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ABSTRACT
Arginase-1 (Arg1) is expressed by regulatory myeloid cells in the tumor microenvironment (TME), where 
they play a pro-tumorigenic and T-cell suppressive role. Arg1-specific CD4+ and CD8+ memory T cells 
have been observed in both healthy individuals and cancer patients. However, while the function of anti- 
regulatory Arg1-specific CD4+ T cells has been characterized, our knowledge of CD8+ Arg1-specific T cells 
is only scarce. In the current study, we describe the immune-modulatory capabilities of CD8+ Arg1-specific 
T cells. We generated CD8+ Arg1-specific T cell clones to target Arg1-expressing myeloid cells. Our results 
demonstrate that these T cells recognize both malignant and nonmalignant regulatory myeloid cells in an 
Arg1-expression-dependent manner. Notably, Arg1-specific CD8+ T cells possess cytolytic effector cap
abilities. Immune modulatory vaccines (IMVs) represent a novel treatment modality for cancer. The 
activation of Arg1-specific CD8+ T cells through Arg1-based IMVs can contribute to the modulatory 
effects of this treatment strategy.
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Introduction

Anti-tumor immunity can be significantly hindered by regula
tory myeloid cells including myeloid-derived suppressor cells 
(MDSCs) and tumor-associated macrophages (TAMs) within 
the tumor stroma. These regulatory myeloid cells can exert 
immunosuppressive functions through the upregulation of 
metabolic enzymes such as indoleamine 2,3-dioxygenase 
(IDO)1 and arginase-1 (Arg1),2,3 or inhibitory checkpoint 
molecules like programmed death ligand 1 (PD-L1).4 As the 
tumor microenvironment (TME) crucially influences the clin
ical effect of cancer immunotherapy,5,6 modulation of the TME 
into a pro-inflammatory tumor hostile environment is an 
advancing approach to promote anti-tumor immune cell 
activity.

Immune Modulatory Vaccines (IMVs) provide a novel 
approach to target regulatory cells in the TME by stimulating 
anti-regulatory T cells (anti-Tregs).7 Anti-Tregs are endogen
ous pro-inflammatory effector T cells specifically recognizing 
HLA-restricted epitopes derived from tumor microenviron
ment antigens (TMAs),8 e.g., Arg1,9 IDO10 and PD-L1.11 

Recently, in a phase 2 clinical trial metastatic melanoma 
patients were treated with an IDO- and PD-L1-derived peptide 
IMV combined with programmed cell death protein 1 (PD-1) 
checkpoint inhibitor. An objective response rate of 80% and 
a complete response rate of 50% was achieved,12,13 demonstrat
ing the potential of IDO- and PD-L1-specific IMVs.

During the last years we have described Arg1 as a promising 
new target for IMVs. The metabolic enzyme Arg1 hydrolyses 
the amino acid L-arginine, which is essential for T-cell survival 

and functionality.14–16 In the TME, regulatory myeloid cells, 
but also cancer cells can express Arg1.17 Increased Arg1- 
activity has been described in numerous cancers, e.g., 
ovarian,17 breast18 and colon cancer19 and is associated with 
poor survival,17,19 which emphasizes the impact of Arg1- 
dependent immune suppression. Arg1-specific T cells target 
cells with HLA-presented Arg1-epitopes. Arg1-specific T cells 
are part of the adaptive immune system,20 and memory Arg1- 
specific T cells are present in the peripheral blood mononuc
lear cells (PBMCs) from healthy individuals and cancer 
patients.9,21,22

Recently, two Arg1-peptide based IMV clinical trials 
(NCT03689192, NCT04051307) have been conducted.23,24 In 
the first-in-human clinical trial NCT04051307, myeloprolifera
tive neoplasm (MPN) patients were vaccinated with an Arg1- 
derived peptide, ArgLong2, together with a PD-L1-derived 
peptide, PD-L1Long1.24 Arg1-specific T-cell responses were 
assessed in the PBMCs and bone marrow aspirates from the 
patients following the IMV-treatment, revealing enhanced 
CD4+ and CD8+ Arg1-specific T-cell responses after 
vaccination.

