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ABSTRACT
The enzyme arginase-1 reduces the availability of arginine to tumor-infiltrating immune cells, thus
reducing T-cell functionality in the tumor milieu. Arginase-1 is expressed by some cancer cells and by
immune inhibitory cells, such as myeloid-derived suppressor cells (MDSCs) and tumor-associated
macrophages (TAMs), and its expression is associated with poor prognosis. In the present study, we
divided the arginase-1 protein sequence into overlapping 20-amino-acid-long peptides, generating a
library of 31 peptides covering the whole arginase-1 sequence. Reactivity towards this peptide library was
examined in PBMCs from cancer patients and healthy individuals. IFNg ELISPOT revealed frequent
immune responses against multiple arginase-1-derived peptides. We further identified a hot-spot region
within the arginase-1 protein sequence containing multiple epitopes recognized by T cells. Next, we
examined in vitro-expanded tumor-infiltrating lymphocytes (TILs) isolated from melanoma patients, and
detected arginase-1-specific T cells that reacted against epitopes from the hot-spot region. Arginase-1-
specific CD4CT cells could be isolated and expanded from peripheral T cell pool of a patient with
melanoma, and further demonstrated the specificity and reactivity of these T cells. Overall, we showed
that arginase-1-specific T cells were capable of recognizing arginase-1-expressing cells. The activation of
arginase-1-specific T cells by vaccination is an attractive approach to target arginase-1-expressing
malignant cells and inhibitory immune cells. In the clinical setting, the induction of arginase-1-specific
immune responses could induce or increase Th1 inflammation at the sites of tumors that are otherwise
excluded due to infiltration with MDSCs and TAMs.
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Introduction

Neoplastic transformation is associated with immunogenic
antigen expression; however, the immune system often fails to
effectively respond and becomes tolerant towards these anti-
gens.1 Successful cancer immunotherapy requires overcoming
this acquired state of tolerance. Cancer cells can directly sup-
press anti-cancer immune mechanisms, and also attract and/or
convert immunocompetent cells to generate and uphold a can-
cer-tolerant immune microenvironment. For example, to evade
immune surveillance, tumor cells can appropriate local myeloid
cells and trigger their differentiation into myeloid-derived sup-
pressor cells (MDSCs) or tumor-associated macrophages
(TAMs), both of which impair anti-cancer immunity through
various direct and indirect mechanisms.2–4 MDSCs and TAMs
inhibit the activation, proliferation, and cytotoxicity of effector
T cells and natural killer cells, as well as induce the differentia-
tion and expansion of regulatory T cells (Tregs). The direct
immunosuppressive mechanisms mediated by MDSCs and
TAMs rely on the activities of enzymes, chemokines, and
checkpoint molecules.4–6

The enzyme arginase-1 plays a vital role in the TAM- and
MDSC-mediated induction of immune tolerance and suppres-
sion of anti-cancer immune responses. Arginase-1 catalyzes a
reaction that converts the amino acid L-arginine into L-orni-
thine and urea, depleting the microenvironment of arginine
and consequently suppressing tumor-specific cytotoxic T-cell
responses.7 Several reports emphasize that altered arginine
metabolism in tumors plays an important role in suppressing
tumor-specific T-cell responses. Cancer cells, as well as regula-
tory immune cells like MDSCs and TAMs, can suppress T cells
by manipulating L-arginine metabolism via expression of argi-
nase-1.5 Thus, arginase-1 is critically involved in the inhibition
or termination of inflammation. Arginase-1 is highly overex-
pressed in cancers, including breast, lung, colon, and prostate
cancer,8–13 and increased arginase-1 activity has been detected
in both malignant cells and other cells infiltrating the tumor
microenvironment. In particular, arginase-1 is reportedly ele-
vated in glioblastoma, while arginase-2 elevation has been
described in acute myeloid leukemia (AML). A recent study
demonstrated that acute myeloid leukemia (AML) blasts show
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an arginase-dependent ability to inhibit proliferation of T-cell
and hematopoietic stem cells. Moreover, arginase and iNOS
inhibitors reduce AML suppression activity.14

Both in vitro and in vivo studies demonstrate that transfec-
tion of mouse macrophages with a rat arginase-1 gene pro-
motes proliferation of co-cultured tumor cells. Furthermore,
induction of arginase-1 expression in macrophages reportedly
increases tumor vascularization through polyamine synthesis.8

