
CANCER

Neutralization of NET-associated human ARG1
enhances cancer immunotherapy
Stefania Canè1†, Roza Maria Barouni1†, Marina Fabbi2, John Cuozzo3, Giulio Fracasso1,
Annalisa Adamo1, Stefano Ugel1, Rosalinda Trovato1‡, Francesco De Sanctis1, Mauro Giacca4,
Rita Lawlor5, Aldo Scarpa5,6, Borislav Rusev5,6, Gabriella Lionetto7, Salvatore Paiella7,
Roberto Salvia7, Claudio Bassi7, Susanna Mandruzzato8,9, Silvano Ferrini2, Vincenzo Bronte9*

Myeloid cells can restrain antitumor immunity by metabolic pathways, such as the degradation of L-arginine,
whose concentrations are regulated by the arginase 1 (ARG1) enzyme. Results from preclinical studies indicate
the important role of argininemetabolism in pancreatic ductal adenocarcinoma (PDAC) progression, suggesting
a potential for clinical application; however, divergent evolution in ARG1 expression and function in rodents and
humans has restricted clinical translation. To overcome this dichotomy, here, we show that neutrophil extracel-
lular traps (NETs), released by spontaneously activated neutrophils isolated from patients with PDAC, create a
microdomain where cathepsin S (CTSS) cleaves human (h)ARG1 into different molecular forms endowed with
enhanced enzymatic activity at physiological pH. NET-associated hARG1 suppresses T lymphocytes whose pro-
liferation is restored by either adding a hARG1-specific monoclonal antibody (mAb) or preventing CTSS-medi-
ated cleavage, whereas small-molecule inhibitors are not effective. We show that ARG1 blockade, combined
with immune checkpoint inhibitors, can restore CD8+ T cell function in ex vivo PDAC tumors. Furthermore,
anti-hARG1 mAbs increase the frequency of adoptively transferred tumor-specific CD8+ T cells in tumor and
enhance the effectiveness of immune checkpoint therapy in humanized mice. Thus, this study shows that ex-
tracellular ARG1, released by activated myeloid cells, localizes in NETs, where it interacts with CTSS that in turn
cleaves ARG1, producing major molecular forms endowed with different enzymatic activity at physiological pH.
Once exocytosed, ARG1 activity can be targeted by mAbs, which bear potential for clinical application for the
treatment of PDAC and require further exploration.
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is a leading cause of
cancer-related deaths in the United States, with a current 5-year sur-
vival rate of only 10% (1). Most patients present with late-stage met-
astatic disease, and even patients diagnosed at earlier stages, who are
eligible for potentially curative tumor resection, have disease recur-
rence rates exceeding 80% (2). Standard-of-care cytotoxic therapies
only modestly extend life expectancy (3, 4); thus, different therapeu-
tic combinations are urgently needed.

Immunotherapies targeting immune checkpoint molecules have
transformed clinical outcomes for patients with many types of solid
tumors; however, these have yet to affect outcomes for PDAC (5),
except in a minority of patients harboring microsatellite instability–
high tumors (6). Poor immunogenicity of PDAC, a highly immuno-
suppressive tumor immune microenvironment (TME), and dense
stroma represent hurdles to immunotherapeutic efficacy (7). A
more nuanced understanding of the human PDAC immune

contexture and immune heterogeneity is needed to inform rational
drug combinations and to more effectively stratify patients for im-
munotherapies to which they are most likely to respond.

Recent development of innovative multiplexed imaging strate-
gies (8, 9) now enables in situ phenotyping and spatial characteri-
zation of multiple cell populations simultaneously, thereby
facilitating advances in our understanding of the cellular composi-
tion of tumors. For example, recent studies in PDAC have revealed
extensive T and myeloid cell heterogeneity where spatial localiza-
tion holds prognostic value (10–12), supporting the need for
further investigations integrating spatial and functional analysis of
both adaptive and innate components of the PDAC TME. Recently,
quantitative mass spectrometry (MS)–based proteomics detailed
extracellular matrix (ECM) changes in both abundance and com-
plexity of proteins in the course of PDAC progression (13).
Among these changes, several cathepsins, such as B, D, and S
(14), were found to be up-regulated during the transition from in
situ carcinoma to overt PDAC. Moreover, PDAC often contains a
tumor microenvironment enriched in suppressive myeloid cells, in-
cluding neutrophils and fibroblasts, which contribute to maintain
an immunosuppressive environment (15, 16).

Tumors drive a tolerant microenvironment characterized by a
plethora of immunosuppressive mechanisms (17). Among them,
the depletion of L-arginine (L-Arg), whose concentration is
mainly controlled by arginase 1 (ARG1) and inducible nitric
oxide synthase (NOS2) enzymes (18), can have a multifaceted
impact on antitumor T lymphocytes (19). We recently found that
the transfer of tumor-specific cytotoxic T lymphocytes to tumor-
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bearing mice, carrying a conditional myeloid ARG1 deficiency, re-
sulted in stronger antitumor immunity and increased overall surviv-
al. In contrast, the production of nitric oxide (NO) by NOS2 enzyme
was necessary for the therapeutic benefit of the adoptive cell transfer
(ACT) (18). Therefore, preferential L-Arg metabolism by ARG1 and
not by NOS2 exerts a negative influence on in vivo antitumor im-
munity. L-Arg directly modulates T cell metabolism by enhancing
cell survival and antitumor activity (19); henceforth, the balance to
control this amino acid might be crucial for effective
immunotherapy.

After the discovery of arginase in mammals, the knowledge
about this enzyme and its role in disease pathophysiology has
been steadily growing (20). Since the 1990s, the structure of arginase
and its catalytic mechanism were explored by x-ray crystallography
(21), paving the way for an intense research program to discover
potent and selective arginase inhibitors (22–24). A growing body
of evidence suggests that different cells and tissues, such as the
liver and immune system, control ARG1 amount by integrating
compartmentalization, gene expression, and protein-protein inter-
actions, therefore strengthening the need to acquire a deeper knowl-
edge about the biology of this enzyme.

Additional complexity is given by the profound evolutionary di-
vergences in the enzyme biology between rodents and humans.
Whereas in mice ARG1 is a cytosolic enzyme mainly activated in
monocytes and macrophages, in humans, ARG1 isoform 2 is
stored in polymorphonuclear (PMN) tertiary granules, whose exo-
cytosis is induced by different stimuli (25). By immunoblot analysis,
ARG1 appears as a doublet, according to the presence of a leader
sequence that drives the protein inside the neutrophil’s tertiary
granules. This sequence can be either lost or maintained, depending
on the protein cellular compartmentalization (26), resulting in two
molecular weight bands of 36 and 38 kDa, typical of the full-length
ARG1. In addition, an alternative isoform (UniProt isoform 3, 303
amino acids) was identified that might also be expressed in neutro-
phils, although there are no clear indications so far. Furthermore,
secreted ARG1 is active as a full-length protein at alkaline pH,
whereas it is inactive at physiological pH unless cleaved by PMN-
derived proteases (27). These differences among species might
have a profound impact on the clinical translation of results
achieved in conventional mouse models.

Activated PMNs are known to release neutrophil extracellular
traps (NETs), DNA web-like structures enriched in several
granule proteins and required to confine microorganisms during
infection (28). NETosis is a programmed cell death distinct from
apoptosis and necrosis. Neutrophils undergoing NETosis are nega-
tive for annexin V, a hallmark of apoptosis, but they can switch from
NETosis to apoptosis under specific cell signaling conditions (29–
31). Recent studies have shown that NET release is associated with
increased metastasis formation (32, 33); however, NETs' contribu-
tion to immunosuppression and metastatic spread in human
tumors remains largely unknown. Whereas histones, such as H3
and citrullinated H3, together with myeloperoxidase (MPO) and
neutrophil elastase, are well-characterized markers of NETosis,
nothing is known about the presence of ARG1 and its interaction
with other NET components, such as proteases.

Cathepsins are a large family of proteases whose activities range
from antimicrobial effects to antigen presentation. Particularly, ca-
thepsin S (CTSS) is a cysteine protease involved in the antigen pre-
sentation by major histocompatibility complex II molecules (34),

degradation of the ECM (35), inflammatory diseases (36), and
tumor progression (37). Of note, CTSS is synthesized as a prepro-
tein of 37 kDa whose activation leads to the generation of a mature
form (25 kDa), which is active over a broad range of pH, including
physiological pH, differently from other members of the family,
such as cathepsin G (CTSG). Cysteine cathepsins are overexpressed
in cancer (38, 39) and secreted into the tumor extracellular milieu,
both by tumor and stromal cells, resulting in a potent degradative
activity over a broad range of ECM components, including collagen
and laminins (40, 41). In a mouse model of sporadic pancreatic car-
cinogenesis, the genetic ablation of either cathepsin B or CTSS at-
tenuated tumor invasion and angiogenesis, whereas either
cathepsin L or cathepsin B deficiency inhibited tumor proliferation
(42), highlighting cathepsins’ potential as therapeutic targets for
cancer treatment (43, 44). However, given the role that these prote-
ases play in normal immune homeostasis, such as antigen process-
ing and presentation, an approach that targets specific cathepsins
with limited normal tissue distribution may be therapeutically
more attractive (45).