We have previously characterized CD4+ Arg1-specific 
T-cell immunity and described the existence of (memory) 
CD4+ Arg1-specific T cells in both healthy individuals and 
cancer patients.21 CD8+ Arg1-specific memory T cells also 
exist.21 In addition, expanded CD8+ Arg1-specific T-cell 
responses were observed following vaccinations in the first- 
in-human Arg1- and PD-L1-derived peptide IMV trial.24 In 
the current study, we therefore aim to characterize 
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CD8+ Arg1-specific T cells and assess their functional cap
abilities in terms of recognizing Arg1-expressing, regulatory 
myeloid cells.

Materials and methods

Donor material

Peripheral blood mononuclear cells (PBMCs) were isolated 
from healthy donors as previously described.22 The HLA 
subtypes of healthy donor #117 (from which Arg1-specific 
T cell cultures and CD8+ Arg1-specific T cell clones were 
generated) were identified as HLA-A *11:01, HLA-A *23:01, 
HLA-B * 49:01, HLA-B * 51:01, HLA-C * 07:01, HLA-C * 15 
:02, HLA-DRB1 × 11:01, HLA-DRB1 × 15:01, HLA- 
DQB1 × 03:01, HLA-DQB1 × 06:02, HLA-DPB1 × 04:01, 
HLA-DPB1 × 04:01.

Cancer cell lines

MonoMac-1 was obtained from DSMZ, German Collection of 
Microorganisms and Cell Cultures (ACC 252), MDA-MB-231 
cells was obtained from Claus Christiansen from the Danish 
Cancer Society and CAOV3 (HTB-75) and SKOV3 (HTB-77) 
were both obtained from ATCC. All cancer cell lines were 
maintained in RPMI-1640 (Life technologies) + 10% FCS and 
passaged twice a week. Cell lines were confirmed to be negative 
for mycoplasma.

Peptides

ArgLong2 peptide (ISAKDIVYIGLRDVDPGEHYILKTLGIK 
YFSMTEVDRL) was synthesized by Schäfer (Denmark) and 
dissolved in dimethyl sulfoxide (DMSO) to a stock concentra
tion of 5 mM or 10 mM.

Generation of Arg1-specific T cell cultures

PBMCs from healthy donors were stimulated with 20 µM 
ArgLong2 peptide and 120 U/mL interleukin-2 (IL-2) the 
following day. Two weeks after peptide stimulation, cells 
were restimulated with ArgLong2 peptide for 2.5 h and 
tumor necrosis factor α (TNFα)-secreting cells were iso
lated using Miltenyi Biotec’s cell enrichment and detection 
kit according to manufacturer’s protocol. The isolated cells 
were expanded following the rapid expansion protocol 
(REP) with 20 × 106 irradiated feeder cells (allogenic 
PBMCs from three different healthy donors), 6000 U/mL 
IL-2, 0.6 µg αCD3 and 0.5 mL HEPES. ArgLong2 specificity 
was assessed 14–17 days after REP initiation by intracellular 
cytokine staining.

CD8+ T cell clones

CD8+ Arg1-specific T cell clones were established by limiting 
dilution. The CD8+ T cells of an Arg1-specific T cell culture 
was sorted by positive cell sorting of CD8+ T cells with 
Miltenyi Biotec’s CD8+ MACS microbeads according to man
ufacturer’s protocol. 0.5 or 1.0 CD8+ T cell per well was plated 

in a 96-well plate and expanded in a small-scale REP culture, 
see above.

Intracellular cytokine staining

The cytokine production profile of PBMCs and expanded 
Arg1-specific T cell cultures was characterized in intracellular 
cytokine staining assays as previously described.24

Elispot

Elispot assays were conducted as previously described.9 Elispot 
plates were pre-coated with interferon γ (IFNγ)-capture anti
body (Ab) (Mabtech, cat. 3420-3-1000), Granzyme B-capture 
Ab (Mabtech, cat. 3486-3-250) or Perforin-capture Ab 
(Mabtech, cat. 3465-3-500), and ArgLong2 peptide (5 µM) or 
target cells at appropriate effector-to-target ratios were added. 
The following biotin-conjugated secondary antibodies: IFNγ: 
cat. 3420-6-1000, Granzyme B cat. 3486-6-250, Perforin cat. 
3465-6-250, all from Mabtech, were used.

51Chromium-release assay

Conventional 51Chromium-release assays were conducted as 
previously described.25 5 × 105 target cells/condition were 
labeled with 100 µCi 51Chromium for 1 h. ArgLong2 pulsed 
target cells were pulsed with 5 µM ArgLong2 peptide for 1 h. 
51Chromium release was determined as the counts per minute 
(cpm) measured with a 2470 Wizard2 Gamma Counter (Perkin 
Elmer).

