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Abstract
l-arginine depletion by regulatory cells and cancer cells expressing arginase-1 (Arg-1) is a vital contributor to the immuno-
suppressive tumor microenvironment in patients with cancer. We have recently described the existence of pro-inflammatory 
effector T cells that recognize Arg-1. Hence, Arg-1-specific self-reactive T cells are a naturally occurring part of the memory 
T-cell repertoire of the human immune system. Here, we further characterize a highly immunogenic epitope from Arg-1. We 
describe frequent T-cell-based immune responses against this epitope in patients with cancer, as well as in healthy donors. 
Furthermore, we show that Arg-1-specific T cells expand in response to the TH2 cytokine interleukin (IL)-4 without any 
specific stimulation. Arg-1-specific memory TH1 cells that respond to increased IL-4 concentration may, therefore, drive the 
immune response back into the TH1 pathway. Arg-1-specific T cells thus appear to have an important function in immune 
regulation. Because Arg-1 plays an important role in the immunosuppressive microenvironment in most cancers, an immune 
modulatory vaccination approach can readily be employed to tilt the balance away from immune suppression in these settings.
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Abbreviations
Arg1	� Arginase 1
BC	� Breast cancer
HD	� Healthy donor
MM	� Malignant melanoma
TAM	� Tumor-associated macrophages
TNTC	� Too numerous to count

Introduction

l‑arginine‑depleting cells are targets for naturally 
occurring anti‑regulatory T cells

Activated T cells require large amounts of l-arginine [1], 
creating an opportunity for immune suppression through 
l-arginine-depleting enzymes, such as arginase-1 (Arg-1). 
Arg-1 is an enzyme that catalyzes the first step in arginine 
metabolism, and its expression by various immune-suppres-
sive cells (M2 macrophages, myeloid-derived suppressor 
cells, and different dendritic cell [DC] subtypes) is involved 
in the immune inhibitory pathways that suppress T-cell acti-
vation. Arg-1-associated l-arginine deprivation downregu-
lates expression of the TCR ζ chain [2] and decreases T-cell 
cytokine production and proliferation [3]. Cancer develop-
ment and progression are associated with multiple mech-
anisms of immune inhibition at the tumor site. Increased 
Arg-1 activity is seen in many cancers, such as breast [4], 
head and neck [5], renal cell carcinoma [6], and non-small 
cell lung cancer [7]. In general, arginase-expressing myeloid 
cells play a significant role in preventing effector lymphocyte 
proliferation and thereby promoting the immune-suppressive 
tumor microenvironment [8].
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Pro-inflammatory T cells that specifically target 
immune-suppressive cells and counteract a range of regu-
latory immune-feedback signals have been described pre-
viously [9, 10]. These T cells (termed anti-regulatory T 
cells (anti-Tregs) due to their role in targeting regulatory 
immune mechanisms) recognize human leukocyte anti-
gen (HLA)-restricted epitopes, generated from degraded 
intracellular self-antigens derived from immune inhibitory 
proteins, such as Arg-1 [11]. We have previously described 
the existence of Arg-1-specific T cells and demonstrated 
that arginase-specific T cells recognize and react against 
DCs and B cells expressing Arg-1 [12, 13]. We identified 
a 50-amino-acid hot-spot region in the protein sequence of 
Arg-1 that contains multiple epitopes spontaneously rec-
ognized by CD4+ and CD8+ T cells in healthy donors and 
cancer patients, as well as by tumor-infiltrating lympho-
cytes. Recently, we have also shown that these pre-exist-
ing T-cell responses against Arg-1 are part of the T-cell 
memory repertoire [14]. A phase I vaccination trial with 
arginase peptides was recently initiated at Copenhagen 
University Hospital, Herlev, Denmark (NCT03689192).

Materials and methods

Patient material

Peripheral blood mononuclear cells (PBMCs) (obtained 
at Copenhagen University Hospital, Herlev, Denmark or 
Blood Bank, Copenhagen University Hospital, Copen-
hagen, Denmark) were isolated using density gradient 
separation over Lymphoprep™ (STEMCELL Technolo-
gies) and cryopreserved at − 140 °C in fetal bovine serum 
supplemented with 10% dimethyl sulfoxide. PBMCs from 
cancer patients were isolated a minimum of 4 weeks after 
the termination of any anti-cancer therapy.