Examination of a murine lung carcinoma model revealed a sub-
population of mature tumor-associated myeloid cells that
express high levels of arginase-1, which depletes extracellular
L-arginine, in turn, inhibiting antigen-specific proliferation of
the tumor-infiltrating lymphocytes (TILs). Injection of an argi-
nase-1 inhibitor blocks lung carcinoma growth in these mice.
This demonstrates how induction of arginase-1 expression in
tumor cells and tumor-associated myeloid cells may promote
tumor growth via negative effects on TILs, resulting in suppres-
sion of anti-tumor immune responses. Moreover, genetic
knock-out of arginase-1 improves survival in mice receiving
adoptive transfer of tumor-specific cytotoxic T cells.6

In the present study, we examined whether arginase-1 served
as a target for specific T cells, which could potentially be
exploited for anti-cancer immune therapy. To this end, we iden-
tified and characterized arginase-1 specific T cells that were pres-
ent among peripheral blood mononuclear cells (PBMC).

Results

Immune responses against arginase-1

We divided the entire arginase-1 protein sequence into
overlapping 20-mere peptides, generating a library of 31
peptides covering the entire sequence (Table 1). Each pep-
tide in the library overlapped with the first 10 amino acids
of the following peptide. Using this arginase-1 peptide
library and the IFNg ELISPOT assay, we next screened
PBMCs from patients with melanoma and healthy donors
for immune responses (Fig. 1A and B). The PBMCs
were stimulated for one week with a pool of 3–4 adjacent
20-mer arginase-1 library peptides and low-dose IL-2
(120 U/mL). They were then set up for an IFNg ELISPOT
assay to screen for responses against each 20-mer peptide
separately. The following eight peptides showed the highest
and most abundant responses in PBMCs from patients
with melanoma: Arg31–50, Arg111–130, Arg161–180, Arg171–190,
Arg181–200, Arg191–210, Arg221–240, and Arg261–280. Among
these overlapping peptides, Arg161–180, Arg171–190, Arg181–
200, and Arg191–210 spanned a 50-amino-acid-long region
that was deemed a hot-spot region since nearly all patients
harbored a response against one or more of these peptides
(Fig. 1A). The selected eight peptides were further used to
screen for immune responses against arginase-1 in PBMCs
from eight healthy donors using IFNg ELISPOT. As in the
PBMCs from cancer patients, the PBMCs from healthy
donors showed the highest IFNg responses against the four
arginase-1 peptides in the hot-spot region (Fig. 1B). We
further used the four hot-spot region peptides to screen for
responses in 25 cancer patients: 14 melanoma, 1 breast
cancer, 1 renal cell carcinoma, 9 multiple myeloma (due to

limited material 9 multiple myeloma patients screened
for responses against Arg191–210 and 4 of these patients
were screened for responses against Arg161–180, Arg171–190,
Arg181–200). We found responses against Arg161–180 in 6 out
of 20 screened patients (Fig. 2A), against Arg171–190 in 4
out of 20 patients (Fig. 2B), against Arg181–200 in 4 out of
20 patients (Fig. 2C) and against Arg191–210 in 10 out of 25
patients (Fig. 2D).

Immune responses against long arginase-1 peptides

Since we most frequently observed responses against argi-
nase-1 peptides from the hot-spot region, we next analyzed
whether longer peptides covering the same sequence could
be used instead of four 20-mers. A 50-mer peptide covering
the entire hot-spot region elicited lower responses com-
pared to the 20-mer peptides (data not shown). We then
divided the arginase-1 hot-spot region into two 30-mer
peptides that overlapped by 10 amino acids: Arg161–190 and
Arg181–210. These 30-mer peptides were used to check for
responses in selected PBMCs from cancer patients and
healthy donors, which had previously shown responses
against the 20-mer hot-spot peptides. The PBMCs were
stimulated for one week with either Arg161–190 or Arg181–210
in the presence of IL-2, and were then used in IFNg

ELISPOT. PBMCs from both cancer patients and healthy
donors showed high responses against Arg161–190 (Fig. 3A),

Table 1. Arginase-1 peptides.