RNA extraction and RT-qPCR

Total RNA extraction and RT-qPCR analysis was performed as 
described previously.24 cDNA was synthesized from 1000 ng 
total RNA using the High Capacity cDNA reverse 
Transcription Kit (Applied Biosystems) or the iScript cDNA 
synthesis kit (Bio-Rad), according to the manufacturer´s pro
tocol. Quantitative RT-qPCR analysis was assessed in technical 
triplicates using the TaqMan Gene Expression assay on 
a QuantStudio 6 Pro thermocycler (Applied Biosystems) or 
using the LightCycler 480 Probes Master (Roche Diagnostics) 
on a AriaMx thermocycler (Agilent). The gene expression of 
interest was normalized to the housekeeping gene, RPLPO, and 
differential expression was assessed with the dCT method.26 

Primers: hArg1 (ID: Hs00163660_m1, Thermo Fisher 
Scientific), hRPLPO (ID: Hs99999902_m1, Thermo Fisher 
Scientific).

Flow cytometry based analysis of HLA ABC expression

MonoMac-1 cells were stained using HLA-ABC-FITC (BD, 
cat. 555552) and LIVE/DEAD fixable Near-IR (NIR) dead 
cell stain (Life technologies, cat. L10119) 48 h after culturing 
in RPMI-1640 (Life technologies) + 10% FCS (control) or 
RMPI + 10% FCS + 20 U/mL IL-13 (Trichem, cat. 200–13). 
Sample acquisition was performed on a NovoCyte Quanteon 
(Agilent) and data was analyzed with FlowJo version 10.6.1.
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Electroporation

Cells were electroporated based on previously described 
protocol.9 For siRNA transfection experiments, 
CD14+ monocytes or MonoMac-1 cells were electroporated 
with three Arg1 siRNA duplexes (Invitrogen, cat. 1299003) or 
mock. Sequences of the three Arg1 stealth siRNA duplexes: 
HSS100648 sense:5`-GGGUGGAAGAAGGCCCUACAGUA 
UU-3´, antisense:5`-AAUACUGUAGGGCCUUCUUCCA 
CCC-3´, HSS100649 sense: 5`-GGGCUACUCUCAGGAUU 
AGAUAUAA-3´, antisense: 5`-UUAUAUCUAAUCCUGA 
GAGUAGCCC-3´ HSS100650 sense: 5`-UCGGGAGGGUA 
AUCACAAGCCUAUU-3´, antisense: 5`-AAUAGGCUUG 
UGAUUACCCUCCCGA-3´. For mRNA transfection experi
ments, MonoMac-1 cells were electroporated with 5 µg Arg1 
in-house in vitro transcribed mRNA. After electroporation, 
cells were cultured in RPMI-1640 (Life technologies) + 10% 
FCS for 1 h (mRNA transfection) or 48 h (siRNA transfection) 
prior to experimental set-up. MonoMac-1 cells were treated 
with 20 U/mL IL-13 (Trichem, cat. 200–13) 1 h after electro
poration, and autologous CD14+ cells were treated with 1 mL 
TCM directly after electroporation.

CD14+ PBMC sorting

Miltenyi Biotec’s CD14+ MACS microbeads were used accord
ing to manufacturer’s protocol to separate CD14+ PBMCs. The 
sorted CD14+ cells were cultured in 1 mL TCM and 1 mL 
X-VIVO 15 (Lonza) + 5% human serum for 48 h before experi
mental setup.

Tumor-conditioned medium

The breast cancer cell line MDA-MB-231 as well as the ovarian 
cancer cell lines CAOV3 and SKOV3 were cultured in T175 
flasks in 35 mL RPMI-1640 (Life technologies) + 10% FCS. 
When ~90% confluency was achieved, the medium was 
exchanged to 25 mL X-VIVO 15 (Lonza) + 5% human serum. 
After 24 h the medium was harvested, spun down to get rid of 
eventual cells and frozen as tumor-conditioned medium.

Statistical elispot analysis

The distribution free resampling (DFR) method was used to 
define significant (p ≤ .05) Elispot assay performed in technical 
triplicates.27

Luminex

IFNγ, IL-2, IL-6, IL-8, IL-10, IL-12, IL-13, TNFα, CCL2, 
CCL22, and VEGF concentrations in MDA-MB-231 TCM 
were analyzed using Bio-Plex™ Pro Human Cytokine, 
Chemokine, and Growth Factor Assays (Bio-Rad) according 
to manufacturer’s protocol. Sample acquisition was performed 
on Bio-Plex200 and data was analyzed with Bio-Plex™ 
Manager V6.