Peptides

Arginase peptides were synthesized by Schafer-N ApS 
(Denmark) and dissolved in dimethyl sulfoxide to yield a 
stock concentration of 10 mM. Peptide sequences were as 
follows: ArgLong, ISAKDIVYIGLRDVDPGEHYILKTL-
GIKYFSMTEVDRLGIGK; ArgLong2, ISAKDIVYIGL-
RDVDPGEHYILKTLGIKYFSMTEVDRL; and Arg-
Long3, ISAKDIVYIGLRDVDPGEHYILKTLGIKYFSM; 
20-mer peptides: Arg171–190, AKDIVYIGLRDVDPGE-
HYIL; Arg181–200, DVDPGEHYILKTLGIKYFSM; and 
Arg191–210: KTLGIKYFSMTEVDRLGIGK.

ELISPOT assay

In vitro ELISPOT were performed as described previously 
[12].

For IL-4-induced Arg-1 responses, PBMCs were stimu-
lated with IL-4 (100 or 50 U/ml) (PeproTech) and/or IL-2 
(120 or 60 U/ml) (Proleukin, Novartis) for 1 week before 
being set up in the ELISPOT assay as described previously 
[12].

Statistical analysis

Statistical analysis of ELISPOT responses was performed 
as described by Moodie et al. [15]. Statistical analysis was 
performed with RStudio (RStudio Team 2016; RStudio: 
Integrated Development for R. RStudio, Inc., Boston, MA; 
http://www.rstud​io.com/) and GraphPad for Windows Ver-
sion 5.01.

Results

Peptide length determines the efficiency 
of Arg‑1‑specific T‑cell stimulation

The most efficient activation of naturally occurring Arg-
1-specific T cells across diverse HLA types in a population 
of patients is likely to require a peptide that contains multi-
ple epitopes and can also be efficiently processed. We tested 
this using three different peptides that cover the majority 
of the previously identified Arg-1 hot-spot region (posi-
tions 161–210) [12]: 42-mer ArgLong (positions 169–210), 
38-mer ArgLong2 (positions 169–206), and 32-mer Arg-
Long3 (positions 169–200).

The ability of each of these peptides to stimulate natu-
rally occurring Arg-1-specific T-cell responses was tested 
by screening PBMCs from six healthy donors for responses 
in IFNγ ELISPOT. Despite sequence similarities, the Arg-
Long2 peptide appeared to be superior at stimulating T-cell 
responses, as shown in Fig. 1: high responses against Arg-
Long2 peptide were seen in four of six donors, while low or 
no responses were present against ArgLong and ArgLong3 
peptides. This shows that a small difference in the length of 
Arg-1-derived peptides has a notable effect on processing 
and presentation of Arg-1-derived epitopes.

To determine whether the ArgLong2 peptide is compara-
ble to previously described individual 20-mer peptides cov-
ering the same sequence, PBMCs from 19 healthy donors 
and 16 cancer patients (8 melanoma, 6 multiple myeloma, 
1 breast cancer, and 1 renal cell carcinoma) were screened 
for responses against three 20-mer peptides and the 38-mer 

http://www.rstudio.com/
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ArgLong2. In cancer patients and in healthy donors, Arg-
Long2 stimulation showed the most responses compared to 
all three 20-mer peptides (Fig. 2): strong responses against 
ArgLong2 were seen in 14 of 19 healthy donors (Fig. 2b) 
and 8 of 16 cancer patients (Fig. 2c). The strong immune 

response detected against ArgLong2 highlights the poten-
tial of this Arg-1 peptide for anti-cancer immunotherapy. 
Since Arg-1 expression is seen in non-terminally differenti-
ated myeloid cells, it may be possible to achieve functional 
re-programming of these cells under a pro-inflammatory 

ArgLong ISAKDIVYIGLRDVDPGEHYILKTLGIKYFSMTEVDRLGIGK
ArgLong2 ISAKDIVYIGLRDVDPGEHYILKTLGIKYFSMTEVDRL
ArgLong3 ISAKDIVYIGLRDVDPGEHYILKTLGIKYFSM