Pharmacological targeting of ARG1 has been focused on amino
acid–derived small molecules that enter and bind residues within
the active site (46). One avenue for targeting of ARG1 is the use
of neutralizing antibodies (Abs). Monoclonal antibodies (mAbs)
excel in their ability to bind antigens with high specificity, but
they lack the ability to access the narrow cleft and active pocket of
enzymes, mainly because of their steric hindrance. Recently, Abs
toward full-length hARG1 were characterized (47), highlighting
that alternative mechanisms for ARG1 inhibition are suitable, effec-
tive, and need to be further investigated. In this study, we examined
the molecular biology of ARG1 in human neutrophils, showing that
NETs are enriched in CTSS-cleaved ARG1 forms that specifically
contribute to immunosuppression, which is efficiently neutralized
by specific mAbs with potential to be combined with immunother-
apy treatments for the treatment of PDAC.

RESULTS
In patients with PDAC, constitutively active neutrophils
release NETs enriched with different molecular forms
of ARG1
NETs are important for directly promoting tumor cell growth,
awakening, and metastasis (33); however, little is known about the
NET contribution to immunosuppression and antitumor immune
response. We isolated low-density (LDNs) and normal-density
(NDNs) CD66b+ neutrophils from the peripheral blood (PB) of pa-
tients with PDAC. Only NDNs can be collected from healthy
donors (HDs), because they lack the LDN population (Table 1).
After cell purity assessment, cells were rested for 12 hours
without any stimulation, and NET formation was evaluated as
DNA-MPO complexes. As shown in Fig. 1A, both neutrophil
subsets from patients with PDAC released NETs, in contrast to
HD neutrophils. In addition, LDNs formed fewer NETs than
NDNs, despite both having similar proportions of cell death by ap-
optosis (fig. S1A). NET-associated ARG1 was not substantially dif-
ferent between the neutrophil subsets (Fig. 1B) and represented the
most abundant fraction of total released ARG1 (fig. S1B). When
ARG1 activity was evaluated, NETs from both subsets contained
themost active enzyme at physiological pH but the lowest at alkaline
pH in comparison with ARG1 in either supernatant (SN) or cell
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pellet (Fig. 1C and fig. S1C-D). We reasoned that ARG1 might be
present in different molecular forms in NETs. Therefore, we per-
formed immunoblots of ARG1 in NETs obtained from LDNs and
NDNs. As shown in Fig. 1D, besides the expected molecular forms
at 38 and 36 kDa, we observed a band of 31 kDa, suggesting poten-
tial cleavage of ARG1. Because ARG1 has been associated with the
suppression of activated T lymphocytes, we next evaluated whether
this molecular pattern affected ARG1-dependent immunosuppres-
sive function. We observed that proliferation of activated T cells was
reduced in NETs from both LDNs and NDNs. Treatment with
ARG1-blocking mAb restored the proliferation of T cells, whereas
commercially available ARG1 small-molecule inhibitors, such asN-
hydroxy-nor-L-arginine (nor-NOHA) and S-2-boronoethyl-L-cys-
teine (BEC), were ineffective (Fig. 1, E and F). Moreover, the block-
ing mAb was ineffective in restoring the proliferation of T
lymphocytes when cultured with LDNs and NDNs as whole cells,
whereas small-molecule inhibitors rescued cell-mediated suppres-
sion (fig. S1, E and F). Collectively, these results demonstrate that
neutrophils from patients with cancer constitutively release NETs
carrying different molecular forms of ARG1 endowed with immu-
nosuppressive functions, which are neutralized by αARG1, but not
by small-molecule ARG1 inhibitors.

The presence of activated neutrophils releasing different molec-
ular forms of ARG1 prompted us to evaluate the enzyme concen-
tration and activity in patients’ sera. As shown in Fig. 1G, we found
that patients with PDAC had higher amounts of serum NETs and
serum ARG1 than HDs (Fig. 1H). ARG1 activity at pH 7.3 was
higher in patients with PDAC as compared with HDs, whereas
the opposite was true for pH 9.5, indicating a shift in ARG1 function
associated with tumor presence (Fig. 1I). Moreover, sera from pa-
tients with PDAC suppressed the proliferation of activated T cells,
and mAb 1.10 restrained this activity (Fig. 1J). We attempted to
identify the systemic factors triggering neutrophil activation by fo-
cusing on interleukin-8 (IL-8) and tumor necrosis factor-α (TNF-

α), known neutrophil activators (48); furthermore, increased con-
centrations of IL-8 in the sera of patients with cancer have been as-
sociated with impaired benefits of checkpoint inhibitors (49). Both
IL-8 and TNF-α were higher in the sera of patients with PDAC than
in those of HDs (Fig. 1K).

We next asked whether ARG1 cleavage and localization observed
in patients with PDAC also occurred in stimulated PMNs from
HDs. Depending on the type of degranulating stimuli, PMNs
undergo NETosis (50), and ARG1 is exocytosed (25). However,
whether exocytosed ARG1 localizes in NETs is not yet defined.
We performed confocal microscopy on PMNs isolated from PB of
HDs, either stimulated with ionomycin or left untreated (media)
(fig. S2, A and B). A time-dependent increment in NETs was ob-
served, with the early stage of NETosis characterized predominantly
by granule-restricted expression of ARG1; at a later stage (2 hours),
cells increased their size, and ARG1 was coexpressed together with
MPO along the network of NET chromatin strands (fig. S2, A and
B). Similar results were also obtained when PMNs were stimulated
with phorbol-12-myristrate-13-acetate (PMA) and molecules rele-
vant for neutrophil activation, degranulation, and chemotaxis (fig.
S2, C and D), including IL-8 and TNF-α, which are increased in sera
of patients with PDAC (Fig. 1K), as well as in different cancers (49,
51, 52).

ARG1 is stored in PMN tertiary granules as an inactive molecule
(26), whereas the enzyme released upon PMN exocytosis efficiently
catabolizes L-Arg (53). Thus, we tested whether ARG1 functional
activation, observed in patients with PDAC, might be related to
ARG1 forms present in NETs. We isolated and characterized
NETs after PMN activation and observed a time-dependent in-
crease in ARG1 low–molecular weight bands (major forms at 31
and 25 kDa; fig. S3A). These bands were only slightly visible in
NETs from control PMNs (media, 30 min and 2 hours) (fig. S3A)
and completely absent in cell pellet lysates from both activated and
control PMNs (fig. S3B, left), as well as freshly isolated PMNs and
peripheral blood mononuclear cells (PBMCs; fig. S3B, right). These
findings suggest that there is ARG1 protein cleavage in NETs. We
then quantified NETs (fig. S3C) and assessed the enzymatic activity
in cell pellet lysates and NETs of either stimulated or resting PMNs,
at both ARG1 optimal (pH 9.5) and physiological (pH 7.3) pH. At
pH 9.5, we observed a time-dependent increase in the enzymatic ac-
tivity, with a 2-hour stimulation reaching an overall similar activity
in both NETs and cell lysates (fig. S3D). Conversely, ARG1 enzyme
activity was detectable almost exclusively in NETs when assessed at
pH 7.3 (fig. S3E). These results argue that the cleaved forms of
ARG1 are associated with an enzyme gain of function at physiolog-
ical pH.We next evaluated whether NET-derived ARG1 is endowed
with immune regulatory activity. NETs from stimulated PMNs,
containing ARG1 (fig. S3F), were collected and the physiological
L-Arg concentration (150 μM) was restored before adding this prep-
aration to activated T cells. ARG1 fromNETs suppressed T lympho-
cyte activation by anti-CD3/anti-CD28, as shown by the down-
regulation of CD3ε (fig. S3G). We then evaluated the effect on T
cell proliferation in the presence of the blocking mAbs directed
against hARG1 or isotype [immunoglobulin G1 (IgG1)] controls.
Comparable to patients with PDAC, the αARG1 restored T cell pro-
liferation (fig. S3H), whereas small-molecule BEC and nor-NOHA
were ineffective or slightly effective, respectively (fig. S3I). More-
over, nor-NOHA and BEC are not effective against NET-associated
ARG1, yet these small-molecule inhibitors rescued the inhibition of

Table 1. Clinical characteristics of the PDAC patient cohort and healthy
donor control group evaluated in this study. Patients with PDAC and
HDs cohorts: Reported are the gender (%), age, tumor stage, and site of the
tumor mass within the pancreas (head, body, and tail). An association of
the primary tumor location with survival has been hypothesized.