Elisa

TGFβ and IL-4 concentration in TCM generated from MDA- 
MB-231, SKOV3 and CAOV3 was analyzed using the human 
TGFβ DuoSet Elisa kit (R&D Systems) and the human IL-4 
Elisa kit (Thermo Fisher Scientific) according to manufac
turer’s protocol.

TCRBV 1–24 expresssion assay

T-cell receptor beta variable chain (TCRBV) 1–24 expression 
assay was performed as previously described.28 For each T cell 
clone RNA was extracted using the NucleoSpin RNA kit 
(Macherey-Nagel) and cDNA was synthesized using 
SuperScript VILO (Invitrogen). cDNA was amplified with pri
mers specific for 24 TCR β variable (BV) regions and 
a constant region primer using AmpliTaq DNA polymerase 
(Applied Biosystems). Amplified PCR products were separated 
in an electrophoresis gel, after electrophoresis the gel was 
imaged with a UV transilluminator.

Results

Expansion of CD8+ Arg1-specific T cell cultures and clones

To characterize CD8+ Arg1-specific T-cell responses, we first 
expanded specific T cell cultures and clones. First, we screened 
for immune responses against the previously described immu
nogenic Arg1-derived peptide ArgLong222 in peripheral blood 
mononuclear cells (PBMCs) from 13 healthy donors (HD) 
cultured in vitro with ArgLong2 peptide and low-dose IL-2 
for two weeks. ArgLong2-specific T-cell responses were iden
tified by evaluating IFNγ and TNFα production using intracel
lular cytokine staining (ICS) assay. In PBMCs from a healthy 
donor (HD117, HLA subtypes in Materials) both CD4+ and 
CD8+ ArgLong2-specific T-cell responses were observed 
(Figure 1a). To expand these CD4+ and CD8+ ArgLong2- 
specific T cells, TNFα-producing ArgLong2-peptide reactive 
T cells were isolated and, subsequently, expanded following 
a T-cell rapid expansion protocol (details in Methods). A high 
proportion of CD4+ and CD8+ T-cell reactivity against 
ArgLong2 was detected in the expanded T-cell culture 
(Figure 1b). Expression of the cytotoxic marker CD107α on 
CD8+ ArgLong2-specific T cells was also assessed. Increased 
CD107α expression was observed in the expanded CD8+ 
ArgLong2-specific T-cell culture compared to the initially 
ArgLong2-stimulated CD8+ T cells (Figure 1a,b). CD8+ 
ArgLong2-specific T cells were isolated by positive CD8 mag
netic microbead sorting and expanded by limiting dilution to 
obtain clones. Arg1-derived peptide-specific reactivity in the 
obtained CD8+ ArgLong2-specific T cell clones (#18, #20, #23) 
was confirmed in an ICS assay, with most of the T cells produ
cing both TNFα and IFNγ (Figure 1c). Also, the CD8+ 
ArgLong2-specific T cell clones #18 and #20 showed high 
expression of CD107α, whereas lower CD107α expression 
was detected in the CD8+ ArgLong2-specific T cell clone #23 
(Figure 1c). Additionally, a CD8+ T cell clone of unknown 
specificity was expanded as a control (Figure 1c). The general 
effector capability of this CD8+ control T cell clone was 
demonstrated in an IFNγ Elispot assay by stimulation with 