HD368 HD384

Arg
Long

Arg
Long2

Arg
Long3

0

100

200

300

400

500
Arg peptide
No peptide*

IF
N
γ 

se
cr

et
in

g 
ce

lls
 / 

5x
10

5  P
B

M
C

s

Arg
Long

Arg
Long2

Arg
Long3

0

200

400

600
Arg peptide
No peptide*

*
IF

N
γ 

se
cr

et
in

g 
ce

lls
 / 

5x
10

5  P
B

M
C

s

HD394 HD400

Arg
Long

Arg
Long2

Arg
Long3

0

50

100

150
Arg peptide
No peptide*

IF
N
γ 

se
cr

et
in

g 
ce

lls
 / 

5x
10

5  P
B

M
C

s

Arg
Long

Arg
Long2

Arg
Long3

0

200

400

600
Arg peptide
No peptideTNTC

>500

IF
N
γ 

se
cr

et
in

g 
ce

lls
 / 

5x
10

5  P
B

M
C

s

a

b

Fig. 1   Responses against long Arg-1-derived peptides. a Aligned 
peptide sequences of ArgLong, ArgLong2 and ArgLong3. b IFNγ 
ELISPOT responses against ArgLong, ArgLong2, and ArgLong3 
peptides in PBMCs from four healthy donors (HDs). Bars represent 

the mean number of spots per well + standard error of the mean. 
Experiments performed with 5 × 105 PBMCs/well in triplicate. 
TNTC, too numerous to count. *p ≤ 0.05 according to the distribution 
free resampling rule
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Fig. 2   a Aligned peptide sequences of Arg171–190, Arg181–200, 
Arg191–210, and ArgLong2. b IFNγ ELISPOT responses against 
Arg171–190, Arg181–200, Arg191–210, and ArgLong2 in 19 healthy donors 
(left) and 16 cancer patients (right). Each dot represents an average 
number of peptide-specific spots for a single patient/donor. Responses 
were calculated by subtracting the average count of IFNγ-producing 

cells in control wells from the average count in peptide-stimulated 
wells. Experiments were performed with 4.5–5 × 105 PBMCs/well for 
healthy donors and 2.2–5 × 105 PBMCs/well for cancer patients, in 
triplicate or in duplicate. Responses against ArgLong2 peptide were 
too numerous to count (TNTC) in six healthy donors and two cancer 
patients and set as > 500 spots
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stimulus of ArgLong2-activated CD4+ T cells. On the other 
hand, suppressive Arg-1+ myeloid cells may also be directly 
depleted by ArgLong2-activated CD8+ T cells. This dual 
approach is contrary to other current clinical strategies tar-
geting tumor-associated macrophages [16] and can be real-
ized using the 38-amino-acid ArgLong2 peptide described 
in this paper. Our data have demonstrated that Arglong2 can 
be used to stimulate both Arg-1-specific CD4+ and CD8+ 
T-cell responses [14] making it an excellent vaccination can-
didate for Arg-1-targeted anti-cancer immunotherapy.

Arg‑1‑specific T cells expand in an IL‑4‑abundant 
microenvironment

The presence of Arg-1-specific CD4+ and CD8+ memory T 
cells in both cancer patients and healthy donors suggests that 
these cells may play a role in regulating immune inhibition 
in the conditions that are known to induce Arg-1 expression 
by immune cells. Upregulated Arg-1 expression has been 
described previously in myeloid cells in response to stimu-
lations with TH2 cytokines, such as IL-4 [17]. We tested 
whether Arg-1-specific T cells in PBMCs from a patient 
with melanoma would be activated in such conditions with-
out added external peptide stimulation. Indeed, PBMCs 
stimulated with IL-4, IL-2, or a combination of both showed 
strong significant responses against Arg-1, with the highest 
IFNγ responses seen in IL-4-stimulated groups compared 