Peptide name Sequence

Arg 1–20 MSAKSRTIGIIGAPFSKGQP
Arg 11–30 IGAPFSKGQPRGGVEEGPTV
Arg 21–40 RGGVEEGPTVLRKAGLLEKL
Arg 31–50 LRKAGLLEKLKEQECDVKDY
Arg 41–60 KEQECDVKDYGDLPFADIPN
Arg 51–70 GDLPFADIPNDSPFQIVKNP
Arg 61–80 DSPFQIVKNPRSVGKASEQL
Arg 71–90 RSVGKASEQLAGKVAEVKKN
Arg 81–100 AGKVAEVKKNGRISLVLGGD
Arg 91–110 GRISLVLGGDHSLAIGSISG
Arg 101–120 HSLAIGSISGHARVHPDLGV
Arg 111–130 HARVHPDLGVIWVDAHTDIN
Arg 121–140 IWVDAHTDINTPLTTTSGNL
Arg 131–150 TPLTTTSGNLHGQPVSFLLK
Arg 141–160 HGQPVSFLLKELKGKIPDVP
Arg 151–170 ELKGKIPDVPGFSWVTPCIS
Arg 161–180 GFSWVTPCISAKDIVYIGLR
Arg 171–190 AKDIVYIGLRDVDPGEHYIL
Arg 181–200 DVDPGEHYILKTLGIKYFSM
Arg 191–210 KTLGIKYFSMTEVDRLGIGK
Arg 201–220 TEVDRLGIGKVMEETLSYLL
Arg 211–230 VMEETLSYLLGRKKRPIHLS
Arg 221–240 GRKKRPIHLSFDVDGLDPSF
Arg 231–250 FDVDGLDPSFTPATGTPVVG
Arg 241–260 TPATGTPVVGGLTYREGLYI
Arg 251–270 GLTYREGLYITEEIYKTGLL
Arg 261–280 TEEIYKTGLLSGLDIMEVNP
Arg 271–290 SGLDIMEVNPSLGKTPEEVT
Arg 281–300 SLGKTPEEVTRTVNTAVAIT
Arg 291–310 RTVNTAVAITLACFGLAREG
Arg 301–322 LACFGLAREGNHKPIDYLNPPK
Arg 161–190 GFSWVTPCISAKDIVYIGLRDVDPGEHYIL
Arg 181–210 DVDPGEHYILKTLGIKYFSMTEVDRLGIGK
Arg 161–210 GFSWVTPCISAKDIVYIGLRDVDPGEHYILKTL

GIKYFSMTEVDRLGIGK
Arg Short IVYIGLRDV

e1404215-2 E. MARTINENAITE ET AL.



comparable to the responses against 20-mer peptides.
Some PBMCs also showed responses against the 30-mer
Arg181–210 peptide (Fig. 3B); however, these responses were
lower than those against the overlapping 20-mer peptides
covering the same protein region (Fig. 1A and 1B).

CD4C and CD8C T cells recognize arginase-1 in cancer
patient and healthy donor PBMCs

We performed intracellular staining for IFNg and TNFa pro-
duction in PBMCs from 7 cancer patients stimulated with 20-
mer hot-spot region peptides. We were able to detect CD4C
and CD8C T cell responses against Arg161–180 (Fig. 4A) in two
cancer patients, suggesting the presence of both HLA Class I
and II epitopes in the arginase-1 hot-spot region. We further
found that PBMCs from two healthy donors and one patient
with melanoma had shown responses against the Arg161–190
peptide in IFNg ELISPOT. We detected TNFa production by
CD4C T cells after 8-hour incubation with Arg161–190
(Fig. 4B). A minor response from CD8C T cells in some sam-
ples (data not shown) was detected against Arg161–190.

We generated an arginase-1-specific CD4C T-cell culture by
repeated stimulation of PBMCs from a melanoma patient with
DCs and PBMCs that were loaded with a minimal 9-mer arginase-
1 peptide (called ArgShort: IVYIGLRDV) located in the hot-spot
region. The T-cell culture specific against the minimal arginase-1
epitope ArgShort also recognized the 30-mer Arg161–190 peptide
(which contains the sequence of ArgShort) in IFNg ELISPOT

(Fig. 4C, left) and intracellular staining (Fig. 4C, right). After 8 hours
of Arg161–190 peptide stimulation, intracellular staining revealed
TNFa production from CD4C T cells (Fig. 4C, right). However,
the 50-mer peptide covering the entire hot-spot region was poorly
recognized (Fig. 4C, left). TNFa secretion was confirmed by TNFa
ELISA (Supplementary Figure 2).