ONCOIMMUNOLOGY 3



Figure 1. Identification, isolation and expansion of CD8+ Arg1-specific T cell clones. (a) CD4+ and CD8+ Arg1-specific T-cell responses in in vitro cultured HD 117 PBMCs 
after stimulation with ArgLong2 peptide compared to non-stimulated control. (b) Expanded ArgLong2-specific T-cell culture from HD 117 with CD4+ and CD8+ T cells. 
(c) Expanded CD8+ ArgLong2-specific T cell clones #18, #20 and #23 and CD8+ control T cell clone. (a-c) the specificity of each culture as assessed by CD107α staining 
(CD8+ T cells) (right) and intracellular staining (ICS) for IFNγ and TNFα (left). (a-b, top) flow cytometry dot-plots of IFNγ+, TNFα+ and IFNγ+/TNFα+ CD4+ and CD8+ 
ArgLong2-specific T-cell responses. (a-b, bottom) stacked bar charts of CD107α+, IFNγ+, TNFα+ and IFNγ+/TNFα+ CD4+ and CD8+ ArgLong2-specific T-cell responses or 
(c) CD8+ ArgLong2-specific T cell clones. (d) Reactivity of CD8+ control T cell clone to ArgLong2 peptide or ConA (pos ctrl) stimulation compared to no stimulation (T 
cells alone) determined in an IFNγ Elispot assay. Representative Elispot wells of responses against non-stimulated cells, ArgLong2-peptide or ConA stimulated cells. Too 
numerous to count, > 500 IFNγ spots (TNTC).
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concanavalin A (ConA) (Figure 1d). The clonal purity of all 
CD8+ T cell clones (ArgLong2-specific T cell clones #18, #20, 
#23 and the CD8+ control T cell clone) was verified in a T-cell 
receptor beta variable chain (TCRBV) expression assay.28 The 
ArgLong2-specific T cell clones #18, #20, #23 all express beta 
variable chain 2 (BV2), while the CD8+ control T cell clone 
expresses beta variable chain 15 (BV15) (data not shown).

CD8+ Arg1-specific T cells target malignant myeloid 
cells in an Arg1-expression-dependent manner

To examine the reactivity of the CD8+ Arg1-specific T cell 
clones, we first assessed their cytolytic activity against an HLA- 
matched Arg1-expressing malignant myeloid cell line, 
MonoMac-1. In a 51chromium-release assay the CD8+ Arg1- 
specific T cell clone was able to lyse MonoMac-1 cells in an 
effector-to-target dependent manner. Treating MonoMac-1 
cells with IL-13 prior to the 51chromium-release assay 
increased the lysis of MonoMac-1 cells by the CD8+ Arg1- 
specific T cell clone (Figure 2a, left). Only minimal killing of 
MonoMac-1 cells was observed regardless of the IL-13 pre- 
treatment, when the CD8+ control T cell clone was used 
(Figure 2a, right). IL-13 has previously been demonstrated to 
increase Arg1 expression,29,30 and RT-qPCR analysis con
firmed the upregulation of Arg1 expression in MonoMac-1 
48 h after IL-13 treatment (Figure 2b). Flow cytometry analysis 
revealed that IL-13 treatment did not cause a major increase in 
HLA class I expression on MonoMac-1 cells (Figure 2c). To 
further validate the Arg1-expression-dependent target recogni
tion of CD8+ ArgLong2-specific T cell clones, we transfected 
MonoMac-1 cells with either Arg1 mRNA or siRNA to 
increase or silence Arg1 expression, respectively. We observed 
that Arg1 overexpression significantly increased the target 
recognition compared to mock transfected MonoMac-1 cells, 
as detected in an IFNγ Elispot using two CD8+ Arg1-specific 
T cell clones (#20, #23) (Figure 2d). Increased Arg1 expression 
in MonoMac-1 cells after Arg1 mRNA transfection (70% 
Arg1+ among total live cells) compared to mock transfection 
(0.2% Arg1+ among total live cells) was confirmed by flow 
cytometry analysis (Figure 2e).

Conversely, downregulation of the Arg1 expression in 
MonoMac-1 cells by Arg1 siRNA transfection significantly 
decreased the target recognition by the CD8+ Arg1-specific 
T cell clone compared to mock transfected MonoMac-1 cells 
(Figure 2f, left). No reactivity against mock or siRNA trans
fected target cells was observed from the CD8+ control T cell 
clone (Figure 2f, right). Furthermore, higher release of both 
Granzyme B and Perforin in response to mock transfected 
MonoMac-1 cells compared to Arg1 siRNA transfected 
MonoMac-1 cells was observed, confirming the cytotoxic func
tion of CD8+ Arg1-specific T cell clones (Figure 2g). RT-qPCR 
analysis confirmed the downregulation of Arg1 expression in 
MonoMac-1 cells after Arg1 siRNA transfection (Figure 2h).