Patient cohort HD cohort
(n = 52) (n = 52)

Gender

Female 45.3% 39.6%

Male 32.7% 60.4%

Age 44–86 (average 65) 44–86 (average 63.5)
Stage

IV 36.9

III 48.6

IIA and IIB 14.5

Tumor site

Head 75.8

Body 18.9

Tail 5.5
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Fig. 1. Blockade of NET-associated ARG1 by mAbs reduces the immune suppressive activity of PMNs and sera from patients with PDAC. (A) Quantification of
DNA-myeloperoxidase (MPO) complex concentration (ng/ml) by ELISA in neutrophil extracellular trap (NET)–enriched supernatants (SNs) of CD66b+ low-density neu-
trophils (LDNs) and CD66b+ normal-density neutrophils (NDNs) frompatientswith PDAC (n= 18) and CD66+NDNs fromHDs (n= 7). The data are presented asmean± SEM.
Unpaired, two-tailed, Student’s t test. **P = 0.0023. (B) Quantification of ARG1 concentration (ng/ml) by ELISA in NET-enriched SNs of CD66b+ LDN and CD66b+ NDN cells
from patients with PDAC (n = 18). The data are presented asmeans ± SEM. Paired, two-tailed, Student’s t test. ns, not significant. (C) Determination of ARG1 activity in NETs
of CD66b+ LDN (n = 18) and CD66b+ NDN cells (n = 18) from patients with PDAC. Ornithine concentration is evaluated by colorimetric assay at pH 7.3 and at pH 9.5. The
data are presented as means ± SEM. One-way ANOVA, multiple comparisons, and Tukey’s post hoc correction. *P < 0.032 and **P = 0.0017. (D) Representative immu-
noblots showing ARG1 molecular pattern in NETs of CD66b+ LDN (top) and CD66b+ NDN cells (bottom). Histogram shows quantification of ARG1-FL and ARG1-31,
represented as a ratio ARG1-31/ARG1-FL, in NETs of CD66b+ LDN (n = 18) and CD66b+ NDN cells (n = 18). ARG1-31 band is shown inside the red box, and ARG1-FL is
included in the blue box. The data are presented as means ± SEM. (E and F) Proliferation assay showing the percentage of anti-CD3 and anti-CD28–activated T cells,
cultured with cell-derived suppressive NET-containing conditioned medium (E, CD66b+ LDN, n = 13; F, CD66b+ NDN, n = 9). T cells were cultured with either αARG1 (150
μg/ml), IgG1 isotype control (150 μg/ml), BEC (10.5 ng/ml), or nor-NOHA (30 ng/ml). Activated T cells were set as 100% proliferation and used as control. Suppressive
activity is represented as the percentage of proliferation of CD3+ CellTrace+ cells. The data are presented as means ± SEM. One-way ANOVA, multiple comparisons, and
Tukey’s post hoc correction. *P < 0.05; **P < 0.01; ***P = 0.001. (G) Quantification of DNA-MPO complex concentration (ng/ml) by ELISA in sera of patients with PDAC
(n = 26) and of HDs (n = 21). The data are presented as means ± SD. Unpaired, two-tailed, Student’s t test. *P < 0.05. (H) Quantification of ARG1 concentration (ng/ml) by
ELISA in sera of patients with PDAC (n = 26) and of HDs (n = 21). The data are presented as measn ± SEM. Unpaired, two-tailed, Student’s t test. ****P < 0.0001. (I)
Determination of serum-derived ARG1 activity by colorimetric assay in sera of patients with PDAC (n = 26) and of HDs (n = 21). The concentration of ornithine obtained
at pH 7.3 (left) and pH 9.5 (right) is shown. The data are presented asmeans ± SEM. Unpaired, two-tailed, Student’s t test. ****P < 0.0001. (J) Proliferation assay showing the
percentage of anti-CD3– and anti-CD28–activated T cells, cultured with sera from patients with PDAC (n = 52) and of HDs (n = 14). Sera from patients with PDAC and HDs
were either left untreated or incubated with neutralizing αARG1 (150 μg/ml) or IgG1 isotype control. Activated T cells were set as 100% proliferation and used as a control.
Suppressive activity is represented as the percentage of proliferation of CD3+ CellTrace+ cells. The data are presented as means ± SEM. Unpaired, two-tailed, Student’s t
test. **P = 0.0045. (K) Quantification by ELISA of IL-8 (left) and TNFα (right) concentration in sera of patients with PDAC (n = 52) and HDs (n = 14). The data are presented as
means ± SEM. Unpaired, two-tailed, Student’s t test. *P < 0.05.
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full-length rhARG1 on T cell activation (fig. S3J), suggesting that
the uncleaved rhARG1 might be biochemically and functionally
distinct from the cleaved, NET-associated forms.

CTSS interacts with and cleaves ARG1 in NETs of
activated PMNs
To identify the protease responsible for the cleavage in the NETs, we
defined ARG1-interacting proteins by coimmunoprecipitation (co-
IP) of ARG1 with the mAb 1.10. After we loaded the IP preparation
onto an SDS–polyacrylamide gel electrophoresis, the region of gel
containing the proteins was excised and subjected to liquid chroma-
tography–tandemMS (LC-MS/MS) upon validation that ARG1 was
successfully pulled down (Fig. 2A). Among several identified, inter-
acting proteins (Table 2), we focused on CTSS as a suitable protease
candidate. CTSS is cysteine protease enriched in the ficolin/secre-
tory granules (26) and is active and stable at physiological pH. We
validated the proteomic data by ARG1 co-IP (Fig. 2B and fig. S4A)
and immunofluorescence (IF) staining (Fig. 2, C and D, and fig.

S4B), which confirmed the colocalization of ARG1 and CTSS on
both nicotinamide adenine dinucleotide phosphate–dependent
(PMA-induced; fig. S4, C and D) and nicotinamide adenine dinu-
cleotide phosphate–independent (ionomycin-induced) NETs
(Fig. 2C and fig. S4B). This was further supported by the presence
of CTSS in NETs (Fig. 2E). Because CTSS is active at physiological
pH, we next determined whether full-length rhARG1 was a sub-
strate for recombinant human cathepsin S (rhCTSS). Isothermal
calorimetry (ITC) analysis revealed that the binding of pro-CTSS
(Fig. 2F, left), which is proteolytically inactive, to rhARG1 is ther-
modynamically favorable (Table 3), profiling an interaction of one
rhARG1 monomer binding to a single site on pro-CTSS, with a dis-
sociation constant (Kd) in the micromolar range. When mature
CTSS was incubated with rhARG1 (Fig. 2F, right, and Table 3),
the enthalpy variation (ΔH ) became more negative but was com-
pensated by an increase in entropy variation (ΔS), which led to a
net result of no change in free energy and binding affinity compared

Table 2. ARG1-interacting proteins identified in NETs of stimulated PMNs by LC-MS/MS. The analysis of the coimmunoprecipitated proteins in NETs revealed
a list of the potential proteins interacting with hARG1. In the table, details concerning the obtained peptides (total number and unique peptides), peptide
spectrum matches (PSMs), peptide coverage, and a brief description of the protein function are included. GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
CTP, cytidine 5′-triphosphate; GTP, guanosine 5′-triphosphate; ATP, adenosine 5′-triphosphate; MAPK, mitogen-activated protein kinase.

Protein
ID Protein description Unique

peptides Peptides PSms Coverage Major biological processes

P04406 GAPDH 5 5 14 14.33
Glycolysis; antimicrobial defense; microtubule

organization; nitrosilace activity

P02788-2 Isoform delta lactotransferrin 8 8 20 13.21 Antimicrobial; defense response

P17213
Bactericidal permeability-

increasing protein
3 3 4 6.37 Antimicrobial response

P20160 Azurocidin 2 2 10 8.37
Antimicrobial; cell extravasation; chemotaxis;

inflammatory response

P08246 Neutrophil elastase 3 3 11 7.12
Inflammatory response; extracellular matrix

remodeling

P15531 Nucleoside diphosphate kinase A 2 2 2 20.39
Synthesis of CTP and GTP, negative regulator of cell

proliferation

U3KQE7 Cathepsin S 3 3 8 23.08
Antigen presentation; proteolysis; collagen

degradation

P05164-2 Isoform H14 of myeloperoxidase 8 8 20 12.00 Cen redox homeostasis; defense response

P54108 Cysteine-rich secretory protein 2 2 4 6.94 Defense response

P05089 Arginase-1 8 8 29 28.88 Urea cycle; immunoregulation; collagen biosynthesis

C9JEY1
Actin-related protein 2/3 complex

subunit 1B
2 2 2 7.78 Arp2/3 complex–mediated actin nucleation

P30740 Leukocyte elastase inhibitor 2 2 4 6.33
Peptidase inhibitor activity; negative regulator of IL-1β

secretion

P59665 Neutrophil defensin 1 3 3 19 20.21 Defense response; T cell chemotaxis

Q14917 14-3-3 Protein eta 3 3 3 14.63
G2-M transition; intracellular signaling; MAPK cascade;

membrane organization

Q04075
Fructose-bisphosphonate

aldolase A
13 14 42 29.40

Glycolysis; neutrophil degranulation; ATP
biosynthetic process

P62258-2
lsoform SV of 14-3-3
protein epsilon

4 4 13 18.88
G2-M transition; intracellular signaling; MAPK cascade;