to no stimulation or stimulation with IL-2 alone (Fig. 3a). 
A similar increase in the pre-existing Arg-1-specific T-cell 
response was seen in IL-4-stimulated PBMCs from two can-
cer patients (breast cancer and malignant melanoma) and six 
healthy donors after 7 days in culture: seven out of eight cul-
tures showed increased responses against ArgLong2 in IL-
4-stimulated cultures compared to controls (p = 0.039, two 
tailed t test) (Fig. 3b). These data suggest a possible common 
mechanism for the in vivo activation of Arg-1-specific T 
cells. Based on these findings, we propose a model mecha-
nism of interplay between Arg-1-specific memory T cells 
and Arg-1+ myeloid cells in vivo, as depicted in Fig. 4. IL-4, 
the prototypical inducer of the macrophage M2 phenotype, 
induces Arg-1 upregulation in the myeloid cells, resulting in 
an increase in the presentation of Arg-1-derived peptides on 
the surface of these cells in the context of HLA molecules 
[Fig. 4(1)]. Increased presentation of such peptides is rec-
ognized by Arg-1-specific memory T cells, which secrete 
pro-inflammatory cytokines, such as IFNγ [Fig. 4(2)], and 
thus drive the immune response back towards the TH1 path-
way, re-polarizing the myeloid cells into the M1 phenotype 
[Fig. 4(3)]. The pro-inflammatory activity of Arg-1-specific 
T cells in turn is likely to be naturally suppressed by M2 
phenotype cells expressing high levels of Arg-1. Such recip-
rocal suppressive effect of Arg-1-specific T cells and M2 
macrophages is a likely explanation for the apparent lack of 
autoimmunity in healthy donors despite the strong ex vivo 

a b

No st
im

ulat
ion

IL4 (
50

U/m
l)

IL4 (
10

0U
/m

l)

IL2 +IL4 (60
U/m

l+50
U/m

l)

IL2 (
12

0U
/m

l)
0

100

200

300
No peptide
ArgLong2

*

*
*

*

*

IF
N

 s
ec

re
tin

g 
ce

lls
 / 

3x
10

5
P

B
M

C
s

γ

Fig. 3   IL-4 stimulation activates ArgLong2 peptide-specific T cells. a 
IFNγ ELISPOT for ArgLong2 peptide responses in melanoma patient 
PBMCs stimulated with IL-4 and/or IL-2 for 1 week. Non-stimulated 
PBMCs used as control. Superimposed bars show the mean counts of 
IFNγ-producing cells in control (white bars) and peptide-stimulated 
(grey bars) wells + standard error of the mean. Experiment performed 
in triplicate with 3 × 105 cells/well. b ArgLong2 peptide-specific 

responses in PBMCs from six healthy donors (HDs) and two cancer 
patients (BC, breast cancer; MM, malignant melanoma) after stimula-
tion with IL-4 (100 U/ml) for 1 week. Cells without cytokine stimula-
tion were used as control. Responses calculated as the difference in 
mean counts of IFNγ-secreting cells between peptide-stimulated and 
control wells in ELISPOT. Experiment performed in triplicate or in 
duplicate with 3 × 105 cells/well
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T-cell responses against Arg-1. Therefore, it is likely that 
the primary function of these self-reactive T cells is directed 
towards very immunosuppressed microenvironments.

Discussion

General targeting of inhibitory immune cells 
by anti‑Tregs

Contrary to common belief, self-antigen reactive T cells 
in the blood are present at frequencies similar to non-self-
antigen-specific T cells, thus suggesting that self-reactive 
T cells indeed avoid clonal deletion in the thymus [18]. 
However, despite the presence of self-reactive T cells in the 
periphery, it is likely that activation of these cells is tightly 
regulated and requires a more robust activation signal com-
pared to non-self-specific T cells. Self-reactive T cells spe-
cific against immune-regulatory protein can be effective at 
selectively targeting immune inhibitory cells as shown by 
specific targeting of regulatory T cells through activation of 
Foxp3-reactive T cells using DC vaccines in mice [19, 20]. 
Anti-Tregs that recognize other immune-regulatory proteins, 
such as programmed death-ligand 1 (PD-L1) [21–24] and 
indoleamine-pyrrole 2,3-dioxygenase (IDO) [25, 26], have 