Arginase-1 specific T cells were present in melanoma TILs

To investigate the potential presence of arginase-1-specific
T cells among tumor-infiltrating lymphocytes in cancer, we
screened in vitro expanded TILs from eight melanoma
patients for responses against arginase-1 derived peptides.
To this end, we performed intracellular staining for IFNg

and TNFa production in response to direct stimulation
with peptide. TILs were thawed, rested overnight without
IL-2, and then stimulated for 5 hours with three hot-spot
immunogenic region 20-mer peptides: Arg161–180, Arg171–
190, Arg181–200. In one of the TIL cultures, IFNg was pro-
duced by CD4C T cells in response to stimulation with all
three arginase-1 peptides (Fig. 4D), suggesting that the argi-
nase-1hot-spot region likely contained a number of CD4C
T-cell epitopes. The percentage of IFNg-producing cells
was higher for Arg171–190 and Arg181–200 compared to
Arg161–180, and the response against Arg181–200 was almost
twice that against Arg161–180. No IFNg or TNFa production
was observed from CD8C T cells.

Figure 1. Multiple arginase-1 peptides are recognized by PBMCs from cancer patients and healthy donors. A - IFNg ELISPOT screening of responses against overlapping
20-mer arginase-1 peptides in PBMCs from 3 melanoma patients. 4–7 £ 105 cells/well were used. B - IFNg ELISPOT screening of responses against eight selected 20-mer
arginase-1 peptides in PBMCs from 8 healthy donors. Spot counts are given as a difference between averages of the wells stimulated with the peptide and control wells.
Peptide and control stimulations were performed in duplicates or triplicates.
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T-cell recognition of the target cells was dependent
on arginase-1 expression

To assess the ability of arginase-1-specific CD4C T cells to rec-
ognize and react against immune cells producing arginase-1, we
transfected autologous DCs and B cells with mRNA encoding
arginase-1 protein. Autologous DCs were transfected with two
different constructs encoding arginase-1 mRNA. One of these
constructs contained the arginase-1 sequence fused to the DC-
LAMP signal sequence, which targets a protein towards the lyso-
somal compartment and thus directs that protein towards Class

II presentation.15 Arginase-1-specific CD4C T-cell cultures from
two different melanoma patients were rested without IL-2 for
24 h, and then set up for IFNg ELISPOT with electroporated
autologous DCs or B cells. We observed higher reactivity against
DCs and B cells that were transfected with arginase-1 mRNA
compared to Mock control (Fig. 5A-D). The responses were
even higher against the DCs transfected with arginase-1-DC-
LAMP compared to both Mock control and arginase-1 mRNA
(Fig. 5E). After 24 h, we checked the electroporation efficiency of
DCs via FACS analysis of GFP/NGFR-expressing cells, finding
>90% transfection efficiency (data not shown).

Figure 2. Arginase-1 hot-spot region is widely recognized by cancer patient PBMCs. A - IFNg ELISPOT responses against Arg161–180 peptide. Experiments performed
with 5 £ 105 PBMCs/well for all cancer patients except BC30 where 3 £ 105 PBMCs/wells were used. B - IFNg ELISPOT responses against Arg171–190 peptide.
Experiments performed with 5 £ 105 PBMCs/well. C - IFNg ELISPOT responses against Arg181–200 peptide. 5 £ 105 PBMCs/well were used for BC30. D - IFNg
ELISPOT responses against Arg191–210 peptide. 3 £ 105 cells/well used for MM22, MM25, BC30 and RCC43; 4 £ 105 cells/well used for MMy15 and MMy20; 5
£ 105 cells/well used for MM15, MM23, MMy1 and MMy13. MM - malignant melanoma, BC - breast cancer, MMy - multiple myeloma, RCC- renal cell carci-
noma. Peptide and control stimulations were performed in duplicates or triplicates. Overlay bars represent mean values for non-stimulated/control and peptide
stimulated wells § standard error of the mean. Responses were analyzed using distribution free resampling (DFR) rule. �- p�0.05, ns-not significant.