membrane organization

P09972-2
Fructose-bisphosphonate

aldolase C
4 5 11 16.76

Glycolysis; neutrophil degranulation; ATP
biosynthetic process

P60709 Actin cytoplasmic 1 13 13 59 26.40 Structural constituent of cytoskeleton
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Fig. 2. CTSS interacts with and cleaves
ARG1 in NETs of activated PMNs. (A) Im-
munoblot showing ARG1 protein band
pattern (38, 36, 31, and 25 kDa; red stars top
to bottom) of co-IP ARG1 from NETs of
polymorphonuclear cells (PMNs) treated
with ionomycin 5 μM for 30 min. Ab αARG1
and IgG1 isotype control are indicated. (B)
Immunoblot (IB) showing ARG1 (top) and
CTSS (bottom) coexpression obtained from
co-IP of ARG1 (Ab clone 1.10 or IgG1
control, 2 μg) from NETs of PMNs treated
with 5 μM ionomycin for 30 min. (C) Rep-
resentative IF images showing ARG1 (red),
CTSS (blue), and DNA (gray) of PMNs treated
with 5 μM ionomycin for 30 min and 2
hours. The light blue arrowheads indicate
PMNs undergoing NETosis. Shown in the
white box is the maximum projection. Scale
bars, 10 μm. (D) Quantification of ARG1 and
CTSS colocalization within the NETs pro-
duced at 30 min and 2 hours, ionomycin-
treated PMNs. Pearson’s correlation coeffi-
cient analysis. The data are presented as
means ± SEM. (E) Quantification of CTSS
concentration (ng/ml) by ELISA in NETs
produced at 30 min and 2 hours, ionomy-
cin-treated or untreated (media) PMNs
(n = 3). The data are presented as
means ± SEM. Paired, two-tailed, Student’s
t test. ***P = 0.0003. (F) Isothermal titration
calorimetry (ITC) analysis of proCTSS (left)
and mature CTSS (right) interactions with
rhARG1. The top plots show time (min)
versus microcalorie per second, whereas
the bottom plots show molar ratio versus
kilocalorie per mole of the injectant. (G)
ARG1 immunoblot showing rhARG1 (200
ng) kinetic digestion (30 min, 2 hours, and
12 hours) in the presence or absence of
rhCTSG (800 ng) or rhCTSS (800 ng). Rele-
vant bands are indicated by red boxes and
blue arrows. (H) Determination of ARG1
activity, represented as ornithine concen-
tration, at pH 7.3 by colorimetric assay in
the samples evaluated in G (n = 3). The data
are presented as means ± SEM. One-way
ANOVA, multiple comparisons, and Tukey’s
post hoc correction. *P < 0.05; **P < 0.01. (I)
Proliferation assay showing the percentage
of anti-CD3– and anti-CD28–activated T
cells cultured with NETs produced at
30 min, in ionomycin-treated PMNs or un-
treated (media). In some conditions, before
the stimulation of PMNs, neutralizing Ab to
CTSS (150 μg/ml) was added to the culture.
In addition, neutralizing Ab anti-CTSS was preincubated for 30 min with a blocking peptide (1.5 ng/ml), and then the mix was added to PMNs, followed by their activation
with 5 μM ionomycin (n = 3). Activated T cells were set as 100% proliferation and used as a control. Suppressive activity is represented as the percentage of proliferation of
CD3+ CellTrace+ cells. The data are presented as means ± SEM. One-way ANOVA, multiple comparisons, and Tukey’s post hoc correction. *P < 0.05; **P < 0.01; ***P < 0.001.
(J) Determination of ARG1 activity at pH 7.3 by colorimetric in the same samples used in (I) (n = 3). The data are presented as means ± SEM. One-way ANOVA, multiple
comparisons, and Tukey’s post hoc correction. *P < 0.05; **P < 0.01.
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to pro-CTSS. This indicated that full-length rhARG1 and rhCTSS
interact independently of rhCTSS proteolytic activity.

We then focused on full-length rhARG1 cleavage by rhCTSS. As
shown in Fig. 2G, a time-dependent digestion of rhARG1 by
rhCTSS produced cleaved products, such as 31 and 25 kDa (blue
arrows), which recapitulated the molecular pattern observed in
NETs of activated PMNs (fig. S3A). On the basis of proteomic anal-
ysis (Table 4), the 31-kDa band in rhARG1 alone showed a sequence
different from the 31-kDa generated after rhARG1 cleavage by
rhCTSS. At later time points (2 and 12 hours), the prolonged expo-
sure of rhARG1 to rhCTSS resulted in the appearance of high–mo-
lecular weight forms (red boxes), which were characterized by
different molecular patterns and composition. The high molecular
weight forms appearing upon coincubation of rhARG1 and
rhCTSS, at 2 and 12 hours, contained not only ARG1 but also
CTSS, as shown by the gel presented in Fig. 2G reblotted for
CTSS (fig. S4E). In contrast, the enzymatic activity of another ca-
thepsin family member present in neutrophils, such as recombinant
human cathepsin G (rhCTSG) (39), resulted in almost complete
rhARG1 digestion after 12-hour incubation (Fig. 2G). When we as-
sessed the enzyme activity of rhARG1 in the digestionmix at pH 7.3,
we noticed a time-dependent increase only when rhARG1 was in-
cubated with rhCTSS, whereas the activity in the presence of
rhCTSG was reduced (Fig. 2H). Having found that ARG1 is a sub-
strate for CTSS, we reasoned that altering CTSS activity, using a
neutralizing Ab, might also affect ARG1 activity. The dose-depen-
dent efficacy of the mAb blocking CTSS in vitro was first estab-
lished, together with the effective concentration of the peptide
that interferes with the binding of the mAb to CTSS (fig. S4, F
and G). CTSS increased the suppression mediated by full-length
rhARG1 on T lymphocytes, and the addition of αARG1, but not
small-molecule inhibitors, restored the proliferation of activated T

cells (fig. S4H). We then stimulated PMNs in the presence or
absence of a neutralizing Ab to CTSS, either alone or preincubated
with the blocking peptide. The resulting NETs were added to anti-
CD3/anti-CD28–activated, labeled T cells, as before. CTSS blockade
restored the proliferation of T cells, although less than direct ARG1
neutralization. Blockade of CTSS activity with the blocking peptide
rescued suppression (Fig. 2I). These results were similar to changes
in ARG1 enzyme activity (Fig. 2J), supporting the premise that the
effects on proliferating T cells were linked to changes in ARG1 func-
tion. Therefore, ARG1 and CTSS interact in NETs, and CTSS neu-
tralization was efficient in reducing both enzyme activity and
immune suppression mediated by NET-associated ARG1.

ARG1 cleaved form is endowed with different enzymatic
properties
We argued that the partial inefficacy of ARG inhibitors on extracel-
lularly released ARG1 could be linked to the presence of alternative
molecular forms endowed with different functional activity. We
focused on the 31-kDa ARG1 form because it was present in
NETs of in vitro–activated neutrophils and PMNs enriched from
patients with PDAC. We isolated, sequenced (Fig. 3A), cloned
(Fig. 3B), and functionally (Fig. 3C) tested the 31-kDa molecular
form (hereafter indicated as ARG1-31). This form shares the C ter-
minus with ARG1 full length, and it is cleaved at amino acid 42 from
the N terminus (fig. S5A). ARG1-31 rapidly hydrolyzed L-Arg, with
half of the substrate already converted within 11 min (Table 5 and
fig. S5B). The mAb 1.10 delayed the enzymatic activity on a molar
ratio basis and reached the maximum inhibitory capacity at a 1:30
ratio (Table 5 and fig. S5C). Instead, BEC and nor-NOHAwere in-
effective at reducing enzymatic activity (fig. S5, D and E). We then
asked whether the ARG1-31 inhibited T cell proliferation in vitro.
ARG1-31 reached the same extent of suppression achieved with 5
ng/ml of full-length protein at the concentration of just 0.1 ng/ml,
which corroborated its enhanced enzymatic function (Fig. 3C, fig.
S5B, and Table 5). The mAb 1.10 restored T cell proliferation,
whereas BEC and nor-NOHA did not (Fig. 3C), although they
blocked the enzymatic activity of full-length ARG1 (fig. S3J).

Because the C terminus of ARG1 is required to support the mo-
lecular interactions among monomers to form a stable trimer, we
argue that the binding of the Ab to this region might destabilize
the assembly of a fully functional quaternary structure. The interfer-
ence with enzyme activity might thus be independent of the occu-
pancy of the catalytic site. To gain further insight into the three-
dimensional structure of ARG1-31, we performed dynamic light
scattering analysis. As shown in Fig. 3 (D and E), rhARG1 and

Table 3. Thermodynamic constants of rhARG1 and rhCTSS binding.
The binding was assessed with rhCTSS as a proprotein and mature form.
The thermodynamic parameters were derived from the best fit of ITC
profile of proCTSS and active CTSS titrated with ARG1 obtained using a
one-site sequential binding model.

Constant Procathepsin S Mature cathepsin S

Kd (M) 2.16 × 106 ± 1.41. × 10−6 2.10 × 10−6 ± 1.77 × 10−6

ΔH (kcal/mol) −565 ± 201 −1000 ± 561

TΔS (kcal/mol) 557 992

Table 4. Amino acid sequences of ARG1-31 alone and ARG1-31 obtained from coincubation of rhARG1 and rhCTSS. Differences in amino acid sequence
between ARG1-31 derived from ARG1 alone and ARG1-31 obtained from in vitro digestion of rhARG1with rhCTSS (referred to Fig. 2G). The crossed out amino acids
are different between the two forms.

