekeeping gene
POL2RA and presented as fold change versus T__. Bars show the mean+SD of technical triplicates. (F) Western Blot analysis
assessing ARG2 expression in sorted Tregs and T__ from HD93. Cell lines Set2 and UKE-1 are included as ARG2 positive and
negative Ctrls, respectively. (G,H) IFN-y ELISPOT responses of ARG2-specific CD4* T cells to in vitro activated and expanded
Tregsor T__. 5x1 0* ARG2-specific CD4* T cells were plated per well with 5x10° target cells (E:T of 10:1). Bars show the mean
IFN-y spot count+SD of six technical replicates. Background from Tregs and T__ have been corrected in the bars. All conditions
were plated in six replicates. “P<0.05 (according to the DFR). Ctrl, control; DFR, distribution free resampling rule; HD, healthy
donor; IFN-y, interferon gamma; PBMC, peripheral blood mononuclear cell; Treg, regulatory T cell; T__, resting T cell.

rest’

We challenged C57BL/6 mice with Pan02 cells, and on
day 11, when tumors became palpable, we allocated mice
with similar average tumor volumes into different treat-
ment groups. The mice received either the previously
described ARG2-based vaccine®™ or a control vaccine
on days 11 and 17 post tumor inoculation (figure 6A).

Intriguingly, we observed marked inhibition of tumor
growth in the ARG2-vaccinated mice; indeed, tumor
growth ceased after day 20 (figure 6B). Moreover, one
mouse in the ARG2-vaccinated group showed complete
tumor regression (online supplemental figure S7A).
These results were confirmed in an independent study
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Figure 5 Characterization of sort-purified Tregs. (A) MFI of FOXP3-PE in sorted Tregs and T__, from the three donors following
intracellular staining. (B-F) RT-gPCR analysis of the expression of IL2RA (B), TNFRSF18 (C), IKZF2 (D), CTLA4 (E), or IL10

(F) in the Tregs and T__,. The expression of each Treg signature gene was normalized to the housekeeping gene POL2RA and
presented as fold change versus T__ with bars showing the mean+SD of technical triplicates. (G) RT-qPCR analysis of PDCD1
expression in Tregs and T__. Data is represented as relative expression to the housekeeping gene POL2RA (arbitrary units)
with bars showing the mean+SD of technical triplicates. (H) In vitro Treg suppression assay. (Left) Percentage of undivided
CD8" T cells after 5days of co-culture with sort-purified Tregs (+Treg) or T__ (+T__). Bars indicate the mean of three technical
triplicates (depicted as dots). **P=0.0069 (unpaired t-test). (Middle) Proliferation index of CD8 T cells after 5days of coculture
with Tregs or T__. Bars indicate the mean of three technical triplicates (depicted as dots). **P=0.0022 (unpaired t-test). (Right)
CFSE staining of CD8" T cells cocultured with Tregs or T__, for 5days. The gray bar depicts the undivided population. CFSE,

carboxyfluorescein succinimidyl ester; IL, interleukin; MFI, mean fluorescence intensity; Treg, regulatory T cell; T

(online supplemental figure S7B). The safety of the
vaccine was also demonstrated with no decrease in body-
weight in the ARG2-vaccinated group (online supple-
mental figure S7C).

Six ARG2-vaccinated mice and three control-vaccinated
mice were randomly selected for ELISPOT analysis
on day 31 post tumor inoculation. Here, we observed
strong responses in all ARG2-vaccinated mice, and no
responses in control-vaccinated mice (figure 6C). The
observed immune responses were specific to ARG2 as
no cross-reactivity to a peptide derived from the corre-
sponding region of ARGI was observed, despite partly

resting T cell.

rest’

similar sequences (figure 6D and online supplemental
figure S7D). Next, we randomly selected pairs of ARG2-
vaccinated mice and prepared pooled splenocyte samples.
From these samples, we isolated CD4" and CD8" T cells.
In ELISPOT assays, we observed responses in both the
CD4" and the CD8" fractions in all three groups of ARG2-
vaccinated mice (figure 6E).

Due to the small tumor sizes, limited amounts of tumor
tissue were available. However, homing of ARG2-specific
T cells to the tumor of mice vaccinated with the ARG2-
based vaccine was shown in three other murine tumor
models (online supplemental figure S7TE-G), suggesting
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Figure 6 An ARG2-based immunomodulatory vaccine reduces tumor growth, induces activation of ARG2-specific CD4" and
CD8* T cells and promotes a proinflammatory tumor microenvironment. (A) Overview of the experimental timeline. (B) Average
Pan02 tumor growth for mice receiving a Ctrl or ARG2-peptide immunomodulatory vaccine. Mice (n=10 per group) were
inoculated and vaccinated according to the experimental overview (in A). Data are represented as mean+SEM. “***P<0.0001
(two-way analysis of variance test). (C) IFN-y ELISPOT on splenocytes isolated from mice receiving the Ctrl (n=3) or ARG2-
based (n=6) vaccine from the study in shown in B. Briefly, 8x10° splenocytes were plated per well. Ctrl and peptide stimulations
were performed in triplicates. Peptide-specific IFN-y secreting cells were quantified as the difference in the number of spots
counted between the peptide-stimulated and Ctrl wells. Each dot represents one mouse and bars represent the mean+SEM.