Figure 3. 30-mer peptides from arginase-1hot-spot region are recognized by cancer patient and healthy donor PBMCs. A - Left: Responses against Arg161–190 peptide in
PBMCs from 5 selected cancer patients and four healthy donors. Right: Well examples of responses against Arg161–190 peptide in 2 healthy donors and 2 cancer patients.
B - Left: Responses against Arg181–210 peptide in PBMCs from 5 selected cancer patients and four healthy donors. Right: Well examples of responses against Arg161–190
peptide in 2 healthy donors and 2 cancer patients. Spot counts are given as a difference between averages of the wells stimulated with the peptide and control wells.
Peptide and control stimulations were performed in triplicates.
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Discussion

The enzyme arginase-1 is involved in immunity under both
normal and pathological settings.5 Arginine depletion by
arginase-1-expressing myeloid cells contributes to an immu-
nosuppressive tumor microenvironment that inhibits effector
lymphocyte proliferation. Specific targeting of arginase-1-
expressing myeloid cells (e.g., neutrophils, TAMs, and
MDSC) could potentially restore arginine levels, allowing T-
cell proliferation and reestablishing anti-tumor immune
responses.16 In the present study, we describe arginase-1-spe-
cific effector T cells that could be exploited as a possible novel
means of targeting arginase-1-expressing cells. We first iden-
tified peripheral arginase-1-specific T cells that were naturally
present in both cancer patients and healthy donors by screen-
ing a peptide library covering the entire arginase-1 sequence.
Interestingly, we discovered that arginase-1 contained multi-
ple epitopes that were frequently recognized by peripheral T
cells, including a 50-amino-acid-long hot-spot region (161–
210) containing numerous T-cell epitopes. We observed fre-
quent T-cell responses against arginase-1, underlining the
high immunogenicity of arginase-1, and supporting the likeli-
hood of boosting an arginase-1-specific immune response in
most patients with solid tumors as well as hematological

malignancies. In particular, the identified hot-spot region of
the arginase-1 protein seems to be an obvious target for, e.g.,
peptide-based vaccination. We detected specific reactivity
among in vitro expanded CD4C TILs against peptides from
this hot-spot region, indicating the presence of arginase-1-
reactive T cells in the tumor microenvironment. As described
by Borchers et al,17 ex vivo responses can be identify by pep-
tide loaded autologous DCs, which could potentially reveal
more frequent spontaneous responses against arginase-1.

We additionally isolated and expanded specific CD4C T
cells that reacted to peptides derived from the hot-spot region.
Our results demonstrated that arginase-1-specific T cells indeed
recognized and reacted to DCs and B cells that were electropo-
rated with arginase-1 mRNA. Moreover, targeting arginase-1
towards lysosomal degradation and Class II presentation
resulted in increased recognition of electroporated DCs by the
arginase-1-specific CD4C T-cell culture. Although our study
focused on arginase-1-specific CD4C T cells, we also observed
CD8C specific T-cells that were naturally present in some
patients. The less frequent CD8C T cell responses may reflect
the fact that long overlapping peptides were used instead of
short peptides. Recent evidence supports the view that regula-
tory T cells have both suppressor and effector capabilities.18

We previously reported that self-reactive pro-inflammatory T

Figure 4. Arginase-1hot-spot region contains class I and II T-cell epitopes. A - Right: % TNFa producing CD4C and CD8C T cells in intracellular staining of PBMCs from
multiple myeloma (MMy) and breast cancer (BC) patients stimulated with 20-mer Arg161–180 peptide and non-stimulated control. Left: representative dot plots for
Arg161–180 peptide stimulated. B - Bottom: % TNFa producing CD4C T cells in intracellular staining of PBMCs from two healthy donor and one melanoma patient pro-
duction by the CD4C T cells in response against 30-mer Arg161–180, Arg171–190, Arg181–200 peptides for 8 hours. Top: Example dot plots of non-stimulated control and
Arg161–190 peptide stimulation. C - Left: IFNg ELISPOT responses using T cell culture specific for ArgShort minimal peptide stimulated with 9-mer ArgShort, 30-mer
Arg161–190 and 50-mer Arg161–210 peptides or non-stimulated control. TNTC- too numerous to count. Right: Intracellular staining of CD4C T cell in ArgShort -specific T
cell culture stimulated with Arg161–210 peptide for 8 hours. D - IFNg production by CD4C T cells in in vitro expanded TILs from a melanoma patient in response against
Arg161–180, Arg171–190, Arg181–200 peptides as compared to non-stimulated control.
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cells, termed anti-regulatory T cells (anti-Tregs),19 can specifi-
cally target immune-suppressive cells in both the periphery and
the tumor microenvironment. This suggests the existence of
immune system mechanisms to counteract the immune-sup-
pressive feedback signals mediated by regulatory cells. The
presently described arginase-1-specific T cells may indeed be a
novel type of anti-Treg.