Sequence of ARG1-31 kDa
not cleaved by CTSS but
appearing in rhARG1 alone

GLLEKLKEQVTQNFLILECDVKDYGDLPFADIPNDSPFQIVKNPRSVGKASEQLAGKVAEVKKNGRISLVLGGDHSLAIGSISGH
ARVHPDLGVIWVDAHTDINTPLTTTSGNLHGQPVSFLLKELKGKIPDVPGFSWVTPCISAKDIVYIGLRDVDPGEHYILKTLGIKY
FSMTEVDRLGIGKVMEETLSYLLGRKKRPIHLSFDVDGLDPSFTPATGTPVVGGLTYREGLYITEEIYKTGLLSGLDIMEVNPSL
GKTPEEVTRTVNTAVAITLACFGLAREGNHKPIDYLNPPK

Sequence of rhARG1-31
originated by the cleavage
of ARG1 by CTSS

GLLEKLKEQVTQNFLILECDVKDYGDLPFADIPNDSPFQIVKNPSVGKASEQLAGKVAEVKKNGRISLVLGGDHSLAIGSIS
HARVHPDLGVIWVDAHTDINTPLTTTSGNLHGQPVSFLLKELKGKIPDVPGFSWVTPCISAKDIVYIGLRDVDPGEHYILKTL
GIKYFSMTEVDRLGIGKVMEETLSYLLGRKKRPIHLSFDVDGLDPSFTPATGTPVVGGLTYREGLYITEEIYKTGLLSGLDIME
VNPSLGKTPEEVTRTVNTAVAITLACFGLAREGNHKPIDYLNPPK
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Fig. 3. ARG1's cleaved form has a different enzymatic activity and susceptibility to mAb inhibition. (A) Sequence of the ARG1-31 kDa form derived from CTSS-
cleaved ARG1 was defined by Mascot analysis. Indicated in red are the peptides identified by the proteomic analysis. The eight amino acids in blue are the unique
sequence of the ARG1 isoform 2 (erythroid form) expressed in PMNs. The amino acids in gray represent the ARG1 isoform 2 sequence. (B) Immunoblot showing the
cloned human ARG1 full-length (ARG1 FL) and ARG1-31 cleaved form. (C) Proliferation assay showing the percentage of anti-CD3– and anti-CD28–activated T cells
cultured with ARG1 FL or ARG1-31 alone or in combination with different ARG1 inhibitors. Nor-NOHA (30 ng/ml), BEC (10.5 ng/ml), αARG1, and IgG1 control (50 μg/
ml) (n = 3). Activated T cells were set as 100% proliferation and used as a control. Suppressive activity is represented as the percentage of proliferation of CD3+ CellTrace+

cells. The data are presented as means ± SEM. One-way ANOVA, multiple comparisons, and Tukey’s post hoc correction. *P < 0.05; **P < 0.01. (D and E) Dynamic light
scattering of (D) full-length rhARG1 (red) and (E) rhARG1-31 (green) alone, Ab clone 1.10 alone (blue), and combination Ab:ARG1 and Ab:ARG1-31 at the ratio of 1:1
(black). Each condition was analyzed in triplicate. A total of two experiments (N = 2) were performed with different batches of αARG1 (n = 3). Each batch was assessed in
triplicate.
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rhARG1-31 share a similar size corresponding to a trimer, whereas
monomeric forms were not detected. Therefore, it appears that the
trimeric assembly of ARG1 is also maintained by the cleaved form.
Next, we evaluated the changes in size of both ARG1 and ARG1-31
upon binding the mAb 1.10, at a molar ratio of 1:1. As shown in
Fig. 3 (D and E), the binding of the Ab not only shifted the size
of rhARG1 and rhARG1-31 toward a position corresponding to
the Ab-protein complex but also produced monomers, suggesting
the ability of the Ab clone 1.10 to disrupt the trimeric structure of
ARG1. Thus, these findings both underscore the complexity of
ARG1 regulation and represent a potential avenue to target ARG1
function.

ARG1 blockade increases the effectiveness of cancer
immunotherapy
The dissimilarity between humans and mice regarding the ARG1
cellular source and its species-specific regulation prompted us to es-
tablish a humanized mouse model, which allowed the presence of
ARG1+ human neutrophils, to test the in vivo efficacy of the αARG1
mAb. In these mice, we exploited either immune checkpoint inhib-
itors (ICIs) or ACT based on T cells genetically engineered with a T
cell receptor (TCR) specific for human telomerase (hTERT)865–873
peptide (54, 55). In our previous work (56), we showed that
hTERT865–873-specific CD8+ T cells were not rejected but did not
persist in blood of treated mice, as assessed 29 days after adoptive
T cell therapy. Moreover, transferred hTERT-specific T cells did not
cause graft-versus-host disease and minimally recognized
CD34+HLA-A2+ cells. Briefly, NOD.Cg-Prkdcscid Il2rgtm1Sug/
JicTa (NOG) mice were γ-irradiated and subsequently engrafted
with human HLA-A2+CD34+ hematopoietic stem cells (57). To
favor the expansion of neutrophils, we administered recombinant
adeno-associated virus serotype 9 vectors (AAV9) coding for
human colony-stimulating factor 3, IL-3, IL-8, and hepatocyte
growth factor (58, 59) to sustain the systemic release of these cyto-
kines (60). Four weeks later, tumor cells were subcutaneously inject-
ed. The humanization protocol led to the reconstitution of the
major immune cell subsets, such as CD19 B cells, CD3 T cells,
CD33 myeloid cells, CD14 monocytes, and CD15 neutrophils (fig.
S6, A and B).

To prove the efficacy of the αARG1 clone 1.10, we set up exper-
iments of immunotherapy based on ICI in melanoma (fig. S7A), a
tumor that is known to be responsive to immunotherapy. NOG
mice were sublethally irradiated and then inoculated with
hCD34+ cells, followed by intramuscular injection of cytokine-en-
coding AAV9. Eight weeks later, SK-MEL-5 melanoma cells were
injected subcutaneously. Mounting evidence suggests that a major
constraint to ICI includes either the absence of preexisting tumor-

specific T cells or their exclusion from the tumor microenviron-
ment. Analyses of pretreatment melanoma biopsies indicated that
clinical response to antiprogrammed cell death-1 (PD-1) (61) and
anticytotoxic T lymphocyte antigen 4 (62) correlated with the pres-
ence of tumor-infiltrating lymphocytes before the therapy, specifi-
cally CD8+ T cells. Nivolumab + ipilimumab (nivo + ipi) reduced
the tumor growth, yet the nivo + ipi + αARG1 combination was
more effective in controlling cancer progression (fig. S7B), with
an impact on mouse survival (Fig. 4A). Moreover, we demonstrated
that the nivo + ipi + αARG1 combination therapy increased the per-
centage of tumor-infiltrating hCD45+ leukocytes (Fig. 4B and fig.
S7C) by enhancing the proportion of endogenous activated
hCD3+ T cells (Fig. 4, B and C, and fig. S7C). These data suggest
that ARG1 blockade in combination with ICI has a therapeutic
effect in melanoma by increasing tumor infiltration of activated
CD3+ T cells.

These data did not address the issue of whether ARG1 blockade
directly affects tumor-specific T cells in humanized mice. For this
purpose, we initially assessed SK-MEL-5 cells for their expression of
hTERT antigen to exploit the impact of ACT of hTERT865–873 TCR-
transgenic T cells (60). We found that SK-MEL-5 tumor cells ex-
pressed hTERT (fig. S7D) and presented hTERT peptide–HLA-
A02 complexes on the cell surface, as shown by the interferon-γ
(IFN-γ) secretion from cocultured CD8+ T cells (fig. S7, E and F).
After the treatment protocol in humanized mice illustrated in fig.
S8A, combination therapy (hTERT and αARG1) increased the
amount of CD45+ and total CD3+ T cells both in the periphery
(fig. S8B) and within the tumor (Fig. 4D and fig. S8C), which also
resulted in a higher proportion of tumor infiltration by activated
hTERT865–873-specific T cells and increased tumor control
(Fig. 4D, hTERT, and Fig. 4E). hTERT T cells were identified as pos-
itive for the transgene CD34 present in the TCR-expressing lym-
phocytes, as previously published (56). In contrast, the
intratumoral myeloid compartment remained unmodified with
treatment (Fig. 4F and fig. S8C). Furthermore, SK-MEL-5 tumors
established in humanized mice were infiltrated with human
CD66b+ neutrophils (fig. S9A) expressing ARG1 and were enriched
in NETs (fig. S9, B to D) presenting reactivity to both hARG1 (fig.
S9, B, C, and E) and hCTSS (fig. S9, B, C, and F) that colocalized (fig.
S9G). When we evaluated the functional features of hTERT-specific
T cells isolated from SK-MEL-5 tumors, we found that T cells had a
higher proliferation capacity as well as higher expression of CD69
and CD25, but not PD-1, suggesting a shift toward activation in
mice treated with the combination therapy (Fig. 4G and fig. S8C).
Thus, in vivo ARG1 blockade can improve the effectiveness of
cancer immunotherapy by sustaining the functional activity of
tumor-infiltrating T cells.

Table 5. IC50 of full-length ARG1 and cleaved ARG1-31. The table represents the median inhibitory concentration (IC50), defined as the time at which the
consumption of L-Arg reaches 50%of the total. Dash indicates that IC50 was not reached up to 200min. BEC, S-2-boronoethyl-l-cysteine; nor-NOHA,N-hydroxy-nor-
L-arginine.