Figure 6 (Continued)
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*P=0.0238 (Mann-Whitney test). (D) ARG1 and ARG2-specific IFN-y-secreting cells among splenocytes from Pan02 tumor-
bearing mice receiving the ARG2-based peptide vaccine were assayed with an IFN-y ELISPOT. In this assay, 8x10° splenocytes
were plated per well with either ARG1 or ARG2 peptide. Each dot represents one mouse, and bars represent the mean+SEM.
*P=0.0022 (Mann-Whitney test). (E) ARG2-specific IFN-y-secreting cells present in CD4" and CD8"-sorted T cells isolated from
splenocytes of Pan02 tumor-bearing mice treated with the ARG2-based peptide vaccine were assayed with an IFN-y ELISPOT
assay. In this assay, 2.8x10°T cells were plated together with 6x10° antigen-presenting cells (splenocytes from a naive mouse)
with or without ARG2 peptide. Each dot represents one sample (pooled from two mice), and bars represent the mean+SEM.

(F) Randomly selected tumors from Pan02 tumor-bearing mice from the experiment (in B) were harvested (n=4-6 per group)

on day 31. Tumor RNA was extracted, and bulk RNAseq was performed. Differentially expressed genes (false discovery rate
(FDR) <0.05and absolute log2 fold change >0) in Pan02 tumors from ARG2-vaccinated mice compared with Ctrl vaccinated
mice were identified and presented in a volcano plot, n=282 upregulated and n=33 downregulated genes. (G) Immune-related
biological processes (Gene Ontology analysis) associated with significantly upregulated genes in RNAseq data (described in F).
(H-J) Bar plots showing the total absolute immune infiltration score (arbitrary unit) of all immune populations (H) or the immune
score ratio of M1:M2 macrophages (l) and CD8 T cells to Tregs (J). Immune population scores were generated with ImmuCC
algorithm, using bulk tumor RNAseq (as described in F). Each dot represents one mouse, and bars represent the mean+SEM.

Ctrl, control; IFN-y, interferon gamma; Treg, regulatory T cell.

that the vaccine induces tumor infiltration of ARG2-
specific T cells on vaccination. To assess the consequences
of inducing ARG2-specific T cells on the transcriptional
landscape in the tumor, we isolated whole tumor RNA
from four mice treated with the control vaccine and six
mice treated with the ARG2-based vaccine and performed
RNAseq. Differential gene expression analysis identi-
fied a total of 282 upregulated and 33 downregulated
genes after vaccination with ARG2 peptide (figure 6F
and online supplemental table S4). Gene Ontology anal-
ysis based on biological processes showed that within
the genes upregulated in mice treated with the ARG2-
based vaccine, 44% of the enriched processes were asso-
ciated with tumor immunology (online supplemental
figure S7TH and online supplemental table S5). Of these,
76% were associated with positive antitumor immune
responses; 10% were associated with negative antitumor
immune response and the remaining 14% were associ-
ated with immune responses to bacteria (online supple-
mental figure S7I and online supplemental table S5).
Among the significantly enriched biological processes
in mice treated with the ARG2-based vaccine, we found
processes associated with both innate and adaptive immu-
nity. We observed an enrichment of processes associated
with T cells and lymphocytes, type I interferons, cytokine
regulation, angiogenesis and immune system processes
and calcium ion concentrations, altogether indicating
the development of an immune responses in the ARG2-
vaccinated mice (figure 6G and online supplemental
table S5).

Intrigued by these observations, we used the ImmuCC
algorithm to assess the relative composition of infiltrating
immune cell types in the bulk tumor samples (online
supplemental tables 6 and 7).* Overall, we observed
a clear trend toward a higher average infiltration of
immune cells into the TME on vaccination with the
ARG2-based immunomodulatory vaccine (figure 6H).
Specifically, we found an increase in the absolute propor-
tion of several immune cell types in mice receiving the
ARG2-vaccination, including NK cells, and a tendency
toward higher macrophage and monocyte numbers
(online supplemental figure S8). Higher average M1:M2

macrophage and CD8:Treg ratios (figure 61,J) in mice
receiving the ARG2-derived peptide vaccine indicated a
more proinflammatory TME and suggested an immuno-
modulatory capacity of ARG2-specific T cells induced on
vaccination.