Suppression of the adaptive immune responses plays a major
role in cancer progression, with major mechanisms of tumor
immune escape including MDSC expansion and tumor signaling
of programmed death 1 (PD-1).20,21 In a subset of patients with
various cancer types, durable therapeutic responses can be gener-
ated via immune checkpoint blockade using antibodies against
cytotoxic-T-lymphocyte-associated protein 4 (CTLA4) or PD1/
programmed cell death 1 ligand 1 (PD-L1).22 However, check-
point inhibitors are effective only in a small fraction of patients
with advanced solid tumors. MDSCs and TAMs play important

roles in tumor immune evasion, and their accumulation in the
tumor bed restricts the accumulation of T cells within the vicin-
ity of cancer cells. Therefore, these suppressive cells constitute a
major reason for the limited efficacy of checkpoint blockade in
cancer treatment.23 The findings of our present study may lead
to a translatable strategy for improving the efficacy of checkpoint
blockade through the activation of arginase-1-specific T cells that
react to arginase-1-expressing cells at the tumor site, inducing
local inflammation. We hypothesize that an arginase-1-specific
T-cell-activating vaccine would attract T cells into the tumor,
thereby inducing Th1 inflammation, which would further induce
PD-L1 expression in cancer and immune cells, generating targets
more susceptible to anti-PD1/PDL1 immunotherapy. Further-
more, the arginase-1-specific T cells could directly reduce argi-
nase-1-expressing DCs, MDSCs, and TAMs, thus decreasing the
tumor burden. Combinatorial therapy with an arginase-1-based
vaccine and checkpoint blockade could be effective in a much
wider population of cancer patients.

We previously identified self-reactive T cells that recognize
human leukocyte antigen (HLA)-restricted epitopes derived from
proteins, including indoleamine 2,3-dioxygenase (IDO)24-26 and
PD-L1,27-30 that are induced by interferons expressed at inflam-
mation sites in regulatory immune cells. In an earlier study, we
verified that interferons expand populations of PD-L1-specific
anti-T cells by demonstrating that known IDO inducers (e.g.,
IFN-g) lead to expansion of IDO-specific anti-Treg cells among
human PBMCs without additional stimulation.25 The fact that
Th1 inflammation signals induce IDO- and PD-L1-specific T
cells suggests that activating arginase-1-specific T cells may work
synergistically with, for example, IDO and/or PD-L1 vaccination.
In this situation, arginase-1 vaccination could induce Th1 inflam-
mation at a tumor site where myeloid cells (e.g., neutrophils,
TAMs, and MDSCs) are contributing to an immunosuppressive
tumor microenvironment that inhibits effector lymphocyte prolif-
eration. This arginase-1-specific Th1 inflammation would, in
turn, induce IDO and PD-L1 at the tumor site, enabling further
targeting by PD-L1- and/or IDO-specific T cells. The combina-
tion of epitopes like arginase-1, PDL1, and IDO would be highly
beneficial and easy to implement in a vaccine setting. Such anti-
gens could serve as targets that would be widely applicable for
immunotherapeutic strategies, completely differing from previ-
ously described antigens with regards to function and expression
pattern.

The development of novel immune therapies for cancer
requires a thorough understanding of the molecules involved
in cancer pathogenesis, and the specific proteins recognized by
the immune system. The present results suggest that an argi-
nase-1-based vaccine may be exploited for immunotherapy,
especially against cancers in which arginase-1-expressing cells
represent major obstacles to the successful implementation of
many forms of immunotherapy.

Materials and Methods

Patient material

Peripheral Blood Mononuclear Cells (PBMCs) were collected
from healthy individuals and patients with melanoma. Blood
samples were drawn a minimum of four weeks after