Protein Time (min)

Alone +αARG1 (ratio 1:1) +αARG1 (ratio 1:3) +αARG1 (ratio 1:10) +αARG1 (ratio 1:30) +BEC +nor-NOHA

ARG1-31 11 15 129 - - 13 10

rhARG1 21 37 48 78 - - -
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Neutralization of ARG1 increases the proportion and
functional status of tumor-infiltrating lymphocytes
We next assessed whether ARG1 blockade increases the infiltration
and fitness of adoptively transferred hTERT865–873 TCR-transgenic
T cells in a humanized mouse model of PDAC known to be refrac-
tory to immunotherapy. Similar to SK-MEL-5, PT-45 cells

expressed hTERT (fig. S7D) and presented hTERT peptide–HLA-
A02 complexes on the cell surface, as shown by the IFN-γ secretion
by hTERT865–873 TCR-transgenic T cells (fig. S7, E and F). PT-45
tumor–bearing mice were treated as previously indicated (fig.
S8A). ARG1 blockade in combination with ACT increased the
total amount of blood and tumor-infiltrating leukocytes, specifically

Fig. 4. ARG1 blockade increases the
effectiveness of cancer immuno-
therapy. (A) Kaplan-Meier plots eval-
uating the survival of SK-MEL-5–
bearing humanized mice (N = 2). The
data are presented as percentage of
survival. Treatment was started 13
days after tumor injection. Untreated
(n = 29), nivo + ipi (n = 36), nivo +
ipi + αARG1 (n = 35), nivo + ipi + IgG1
(n = 33), IgG1 (n = 29), and αARG1
(n = 35). Log-rank test; nivo + ipi
versus nivo + ipi + αARG1,
**P = 0.0068; nivo + ipi + IgG1 versus
nivo + ipi + αARG1, *P = 0.0121; IgG1
versus αARG1, not significant,
P = 0.5816. (B and C) Quantified FACS
analysis evaluating the percentages of
tumor-infiltrating human immune
cells in mice bearing SK-MEL-5 tumors
(N = 2). Humanized mice were treated
with nivo + ipi (n = 15), nivo +
ipi + αARG1 (n = 15), nivo + ipi + IgG1
(n = 15), αARG1 (n = 15) alone, IgG1
(n = 15) alone, or left untreated. Mice
were euthanized at 30 days after
tumor inoculation. Cells were defined
on the basis of the expression of
hCD45 (B, left), hCD3 (B, right), hCD69
(C, left), and hCD25 (C, right). The data
are represented asmeans ± SEM. One-
way ANOVA, multiple comparisons,
and Tukey’s post hoc correction.
**P = 0.0097; ****P < 0.0001. (D)
Quantified FACS analysis evaluating
the percentages of tumor-infiltrating
human immune cells in mice bearing
SK-MEL-5 tumors (N = 2). Treatment
was started 11 days after tumor in-
jection. Humanized mice were treated
with hTERT865–873 TCR-transgenic
CD8+ T alone (n = 26) or in combina-
tion with neutralizing αARG1 (n = 28),
IgG1 isotype control (n = 26), or left
untreated (n = 20). Cells were defined
on the basis of the expression of
hCD45, hCD3, and hCD34 marker that defines hTERT865–873-specific T cells. The data are presented as means ± SEM. One-way ANOVA, multiple comparisons, and Tukey’s
post hoc correction. **P = 0.0046; ****P < 0.0001. (E) Determination of the tumor size (volume, mm3), in SK-MEL-5 tumor model, injected subcutaneously in humanized
mice (N = 2). Cumulative tumor size curves of the different treatment groups are shown; untreated (n = 27), hTERT (n = 30), hTERT + αARG1 (n = 30), hTERT + IgG1 (n = 24).
The data are presented as mean ± SD. Two-way ANOVA, multiple comparisons, and Tukey’s post hoc correction. Untreated versus hTERT, ****P < 0.0001; hTERT + αARG1
versus hTERT + IgG1, **P = 0.00256. (F) Quantified FACS analysis evaluating the percentages of tumor-infiltrating human immune cells in mice bearing SK-MEL-5 tumors
(N = 2) treated as in (D). Myeloid cells, defined on the basis of the expression of hCD33, hCD15, and hCD14, are shown. The data are presented as mean ± SEM. (G)
Quantified FACS analysis of hCD3+hCD34+ hTERT865–873 TCR-transgenic CD8

+ T cells, isolated from SK-MEL-5 tumors (N = 2), evaluating the expression of proliferation (Ki-
67) and activation (CD25, CD69, and PD-1) markers. hTERT865–873 transgenic CD8

+ T cells were isolated from mice treated with hTERT865–873 TCR-transgenic CD8
+ T cells

alone (n = 26) or in combination with neutralizing αARG1 (n = 28) or IgG1 isotype control (n = 26) or left untreated (n = 20). The data are presented as means ± SEM. One-
way ANOVA, multiple comparisons, and Tukey’s post hoc correction. ** P = 0.0091 and ****P < 0.0001.
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CD3+ T lymphocytes (Fig. 5A and fig. S10, A and B). Among the
latter, hTERT-specific T cells also expanded (Fig. 5A and fig.
S10B, hTERT), leading to better tumor control (Fig. 5B) and an un-
altered myeloid compartment (Fig. 5C and fig. S10B). In addition,
ARG1 blockade enhanced the expression of proliferation and acti-
vation markers in adoptively transferred hTERT+ CD8+ T cells
(Fig. 5D and fig. S10B), demonstrating the ability of this treatment
to reprogram the immunosuppressive microenvironment of PDAC.

To evaluate the efficacy of nivo + ipi + anti-ARG1 combination
treatment, we set up an ex vivo protocol using resected PDAC
tumors from treatment-naïve patients. Tumors were mechanically
digested, debris were removed, and the tumor cellular framework
was evaluated by fluorescence-activated cell sorting (FACS) analysis
for CD45, CD3, CD8, and CD66b markers. Purified CD45+ cells
were incubated with nivo + ipi and αARG1, either alone or in com-
bination (fig. S11A) (63). As shown in Fig. 5E, the nivo +

Fig. 5. Neutralization of ARG1 increases
the proportion and functional status of
tumor-infiltrating lymphocytes when
combined with immunotherapy. (A)
Quantified FACS analysis evaluating the
percentages of tumor-infiltrating human
immune cells in mice bearing subcutane-
ous PT-45 tumors (N = 2). Humanizedmice
were treated with hTERT865–873 TCR-trans-
genic CD8+ T cells alone (n = 26) or in
combination with neutralizing αARG1
(n = 28) or IgG1 isotype control (n = 26).
Human immune cells were defined on the
basis of the expression of hCD45 and
hCD3; hTERT TCR-transgenic CD8+ T cells
were defined on the basis of the expres-
sion of the CD34 marker. The data are
presented as means ± SEM. One-way
ANOVA, multiple comparisons, and
Tukey’s post hoc correction.
****P < 0.0001. (B) Determination of the
tumor size (volume, mm3), in PT-45 tumor
model, injected subcutaneously in hu-
manized mice (N = 2). Cumulative tumor
size curves of the different treatment
groups are shown; untreated (n = 23),
hTERT (n = 28), hTERT + αARG1 (n = 30),
and hTERT + IgG1 (n = 25). The data are
presented as means ± SD. Two-way
ANOVA, multiple comparisons, and
Tukey’s post hoc correction. Untreated
versus hTERT, ****P < 0.0001; hTERT +
αARG1 versus hTERT + IgG1,
****P < 0.0001. (C) Quantified FACS anal-
ysis evaluating the percentages of tumor-
infiltrating human immune cells in mice
bearing SK-MEL-5 tumors (N = 2) treated
as in (A). Myeloid cells, defined on the
basis of the expression of hCD33, hCD15,
and hCD14, are shown. The data are pre-
sented as means ± SEM. (D) Quantified
FACS analysis of hCD3 + hCD34+ hTERT–
specific T cells, isolated from PT-45 tumors
(N = 2), evaluating the expression of pro-
liferation (Ki-67) and activation (CD25,
CD69, and PD-1) markers. hTERT-trans-
genic T cells were isolated from PT-45
tumors of mice treated with hTERT865–
873 TCR-transgenic CD8+ T cells alone (n =
26) or in combination with neutralizing αARG1 (n = 28) or IgG1 isotype control (n = 26). The data are presented as means ± SEM. One-way ANOVA, multiple comparisons,
and Tukey’s post hoc correction. *P = 0.0292, **P = 0.0028, and ****P = 0.0001. (E) Quantified FACS analysis of CD8+PD-1+ cells in tumor tissue homogenates ex vivo,
derived from naïve-treatment patients with PDAC (n = 21), cultured for 24 hours with either nivo + ipi, nivo + ipi + αARG1, αARG1, isotype IgG1 control, or left untreated.
The data are presented as means ± SEM. Paired, two-tailed, Student’s t test. (F) Quantification by ELISA of IFN-γ and IL-2 secreted in the SNs of cells treated for 24 hours as
in (C). The data are presented as means ± SEM. One-way ANOVA, multiple comparisons, and Tukey’s post hoc correction.
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ipi + αARG1 treatment resulted in a decrease in the amount of
CD8+ T cells expressing PD-1, which was paralleled by an increase
in IFN-γ and IL-2 release (Fig. 5F). These effects were independent
of the percentage of leucocyte subsets because these subsets were
unaltered among the various treatment groups (fig. S11B). These
data suggest that harnessing ARG1 activity in PDAC might
enhance the efficacy of nivo + ipi therapy, currently confined to a
minority of patients (6).