CD8+ Arg1-specific T cells target autologous myeloid 
cells in an Arg1-expression-dependent manner

After demonstrating Arg1-expression-dependent cytolytic 
CD8+ T-cell reactivity toward malignant myeloid cells, we 

next evaluated Arg1-specific CD8+ T-cell reactivity toward 
autologous monocytes. CD14+ cells were isolated from auto
logous PBMCs and treated with tumor-conditioned medium 
(TCM) for 48 h to mimic a TME-like polarization. Treatment 
with TCM generated from the breast cancer cell line MDA-MB 
-231 increased the Arg1 expression in both CD14+ myeloid 
cells and MonoMac-1 cells (Figure 3a), and treatment with 
TCM generated from the ovarian cancer cell lines CAOV3 
and SKOV3 was also able to increase the Arg1 expression in 
MonoMac-1 cells, as confirmed by RT-qPCR analysis 
(Figure 3a). Arg1 expression-dependent recognition of either 
mock or Arg1 siRNA transfected MDA-MB-231 TCM-treated 
autologous monocytes (CD14+ cells) (Figure 3(b,d)) or 
CAOV3 TCM-treated autologous monocytes (CD14+ cells) 
(Figure 3(c,e)) was assessed in IFNγ and Granzyme B Elipot 
assays. Significantly lower target cell recognition of Arg1 
siRNA transfected autologous CD14+ cells compared to 
mock transfected controls was observed for two CD8+ Arg1- 
specific T cell clones (#18, #20). These findings show that 
CD8+ Arg1-specific T cells target autologous myeloid cells in 
an Arg1-expression-dependent manner.

Discussion

In this study we investigated the functional capabilities of 
CD8+ Arg1-specific T cells. Our results reveal that when encoun
tering either malignant or nonmalignant Arg1-expressing mye
loid cells, CD8+ Arg1-specific T cells can effectively recognize and 
eliminate them in an Arg1-expression-dependent manner. This 
finding provides a valuable addition to the existing knowledge 
regarding CD8+ Arg1-specific T cells.21

Arg1-expressing cells, such as MDSCs and TAMs, promote 
a tumor-favorable milieu and hinder the reactivity of tumor- 
specific T cells.2,3 This underlines the rationale for targeting 
Arg1-expressing cells within the tumor stroma using an Arg1- 
based IMV. Our previous research has demonstrated signifi
cant tumor growth delay and improved overall survival in 
different in vivo syngeneic mouse tumor models treated with 
Arg1-based IMV.31 In mice, Arg1-based IMVs stimulate anti- 
tumor immunity by enhancing the infiltration of immune cells 
into the tumor and promoting an M1-like TAM phenotype. In 
the present study we demonstrated CD8+ Arg1-specific T-cell 
activity against TCM treated myeloid cells in order to mimic 
a TME-like polarization of these target cells. TCM has been 
recently described as potent tool for inducing TME-like polar
ization of myeloid cells in vitro.32 Interestingly, in the present 
study we could not detect the typical Arg1-inducing cytokines 
IL-4 (data not shown) and IL-13 in the TCM generated from 
MDA-MB-231 (Supplementary Figure S1). Instead, we 
detected intermediate to high levels of IL-6, IL-8, CCL2 and 
VEGF. Additionally, we observed high concentrations of TGFβ 
in all TCM tested. Our observations suggest that Arg1 expres
sion typically observed in tumor-associated myeloid cells is 
a consequence of complex mixture signaling cues present 
within the TME since both TGFβ33 and IL-634 have been 
described to increase Arg1 expression in macrophages.