Figure 5. Arginase-1-specific T cells recognize arginase-1-expressing immune cells.
A and C - IFNg response by the arginase-1 specific T cell cultures from two differ-
ent melanoma patients (MM01 and MM05) to autologous dendritic cells electropo-
rated with irrelevant control mRNA (DC Mock) or Arginase-1 mRNA (DC Arg
mRNA). Effector to target ratio 10:1. B and D - IFNg response by the arginase-1 spe-
cific T cell cultures from two different melanoma patients to autologous B cells
electroporated with irrelevant control mRNA (B cells Mock mRNA) or Arginase-1
mRNA (B cells Arg mRNA) Effector to target 2:1. E - Bottom: IFNg response by argi-
nase-1 specific T cell culture towards autologous dendritic cells electroporated
with irrelevant control mRNA (DC Mock), arginase-1 mRNA (DC Arg mRNA) or argi-
nase-1 mRNA containing DC-LAMP signal sequence (DC.LAMP Arg mRNA). Top:
representative well images. Control and transfected cell stimulations were per-
formed in triplicates in A and C, duplicates in B, D and E. Bars represent mean val-
ues § standard error of the mean. �- p�0.05 according to the DFR rule.
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termination of any kind of anti-cancer therapy. PBMC were
isolated using LymphoprepTM (Alere AS, cat. 1114547) separa-
tion, HLA-typed and frozen in fetal bovine serum (FBS) with
10% DMSO (Sigma-Aldrich, cat. D5879-100 ML). The protocol
was approved by the Scientific Ethics Committee for The Capi-
tal Region of Denmark and conducted in accordance with the
provisions of the Declaration of Helsinki. Written informed
consent from the patients was obtained before study entry.

Tumor infiltrating lymphocyte cultures

Surgically resected melanoma tumors were cut into 1–2 mm3

fragments under sterile conditions from which tumor infiltrat-
ing lymphocytes (TILs) were minimally expanded in high doses
of IL-2 (6,000 IU/mL IL2; Proleukin from Novartis) to a mini-
mal cell count of 50 £ 106 cells. Cells were further expanded
using standard 14-day rapid expansion protocol (REP) with
allogeneic irradiated peripheral blood mononuclear cells
(PBMC) from at least three different healthy donors, 30 ng/mL
anti-CD3 antibodies (OKT3, from Janssen-Cilag or Miltenyi
Biotec). These rapidly expanded TIL cultures were used to
screen for responses against arginase-1-derived peptides.

Peptide stimulation and ELISPOT assay

PBMCs from healthy donors or cancer patients were stimulated
with 20 mM of arginase-1-derived peptides and 120 U/ml IL-2
(Peprotech, cat. 200–02) for a week. 4–6 £ 105 PBMCs were then
placed in the bottom of ELISPOT plate (nitrocellulose bottomed
96-well plates by MultiScreen MAIP N45; Millipore, cat.
MSIPN4W50) pre- coated with IFN-g capture Ab (Mabtech, cat.
3420-3-1000) and 5–25 mM of arginase-1 derived peptides were
added: 5 mM working concentration was used for 9-mer and 20-
mer peptides, whereas 15–25 mM concentration was used for 30-
mers. PBMCs from each patient and donors were set up in dupli-
cates or triplicates for peptide and control stimulations. Cells were
incubated in ELISPOT plates in the presence of an antigen for 14–
16 hours after which they are washed off and secondary biotiny-
lated Ab (Mabtech, cat. 3420-6-1000) was added. After 2 hour
incubation unbound secondary antibody was washed off and strep-
tavidin conjugated alkaline phosphatase (AP) (Mabtech, cat. 3310–
10) was added for 1 hour. Next, unbound conjugated enzyme is
washed off and the assay was developed by adding BCIP/NBT sub-
strate (Mabtech, cat. 3650–10). Developed ELISPOT plates were
analysed on CTL ImmunoSpot S6 Ultimate-V analyzer using
Immunospot software v5.1. Responses were reported as the differ-
ence between average numbers of spots in wells stimulated with
arginase-1 peptides and control wells.

Peptides

20-mer Arginase-1 peptide library was synthesized by PepScan
and dissolved in DMSO at 10 mM. 30-mer and 50-mer
Arginase-1 peptides were synthesized by Schafer-N ApS and
dissolved in DMSO at 10 mM stock. ArgShort peptide was syn-
thesized by KJ Ross-Petersen ApS and dissolved in sterile water
to a stock concentration of 2 mM. Purity of the synthesized
peptides was >80%. For a summary of all peptides see Table 1.