also been described as targets for T cells in humans. Inter-
estingly, the pro-inflammatory cytokines IL-2 and IFN-γ, 
which induce expression of IDO and PD-L1, expand popu-
lations of IDO- or PD-L1-specific T cells among human 
PBMCs without external peptide stimulation [25] (Ahmad 
et al., in preparation). Immune-suppressive feedback sig-
nals such as upregulated expression of PD-L1 and IDO 
are evoked by professional antigen-presenting cells during 
early stages of an immune reaction. Elevated expression of 
these proteins by the potent professional antigen-presenting 
cells, therefore, leads to activation of IDO-specific and PD-
L1-specific anti-Tregs under inflammation. Thus, in immune 
regulation, the primary role of IDO- and/or PD-L1-specific 
anti-Tregs may, therefore, be as specific first-responder 
helper cells at the site of inflammation. However, whereas 
IDO- and PD-L1-specific anti-Tregs expand in response to a 
TH1 inflammatory stimulus, Arg-1-specific T cells are acti-
vated in response to a TH2 cytokine, such as IL-4 (Fig. 3). It 
is important to emphasize that IFN-γ does not induce Arg-1; 
thus, the normal presence of these cells in the memory pool 
of healthy donors suggests different roles for Arg-1-specific 
and IDO-/PD-L1-specific T cells in immune homeostasis. 
Taken together, this suggests that different classes of anti-
Tregs exist, each potentially having a different function in the 
regulation of immune responses. The differing modulation 
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Fig. 4   Arg-1-specific T cells help redirect the immune microenviron-
ment towards TH1. TH2 cytokines cause upregulated Arg-1 expres-
sion in M2-polarized myeloid cells, such as macrophages. Arg-1-ex-
pressing cells present Arg-1-derived peptide epitopes in the context 
of HLA class I and II molecules (1). Arg-1-specific memory T cells 

recognize presented Arg-1-derived peptides on the surface of mye-
loid cells, and in response produce pro-inflammatory cytokines (e.g., 
IFNγ) (2). Pro-inflammatory cytokines produced by Arg-1-specific 
memory T cells create a TH1 cytokine microenvironment and drive 
the polarization of myeloid cells to M1 phenotype (3)
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of IDO/PDL1- and Arg-1-driven immune suppression could 
be utilized in a vaccination setting, where the combination of 
epitopes from different anti-Treg target antigens could give 
an additive effect. In this scenario, an arginase vaccination 
could induce TH1 inflammation at tumor sites, where TAMs 
otherwise prevent lymphocyte infiltration. In turn, this effect 
would induce IDO and/or PD-L1 activation, which could 
enable further targeting by anti-Tregs that recognize epitopes 
derived from these targets.

Unlike current cancer vaccine strategies that tend to focus 
on cancer-specific CD8 cytotoxic T cells, therapeutic immu-
nomodulatory vaccine based on anti-Tregs targets would 
involve both CD8+ and CD4+ T-cell responses. Thus, as 
previously described, anti-Tregs could directly eliminate 
regulatory immune cells [23, 25, 27, 28] as well as indirectly 
boost pre-existing anti-tumor immune responses through the 
secretion of effector cytokines [25]. Subsequently, involve-
ment of CD4+ anti-Tregs may be as important in a thera-
peutic setting as CD8+ T-cell responses, since helper T cells 
are one of the most capable cytokine-producing cells. In the 
context of our current findings targeting Arg-1-producing 
cells by activation of Arg-1-specific anti-Tregs combines 
both TAM re-programming (through pro-inflammatory 
cytokines secreted by CD4+ T cells) and TAM depletion 
(through direct killing by cytotoxic T cells) (Fig. 4). Both 
may be vital to achieve rebalancing of the tumor microen-
vironment and can be used to enhance the effect of other 
therapeutic agents, such as checkpoint blockers and thus 
potentially increase the number of patients who respond to 
therapy.

Developing new immune-therapeutic approaches in can-
cer treatment is likely to be most efficient and versatile when 
common suppressive mechanisms are targeted. As shown in 
the present review, Arg-1-specific anti-Tregs exist as a natu-
ral part of the immune system and can be readily employed 
to tilt the balance away from immune suppression in cancer.
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