DISCUSSION

In the current study, we describe the first observation
of CD8" T-cell responses specific to ARG2. We screened
a library of 15 peptides that were predicted to bind
strongly to HLA-A2. We identified one peptide that elic-
ited CD8" responses, although this response turned out
to be HLA-BS restricted. ARG2-specific T-cell responses
could be detected ex vivo, suggesting that ARG2-specific
T cells constitute a natural part of the immune system. We
generated highly specific ARG2-targeting T-cell cultures
and demonstrated that ARG2-specific T cells were able to
recognize and react to relevant target cells, including a
cancer cell line derived from metastatic malignant mela-
noma expressing ARG2. More importantly, we demon-
strated that ARG2-specific T cells can recognize and
react to normal immune cells with regulatory functions,
as we observed preferential targeting of activated Tregs
with high ARG2 expression. In addition, we showed that
ARG2-based immunomodulatory vaccines induced signif-
icant delays in tumor growth in the murine Pan02 tumor
model. This effect was associated with strong systemic
ARG2-specific CD4" and CD8" T-cell responses. Interest-
ingly, RNAseq analysis of Pan02 tumor tissue revealed
upregulated immune infiltration along with higher
MI1:M2 and CDS8:Treg ratios in ARG2-vaccinated mice,
further underlining the immunodulatory capabilities of
ARG2-specific T cells.

The ability of ARG2-specific T cells to recognize and
react to Tregs highlights their immunomodulatory func-
tion. Moreover, their ability to target regulatory cells
supports that ARG2-specific T cells are anti-Tregs, char-
acterized by their ability to ‘regulate the regulators’.*’
We previously demonstrated that IDO-specific anti-Tregs
specifically lysed IDO-expressing DCs, thereby relieving
IDO-mediated immune suppression.” Moreover, we have
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shown that targeting of ARGl-expressing myeloid cells by
ARGI-specific T cells promotes a shift from a Th2 environ-
ment to a Thl environment due to ARGl-specific T-cell
cytokine production.” It has previously been demon-
strated that ARG2 expression is preferentially induced on
activation in human Tregs from peripheral blood with an
effector memory phenotype, characterized by CD45RO"
expression and that these Tregs can suppress T-cell prolif-
eration in an ARG2-dependent manner.”* The observed
preferential expression of ARG2 in activated Tregs
compared with the activated bulk culture or activated T,
suggests that ARG2 induction serves as a general active
mechanism for increased immunosuppressive capacities
of Tregs. This mechanism is thus comparable to immu-
nosuppression exerted by MDSCs due to ARG1 expres-
sion.” Therefore, the targeting of activated Tregs by
ARG2-specific T cells, as demonstrated here, could have
important immunomodulatory potential by removing the
immune suppression exerted by activated Tregs with high
ARG2 expression. Many tumors are characterized by high
numbers of Tregs, and the targeting of activated immu-
nosuppressive Tregs by ARG2-specific anti-Tregs could
potentially relieve Treg-mediated immune suppression
on TILs, thereby promoting anticancer immunity. The
presence of ARG2-specific T cells in HDs suggests not only
that this mechanism is relevant for treatment of malig-
nancy, but also that targeting of Tregs by ARG2-specific T
cells could occur as a mechanism for the maintenance of
immune homeostasis.

We speculate that the targeting of ARG2-expressing
regulatory cells is not limited to Tregs. We have previously
reported the ARG2-dependent recognition of DCs,”* and
ARG2 is expressed in both human and murine DCs.*' In
murine DCs, ARG2 expression is negatively regulated
by miRNA-155 expression, and ARG2 overexpression
reportedly inhibits T-cell proliferation in vitro and in
vivo.”? Therefore, the preferential targeting of ARG2-
overexpressing DCs could be another immunomodula-
tory function of ARG2-specific T cells. Moreover, other
immunosuppressive cells of the tumor stroma could be
targets for ARG2-specific anti-Treg recognition, thus
extending the immunomodulatory functions of ARG2-
specific T cells. Indeed, the immunomodulatory func-
tion of ARG2-specific T cells was demonstrated in the
murine Pan02 tumor model following ARG2-vaccination.
Here, gene expression changes in Pan02 tumors from
ARG2-vaccinated mice indicated the induction of an
antitumor immune response in the form of increased
immune cell infiltration and the establishment of a more
proinflammatory microenvironment with higher M1:M2
and CD8:Treg ratios. The induction of a more immu-
nopermissive TME on ARG2 vaccination could explain
the significant inhibition of Pan02 tumor growth that
was observed. Additionally, three other murine tumor
models, namely, MC38, B16-F10 and LL2, were used
to validate the ability of ARG2-specific T cells to infil-
trate the tumor bed. Overall, these results highlight the
capability of ARG2-specific T cells to alter the immune