Establishment of arginase-1-specific T-cell cultures

Arginase-1-specific T cell cultures were established by initial
stimulation of PBMCs obtained from patients with melanoma,
with irradiated ArgShort peptide-loaded autologous dendritic
cells (DCs) or PBMCs. The following day 40 U/ml IL-7 and 20
U/ml IL-12 (PeproTech, cat. 200-07-10 and 200-12) were
added. Stimulation of the cultures were carried out every 8 days
with ArgShort peptide loaded irradiated autologous DC followed
by ArgShort peptide-loaded irradiated autologous PBMC. The
day after peptide stimulation IL-2 (PeproTech, cat. 200–12)
was added. Arginase-1-specific T cells were enriched using
TNF-a cell enrichment kit (MiltenyiBiotec, cat. 130-091-269)
after five stimulations.

Generation of dendritic cells

DCs were generated from PBMCs by adherence of monocytes
on culture dishes at 37�C for 1–2 h. in RPMI-1640. Adherent
monocytes were cultured in RPMI-1640 supplemented with
10% FBS in the presence of IL-4 (250 U/ml) and GM-CSF
(1000 U/ml) (Peprotech, cat. 200–04 and 300-03-100) for
6 days. DCs were matured by addition of IL-b (1000 U/ml), IL-
6 (1000 U/ml) TNF-a (1000 U/ml) (Peprotech, cat. 200-01B,
200-06 and 300-01A) and PGE2 (1ug/ml) (Sigma Aldrich, cat.
P6532).

B cell isolation

PBMCs from cancer patients were thawed and rested overnight.
B cells were isolated from patient PBMCs using Pan B Cell
Isolation Kit (Miltenyi Biotec Inc., cat. 130-101-638) according
to manufacturer’s instructions.

Production of in vitro-transcribed mRNA

The cDNA encoding Arginase-1 (accession nr. NM_000045)
was synthesized and cloned into either pSP73-SphA64 (kindly
provided by Dr. E. Gilboa, Duke University Medical Center,
Durham, NC) using 50XhoI/30PacI restriction sites (Geneart/
Life Technologies) or into the HLA class II targeting plasmid
pGEM-sig-DC.LAMP (kindly provided by Dr. K. Thielemans,
Medical School of the Vrije Universiteit Brussel) using
50BamHI/30BamHI restriction sites. Both plasmids were linear-
ized with SpeI before serving as DNA template for in vitro
transcription.31

Electroporation

For mRNA experiments, DCs and B cells were transfected with
Arginase-1 mRNA or control mRNA encoding GFP or nerve
growth factor receptor (NGFR) using electroporation parame-
ters as previously described. Briefly, cells were washed twice,
suspended in Opti-MEM medium (Invitrogen, cat. 11058021)
and adjusted to a final cell density of 4–7 £ 106 cells/ml. The
cell suspension (200–300 ul) was pre-incubated on ice for
5 min and 5–10 mg of mRNA was added. Cell suspension was
then transferred into a 4-mm gap electroporation cuvette and
electroporated.31 Electroporated cells were further incubated in
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humidified atmosphere with 5% CO2 and used for experimen-
tal analysis as specified. Electroporation efficiency was deter-
mined 24 hours later by FACS analysis of the GFP or NGFR
transfected cells.

Flow cytometric analysis

Flow cytometry analysis was performed on a FACSCantoTM II
(BD Biosciences). Intracellular staining of cell cultures was per-
formed after the cells were stimulated with 20-mer peptides for
5 hours or 30-mere peptides for 8 hours (BD GolgiPlugTM cat.
555029, was added after the first hour). The cells were then
stained for surface markers, then washed and permeabilized by
using Fixation/Permeabilization and Permeabilization Buffer
(eBioscience, cat. 00-5123-43), according to manufacturer’s
instructions. Antibodies used: IFNg-APC (cat.341117), TNFa-
BV421 (cat.562783), CD4-FITC (cat.347413), CD8- PerCP
(cat.345774), CD3-APC-H7 (cat. 560275) (all from BD Bio-
sciences). Dead cells were stained using FVS510 (564406, BD
Biosciences) according to manufacturer’s instructions. Gating
strategy is presented in Supplementary Figure 1.

ELISA

Cell culture supernatants were analyzed using TNF alpha
Human Uncoated ELISA Kit (cat. 88-7346-22) (ThermoFisher
Scientific) according to the manufacturer’s instructions.

Statistical analysis

ELISPOT responses were analyzed using distribution free
resampling (DFR) method, described by Moodie et al.32 for sta-
tistical analysis of ELISPOT responses. Statistical analysis was
performed using Rstudio (RStudio Team (2016). RStudio: Inte-
grated Development for R. RStudio, Inc., Boston, MA URL
http://www.rstudio.com/).
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