DISCUSSION
Tumors have long been known to consume glucose and other nu-
trients to grow and proliferate (64), making their microenvironment
metabolically deprived and restrictive for infiltrating immune cells.
This is true particularly for antitumor-specific T cells, which neces-
sitate L-Arg to sustain their activation and functions (19, 65). In
humans, PMNs are the main source of ARG1, one of the few
amino acid–metabolizing enzymes whose activity is linked to the
control of immune responses (66). Profound differences in the
ARG1 biology and compartmentalization between humans and
rodents raised questions of whether the two analogs act similarly
and how the enzyme can efficiently work in the extracellular envi-
ronment at pH 7.4. hARG1, freed upon PMN cell death, was shown
to suppress natural killer cell proliferation (67). However, the fate of
ARG1 upon PMN degranulation and its impact on restraining
human antitumor T cell response are still unknown. Degranulation
involves the fusion of granules with the plasma membrane and the
release of factors into the extracellular space. The tertiary granules,
where ARG1 resides, lack the soluble N-ethylmaleimide–sensitive
factor attachment protein receptors that would direct them to fuse
with the plasma membrane (68). Therefore, the content of these
granules is either deployed inside the phagosome or released extra-
cellularly through the formation of NETs. Confocal analysis of ac-
tivated PMNs revealed a controlled release of granules’ ARG1 that
in part localized along the ordered web-like stranded chromatin.We
demonstrated that ARG1 in NETs is endowed with an enzymatic
proficiency at physiological pH, which we assessed in terms of
both downstream ornithine production and immunosuppressive
activity toward activated T cells. We also addressed the mechanisms
controlling enzymatic activation and identified a biochemical
pathway in NET-associated ARG1. Our findings support a scenario
in which NETs form stable, enzymatically active aggregates preclud-
ing the spread of these enzymes into surrounding normal tissue but
allowing them to affect the concentration of nutrients, metabolites,
and other mediators. ARG1 in NETs could rapidly decrease the
local concentrations of L-Arg to a threshold sufficient to arrest ef-
fector T cell functions, similarly to an antimicrobial response. The
mechanistic foundation for the enzyme cleavage and activation
relies on the close physical interaction between CTSS and ARG1.
The appearance of ARG1 high–molecular weight bands at late
time points of NET assembly suggests a situation in which products
of the cleavage or uncut full-length protein assemble into molecular
complexes that are thermodynamically favored and stable, as sug-
gested by the higher catalytic activity.

Recent studies have suggested that NETs are associated with
cancer cell awakening and metastatic spread in mouse models (33,
69). However, the NET presence in human cancers, their role, con-
tribution to treatment response, and efficacy remain largely
unknown. Because of hARG1’s unique species-specific biology, it

is necessary to reconsider its targeting and better investigate the
findings from current inhibitors. We showed that classical ARG1
inhibitors have no effect on the cleaved form of ARG1, which was
in contrast to hARG1 mAbs. Although small-molecule ARG1 in-
hibitors are being tested in phase 1 clinical trials, several issues
argue that this approach might be biased because of the majority
of experiments being performed preclinically in mouse models.
As a side effect, small-molecule inhibitors can affect the urea
cycle in the liver, causing hyperammonemia, with unpredictable
results on the overall antitumor immune response. Moreover, as
shown in this manuscript, the current ARG1 inhibitors are not
active on hARG1-cleaved forms or high–molecular weight com-
plexes derived from them. The simple explanation is that they
were designed and synthesized on the basis of the knowledge ac-
quired, over several decades, on the full-length enzyme. In this sce-
nario, the availability of cleaved forms might offer a simple in vitro
substrate to screen and identify novel, effective, and specific
inhibitors.

Ab-based therapeutics against cancer are highly successful in the
clinic and currently enjoy unprecedented recognition for their po-
tential. Current Ab drugs have fewer adverse effects because of their
high specificity. As a result, therapeutic Abs have emerged as the
predominant class of new drugs developed in recent years. In this
regard, targeting hARG1 using a neutralizing Ab acting on extracel-
lular and active forms of hARG1 is expected to be effective and safer
than a total inhibition of arginases by small molecules. Our mAb
was shown to be specific for the hARG1 isoform, with a high
binding affinity, and was capable of neutralizing ARG1 activity in
a dose-dependent manner. Moreover, our data suggest that the
mAb clone 1.10 recognizes, binds, and neutralizes not only the
full-length but also the ARG1 cleaved forms, indicating a broader
effect on ARG1-mediated immunosuppression. In humanized
mouse models of cancers, which represent models of either immu-
notherapy responsiveness, such as SK-MEL-5 melanoma, or resis-
tance, such as PT-45 PDAC, we found that ARG1 neutralization in
combination with ACT enhanced the persistence of tumor-specific
T cells inside the tumor and boosted their functional activity. These
data could help pave the way to translation of the combination
therapy to the clinic, as indicated by the efficacy of αARG1 and
nivo + ipi.

There are limitations to this study, and further work is needed
before a first-in-human clinical trial. First, fully human mAbs to
hARG1 are needed. Second, we cannot specifically detect the
ARG1 cleaved forms in the sera of patients with PDAC. The
absence of Abs specifically recognizing hARG1 cleaved forms
limits the ability to understand their contribution to immunosup-
pression and target them for combination immunotherapy.
However, the ARG1 enzyme activity at pH 7.4 is increased in
those with PDAC compared with HDs. Because this increase is
linked to the presence of cleaved forms, we can reasonably argue
that ARG1 is cleaved and circulating in the patients’ sera. Moreover,
we do not have evidence to claim unequivocally that CTSS cleaves
ARG1 in PDAC sera. These issues will be addressed in future exper-
iments. Third, the reconstitution of the human immune system
with engrafted CD34+ human precursors in NOG mice is far
from being complete. The presence of defective key lymphoid
organs, like the thymus and the spleen, negatively affects the
overall repertoire of human endogenous T cell clones and their af-
finity. The lack of these functional organs could explain why it is
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difficult to observe enduring tumor regression, as seen in inbred im-
munocompetent mice.

Improvement in treatments for patients with PDAC is urgent,
because they have a very dismal prognosis. PDAC tumors show a
remarkable resistance to immunotherapy, including vaccination,
adoptive T cell therapy, and immune checkpoint blockade. This
likely reflects multiple mechanisms, among which a TME heavily
infiltrated by immunosuppressive cells and a dense stroma are the
most relevant. Neutrophils andmacrophages are the most abundant
immune cell type within the TME and are associated with poor clin-
ical prognosis because of their immunosuppressive properties and
roles in sustaining therapeutic resistance. Whereas different strate-
gies have been set and are currently being investigated in clinical
trials, a limited number of therapies targeting neutrophils, both as
a number and as a function, have been developed so far. Here, we
showed that LDNs and NDNs from patients release NETs as a result
of their constitutive activation that might be contributed by the high
serum levels of IL-8 and TNF-α. Furthermore, recent findings im-
plicated high IL-8 as correlated with poor outcome in patients with
cancer and reduced clinical benefits of ICI-based therapy (49). In
NETs, we found that ARG1 is present in different molecular
forms that contribute to ARG1 gain of function at physiological
pH. The presence of ARG1 active in the blood at physiological
pH might be a marker for patients’ stratification and prognosis
during disease follow-up. Our studies also support the option to
block CTSS with an antagonistic Ab, especially in tumors where
this enzyme is present at higher amounts like colorectal carcinomas
(70). In conclusion, our data describe a novel pathway to generate
hARG1 active forms whose negative impact on the immune re-
sponse can be targeted by αARG1 mAb. These findings support
the use of αARG1 mAbs, in combination with immunotherapy, as
potential treatment for PDAC and warranting further exploration in
patients with solid cancer.

MATERIALS AND METHODS
Study design
The overall objectives were to define human ARG1 biology, its
mechanisms of action in human neutrophils and NETs, and its
role in driving the immunosuppression in patients with PDAC
cancer and to develop a targeting strategy and assess the efficacy
of such therapy in combination with immunotherapy in humanized
mouse models of melanoma and PDAC. The clinical characteristics
and the numbers of the patients and HDs are listed in Table 1. Pa-
tients’ eligibility criteria are indicated inMaterials andMethods. Pa-
tients’ selection was not randomized or blinded. Blood samples
were processed immediately to isolate neutrophils. Neutrophils
and NETs were evaluated by flow cytometry, proteomic, biochem-
ical, and imaging assays. Tumor tissues from patients with PDAC
were collected upon written informed consent and mechanically di-
gested upon receipt. CD45+ cells were isolated, cultured with specif-
ic Abs, and analyzed by flow cytometry and enzyme-linked
immunosorbent assay (ELISA).

NOG mice were sublethally irradiated and engrafted with
human CD34+ cells. Mice with a humanization amount of or
above 25 to 30% engraftment were randomly distributed among
the different experimental groups. All analyses were performed in
a blinded manner with regard to treatment. Mice were treated as
here in Material and Methods. To estimate the sample size, we

followed several parameters such as size effect, variability, and
power. The experiments were performed twice. For each in vivo
animal studies, we performed pilot studies to define the feasibility
and determine the number of animals required per group in order
to observe an effect.

Human samples
PB samples, tumor tissues, and sera were collected from patients
with stages III and IV PDAC, admitted at the Unit of General
and Pancreatic Surgery of the Azienda Ospedaliera Universitaria In-
tegrata of Verona before surgical resection, or HDs. Clinical patho-
logic features of patients and HD are reported in Table 1. No patient
had a prior history of cancer or was undergoing therapy at the time
of sample collection. All patients were over 18 years old.