landscape in favor of an antitumorigenic immune
response. Of note, the immunomodulatory effect of the
ARG2-derived peptide vaccine may be mediated by other
mechanisms than direct targeting of Tregs in a murine
setting, as ARG2 may not be expressed in murine Tregs.*
Recently, our group demonstrated immunomodulatory
effects in several murine tumor models with an ARGI-
based vaccine. In particular, ARGI vaccination in combi-
nation with a PD-1 blocking antibody also increased the
M1:M2 macrophage ratio in the MC38 model.” Although
ARGI and ARG2 catalyze the same reaction, they are
differentially expressed and regulated. As such, vaccina-
tions with both ARG1-derived and ARG2-derived epitopes
could potentially provide synergistic effects by targeting
different arginase-expressing cells within the tumor.

Combinations of immunomodulatory vaccines with
immune checkpoint inhibitors have shown promising
results in preclinical murine cancer models where synergy
between a PD-1 antibody and IDO or ARGI vaccines
has been demonstrated,” °' likely by PD-1 blockade
promoting anti-Treg function. A similar synergy might
exist for the combination of ARG2 vaccine with PD-1 anti-
body treatment. Moreover, ARG2 expression has been
demonstrated in activated Tregs,” and the RT-qPCR
analysis presented in this study showed preferable expres-
sion of PD-1 in activated functional Tregs compared
with T . A recent study suggested the balance of PD-1-
expressing CD8" T cells and PD-l-expressing Tregs to
be an important indicator of responsiveness to PD-1
blockade.” It was demonstrated that in TMEs with Tregs
expressing high levels of PD-1, PD-1 blocking antibody
therapy led to tumor progression by activation of PD-1"
Tregs. Conversely, if PD-1 was predominantly expressed
by CD8" effector T cells, administration of PD-1 blocking
antibodies caused effector cell activation and expansion,
leading to tumor regression. Since ARG2-expressing acti-
vated Tregs indeed were PD-1" positive, targeting of Tregs
by ARG2-specific T cells not only would remove ARG2"
Tregs but also could lead to a rebalance of the ratio of
PD-1°CD8" T cells to PD-1"Tregs in favor of the former
and increase the likelihood of a positive therapeutic
response to PD-1 blocking antibodies.

Importantly, the highly specific ARG2-targeting CD8"
T-cell culture from HD93 used in this study showed ARG2
expression that was on par with the levels observed in the
sorted T, cells and substantially lower than in the sorted
Tregs (online supplemental figure S4D). In addition, we
have been able to successfully sustain long-term cultures
of cytotoxic ARG2-specific CD8" T cells from multiple
donorsin vitro. The well-documented expression of ARG2
in T cells on activation seems to be restricted to Tregs,
which explains the apparent lack of fratricide effects of
activated cytotoxic ARG2-specific T cells.”

In IFN-y ELISPOT, we used cancer cell lines as target
cells to identify the HLA-B8 restriction of the A2S05
peptide by specific recognition and cytotoxic activity
against the metastatic malignant melanoma cell line
FM6 and three other HLA-B8" cancer cell lines. This was
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surprising, given that the peptide had been predicted to
bind to HLA-A2. Interestingly, it has been proposed that
the HLA-B8 haplotype plays a protective role against mela-
noma, based on the observation of significantly decreased
frequency of HLA-B8 in patients with advanced mela-
noma compared with the frequency in HDs.”* Moreover,
in chronic myeloid leukemia (CML), HLA-B8 expres-
sion is associated with decreased incidence of CML.”
Given the ARG2 upregulation observed in Tregs and the
malignant melanoma cells in metastatic melanoma,** *°
and the immunosuppressive role described for ARG2 in
acute myeloid leukemia,19 the HLLA-BS restriction of the
described ARG2-peptide could suggest that ARG2-specific
T cells play a role in immune surveillance in melanoma
and CML.

In conclusion, we have described the existence of
ARG2-specific cytotoxic CD8" anti-Tregs. These ARG2-
specific T cells specifically recognized activated Tregs with
high ARG2 expression. ARG2 is preferentially expressed
by functional Tregs to support their immunosuppressive
function. Therefore, ARG2-specific anti-Tregs possess
an immunomodulatory capacity through their ability
to target regulatory immune cells. In fact, activation of
ARG2-specific anti-Tregs through ARG2 vaccination in
a murine setting facilitated an immune-mediated anti-
tumor response and had an inhibitory effect on tumor
growth in the Pan02 model. Conclusively, the activation
of ARG2-specific T cells by, for example, immunomod-
ulatory vaccination constitutes a novel interesting thera-
peutic possibility for targeting immunosuppressive cells
to boost anticancer immune responses in different cancer
settings.
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