Similar to Arg1, the L-tryptophan metabolizing enzyme 
IDO is a TMA recognized by anti-regulatory IDO-specific 
T cells.8 Intriguingly, the importance of both CD8+ and CD4+ 
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Figure 2. CD8+ Arg1-specific T cells target malignant myeloid cells in an Arg1-expression-dependent manner. (a) 51Chromium-release assay of CD8+ Arg1-specific T cell 
clone #20 (left) or CD8+ control T cell clone (right) against MonoMac-1 cells ± IL-13 (20 U/mL, 48 h) in technical duplicates. 7.5 × 104 effector cells at E:T ratio of 15:1. 
Error bars represent mean ± SD. (b) Arg1 expression in MonoMac-1 ± IL-13 (20 U/mL, 48 h) evaluated by RT-qPCR analysis. (b, h) Arg1 expression was measured relative 
to large ribosomal protein (RPLPO) expression in technical triplicates. (c) Bar charts (left) and histogram plots (right) of flow cytometry determined relative MFI values for 
HLA ABC expression in MonoMac-1 cells treated with IL-13 (20 U/mL, 48 h) (green) compared to untreated MonoMac-1 cells (grey) in biological duplicates. (d) IFNγ 
Elispot responses of Arg1-specific T cell clone #20 and #23 to Arg1 mRNA or mock transfected MonoMac-1 cells. E:T ratio of 1:1. Representative Elispot wells of responses 
against (d) Arg1 mRNA or mock or (f-g) Arg1 siRNA or mock transfected MonoMac-1 cells. (e) Bar charts (left) and histogram plots (center) of flow cytometry determined 
MFI values for Arg1 expression in MonoMac-1 cells and bar charts (right) of the frequency of Arg1+ cells among total live MonoMac-1 cells, 24 h after mock (light grey) 
or Arg1 mRNA (blue) transfection. Isotype ctrl of mock transfected cells shown in dark grey. (f) IFNγ Elispot responses of Arg1-specific T cell clone #18 (green 
background) and CD8+ control T cell clone (purple background) to Arg1 siRNA or mock transfected MonoMac-1 cells treated with IL-13 (20 U/mL, 48 h). E:T ratio of 2:1. 
(g) Granzyme B (GzmB) and perforin (Prf1) Elispot responses of Arg1-specific T cell clone #18 to Arg1 siRNA or mock transfected MonoMac-1 cells treated with IL-13 (20  
U/mL, 48 h). E:T ratio of 2:1. (h) RT-qPCR analysis of Arg1 expression in MonoMac-1 after mock or Arg1 siRNA transfection ± IL-13 (20 U/mL, 48 h). Not detected (ND). 
*p ≤ .05. All bars represent the mean values ± SD.
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anti-Tregs in IMVs has been demonstrated in a murine cancer 
model utilizing an IDO-based IMV.35 Mice were vaccinated 
with either an MHC class I or II-directed IDO-based IMV, 
which stimulated CD8+ and CD4+ IDO-specific T cells, 

respectively. Each IMV demonstrated a comparable delay in 
tumor growth on its own. However, when the MHC class 
I and II-directed IDO-based IMVs were combined, there was 
a more pronounced delay in tumor growth, indicating 

Figure 3. CD8+ Arg1-specific T cells target autologous myeloid cells in an Arg1-expression-dependent manner. (a) Arg1 expression in CD14+ monocytes from a random 
healthy donor ± MDA-MB-231 TCM treatment (1 mL, 48 hrs) and MonoMac-1 ± MDA-MB-231 TCM, CAOV3 TCM or SKOV3 TCM treatment (1 mL, 48 hrs) evaluated by RT- 
qPCR analysis. Arg1 expression was measured relative to large ribosomal protein (RPLPO) expression in technical triplicates. (b-e) Responses of Arg1-specific T cell clone 
#18 and #20 to (b,d) MDA-MB-231 TCM treated or (c,e) CAOV3 TCM treated Arg1 siRNA or mock transfected autologous CD14+ cells as assessed in (b-c) IFNγ Elispot and 
(d-e) Granzyme B (GzmB) Elispot. E:T ratio of (b,d) 2:1 and (c,e) 4:1. Representative Elispot wells of responses against Arg1 siRNA or mock transfected autologous CD14+ 
cells. *p ≤ .05. All bars represent the mean values ± SD.
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a synergistic reactivity of CD4+ and CD8+ IDO-specific T cells. 
This study underscores the potential of CD8+ Arg1-specific 
T cells to induce immune-modulation independently and in 
conjunction with CD4+ Arg1-specific T cells. Moreover, the 
observed expansion of CD8+ and CD4+ Arg1-specific T cells 
in the first-in-human Arg1- and PD-L1-derived peptide IMV 
trial24 suggests the capacity of an Arg1-based IMV to induce 
immune modulation through stimulation of both CD4+ and 
CD8+ Arg1-specific T-cell activity.

In summary, the findings presented in this paper suggest 
that CD8+ Arg1-specific T cells possess the capability to 
directly influence the TME by targeting and depleting Arg1- 
expressing malignant and regulatory myeloid cells. 
Additionally, these CD8+ Arg1-specific T cells secrete pro- 
inflammatory cytokines such as IFNγ and TNFα, which further 
aid in reshaping the suppressive TME into a pro-inflammatory 
milieu. CD8+ Arg1-specific T cells can contribute to repro
graming of a suppressive microenvironment and therefore 
support the modulation of the TME by CD4+ T cells.
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