Informed consent was obtained from all participants, and the
study was approved by the Ethics Committee: for the use of
PDAC and HD PBMCs, Prot. 25978, Prog. 2172 on 29 May 2012
principal investigator A. Scarpa; for the use of PBMCs isolated
from buffy coats or PB of HDs Prot. 24114 on 16May 2017 principal
investigator V. Bronte.

Isolation of human PBMCs and PMNs
PB from patients with PDAC was collected in EDTA-coated tubes
and layered on top of Ficoll-Paque plus (17-1440-03, GE Health-
care) to obtain the PBMC and red blood cell (RBC) fractions.
Upon stratification, cells were spun at 400g for 30 min at room tem-
perature, and brake was turned off. The PBMC fraction was collect-
ed, washed three times with phosphate-buffered saline (PBS), and
then cells were counted. LDNs were isolated from PBMCs by the
sequential addition of CD66b–fluorescein isothiocyanate (FITC)
Ab (555724, BD Biosciences) and microbeads anti-FITC (130-
048-701, Miltenyi Biotec) following the manufacturer’s instruc-
tions. NDNs were isolated from the RBC layer by dextran density
gradient (31392, Sigma-Aldrich), and after 20-min incubation at
25°C, the upper layer was collected. The cells were spun at 200g
for 5 min at 25°C, and then the remaining contaminant RBCs
were lysed with 4 ml of 0.2% NaCl solution (30 s, 25°C), followed
by the addition of 9 ml of 1.2% of NaCl solution. PMNs from HDs
were plated and stimulated with ionomycin calcium salt (5 μM;
10634-5MG, Sigma-Aldrich) for 30 min or 2 hours. At the end of
the stimulation, NET-enriched SNs and cells were collected and
used for downstream assays. The NDNs were isolated by CD66b-
Ab as LDNs. Isolated cells from patients with PDAC were plated
for 12 hours without stimulation, and then NET-enriched SNs,
SNs containing free ARG1, and cells were collected and used for
downstream assays. Samples with purity, evaluated by FACS analy-
sis, greater than 95% were assessed in the functional assay.

Mice
NOG mice and Balb/c mice were purchased from Taconic Biosci-
ences. All mice were maintained under specific pathogen–free con-
ditions in the animal facility of the University of Verona. Animal
experiments were performed according to national (protocol
number 12722 approved by the Ministerial Decree Number 14/
2012-B of 18 January 2012 and protocol number BR15/08 approved
by the Ministerial Decree Number 925/2015-PR of 28 August 2015)
and European laws and regulations. All animal experiments were
approved by Verona University Ethical Committee (https://univr.
it/it/cirsal) and conducted according to the guidelines of Federation
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of European Laboratory Animal Science Association. In each
animal experiment, both sexes were used, and mice were randomly
assigned to each group. For the humanization experiments, NOG
mice older than 4 weeks were not eligible for receiving hCD34+
cells (exclusion criteria).

Systemic treatment of humanized mice with hTERT865–873
TCR–engineered T cells
Ten weeks after AAV9 transfer, human immune–reconstituted
(HIR) mice were inoculated subcutaneously with 106 SK-MEL-5
or PT-45 cell lines. When the tumor reached 200 mm3, the treat-
ments started [V (mm3) = (d2 x D)/2, where d (mm) and D (mm)
are the smallest and largest perpendicular tumor diameters, respec-
tively, as assessed by caliper measurement]. hTERT865–873 TCR–en-
gineered T cells (2.5 × 106) were injected intravenously every 5 days
for the first two injections and then once a week for the last two
injections. The Ab αARG1 clone 1.10 followed the same scheme
of injection of hTERT865–873 TCR–engineered T cells except that
it was administered 2 days in advance. The mAb generation is de-
scribed in the Supplementary Materials and Methods and includes
figs. S12 and S13 and tables S1 to S3. At the same time of the adop-
tive T cell transfer, IL-2 (20 IU/ml) was injected intraperitoneally
(Novartis), and then IL-2 was given every other day. The day
before hTERT865–873 TCR–engineered T cell injection, the mice re-
ceived αARG1 clone 1.10 or IgG1 isotype control (20 mg/kg) intra-
peritoneally. Two days after the last hTERT865–873 TCR–engineered
T cell injection, the mice were euthanized, and organs (spleen,
lymph nodes, tumor, and bone marrow) were collected and ana-
lyzed by flow cytometry and IF. Some mice received hTERT865–
873TCR–engineered T cells only or in combination with αARG1
clone 1.10 or IgG1 isotype control. Some mice were left untreated.

Systemic treatment of humanized mice with checkpoint
inhibitors
HIR mice were inoculated at week 8 from CD34+ engraftment, with
106 SK-MEL-5 melanoma cells. When the tumor reached 200 mm3,
some mice received a combination of nivolumab (10 mg/kg ip;
Opdivo, Bristol Mayers Squibb) and ipilimumab (5 mg/kg ip;
Yervoy, Bristol Mayers Squibb) every 5 days [doses and schedule
were adapted from (71)]. Some mice received αARG1 clone 1.10
(20 mg/kg) intraperitoneally alone or in combination with nivolu-
mab and ipilimumab.

Proliferation assay
For samples derived from HDs, 5 × 105 PMNs resuspended in L-
Arg–free complete RPMI 1640 (06-1100-07-1A, Biological Indus-
tries) were seeded in 24-well plates, and they were stimulated with
ionomycin calcium salt (5 μM; 10634-5MG, Sigma-Aldrich) for
30 min or 2 hours, and at the end of the stimulation, NET-enriched
SNs were collected. Alternatively, from PDAC-derived samples, 2 ×
105 to 5 × 105 NDN CD66b+ or LDN CD66b+, resuspended in L-
Arg–free complete RPMI, were seeded in 24-well plates, and after
12 hours, NET-enriched SNs were collected. CellTrace-labeled
PBMCs (4 × 104 to 8 × 104) were resuspended in the appropriate
NET-enriched SNs according to the experiment and were stimulat-
ed with coated anti-CD3 (clone: OKT-3, 16-0037-81, Thermo
Fisher Scientific) and soluble anti-CD28 (clone: CD28.2, 16-0289-
81, Thermo Fisher Scientific). One hundred fifty micromolar L-Arg
(Sigma-Aldrich) was also added in the culture. According to each

experiment, inhibitors or Abs were added: αARG1 clone 1.10,
isotype IgG1 (150 μg/ml), nor-NOHA (30 ng/ml; 399275, Calbio-
chem), BEC (10.5 ng/ml; 197900, Calbiochem), and rhARG1 (5 ng/
ml). For the PDAC samples, the functional assay was performed by
adding 200 μl of serum instead of L-Arg–free complete RPMI. As
positive control, we used PMBCs stimulated with bound anti-
CD3 and soluble anti-CD28 Abs. As negative control, we used
(resting) PBMCs in RPMI L-Arg–free media, in which we added
150 μM L-Arg. At the end of the culture, cells were stained with
anti–CD3-phycoerythrin-cyanine 7 (clone: UCHT1, 25-0038-42,
Thermo Fisher Scientific), proliferating T cells were acquired, and
data were analyzed with FlowJo Software (Tree Star Inc., Ashland).

NET formation and quantification
NETs were isolated from neutrophils derived both from patients
with PDAC and HDs. PMNs were plated at 1 × 106/ml, and
PMNs derived from HDs were stimulated with ionomycin
calcium salt (5 μM; 10634, Sigma-Aldrich) for 30 min or 2 hours
at 37°C. At the end of the stimulation, NET-enriched SNs were col-
lected. Briefly, SN was removed and kept for analysis and NETs
adhered at the bottom of the plate were detached and centrifuged
at 1000g at 4°C for 10 min. The cell-free SN containing NETs
(DNA-protein complex) was collected. DNA content was quanti-
fied using NanoDrop ONE (13400518, Thermo Fisher Scientific).
Pelleted cells were washed with 2 mM PBS-EDTA and used in
some experiments.

NET quantification by DNA-MPO complex ELISA
NETs were quantified following the protocol published by Veras
et al. (72). Briefly, 96-well plates were coated with the anti-MPO
Ab (PA5-16672, Thermo Fisher Scientific) overnight at 4°C and
then blocked with 1% bovine serum albumin. Samples containing
NETs were incubated for 2 hours at 25°C with gentle shaking (320
rpm). The complex of DNA-MPOwas quantified with the Quant-iT
PicoGreen kit (P11496, Thermo Fisher Scientific) according to the
manufacturer’s instructions.

Statistical analyses
Statistical analyses were performed using GraphPad Prism 8
(GraphPad Software). The data are presented either as mean ± SEM
or mean ± SD. Statistical comparisons were performed using two-
way analysis of variance (ANOVA), one-way ANOVA, Student’s
t test, and log-rank test. Tukey’s post hoc correction method was
used whenmultiple comparisons were performed. P < 0.05 was con-
sidered statistically significant. Parametric tests were used upon
normality check. GraphPad uses the traditional α = 0.05 cutoff to
answer the question of whether the data passed the normality test.

Supplementary Materials
This PDF file includes:
Materials and Methods
Figs. S1 to S13
Tables S1 to S3

Other Supplementary Material for this
manuscript includes the following:
Data files S1 and S2
MDAR Reproducibility Checklist
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View/request a protocol for this paper from Bio-protocol.
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