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Arginase is a complex andunique enzyme that plays diverse roles
in health and disease. By metabolizing arginine, it can shape the
outcome of innate and adaptive immune responses. The immu-
nomodulatory capabilities of arginase could potentially be
applied for local immunosuppression or induction of immune
tolerance. With the use of an enhanced DNA delivery approach,
we designed and studied a DNA-encoded secretable arginase
enzyme as a tool for immune modulation and evaluated its
immunomodulatory function in vivo. Strong immunosuppres-
sion of cluster of differentiation 4 (CD4) and CD8 T cells, as
well as macrophages and dendritic cells, was observed in vitro
in the presence of an arginase-rich supernatant. To further eval-
uate the efficacy of DNA-encoded arginase on in vivo immuno-
suppression against an antigen, a cancer antigen vaccine model
was used in the presence or absence of DNA-encoded arginase.
Significant in vivo immunosuppressionwas observed in the pres-
ence of DNA-encoded arginase. The efficacy of this DNA-en-
coded arginase delivery was examined in a local, imiquimod-
induced, psoriasis-like, skin-inflammation model. Pretreatment
of animals with the synthetic DNA-encoded arginase led to sig-
nificant decreases in skin acanthosis, proinflammatory cyto-
kines, and costimulatory molecules in extracted macrophages
and dendritic cells. These results draw attention to the potential
of direct in vivo-delivered arginase to function as an immuno-
modulatory agent for treatment of local inflammation or auto-
immune diseases.
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INTRODUCTION
The arginine metabolism has emerged as a critical regulator of innate
and adaptive immune responses. Arginine metabolism plays a major
role in the function of immune cells, such as T cells, macrophages,
monocytes, dendritic cells, polymorphonuclear cells, and myeloid-
derived suppressor cells (MDSCs).1,2 Mammals have two isoforms of
arginase enzyme: arginase I and II.3–5 Arginase I is located in the hepa-
tocytes, where it functions in the urea cycle by converting arginine to
urea and ornithine. Arginase II is extrahepatic with primary expression
in kidney and prostate, where it regulates intracellular arginine/orni-
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thine levels. There are two enzymes that compete for the common sub-
strate arginine: arginase and nitric oxide synthetase (NOS). Dysregu-
lated activity of these two enzymes can be detrimental to human
health. Excessive arginase activity has been observed in hypertension,
diabetes, Alzheimer’s disease, stroke, and other diseases.6–8 However,
there are many beneficial effects of arginase. Arginase I expression
has been associated with tissue regeneration. Ornithine, the product
of argininemetabolism, is a precursor of polyamines and proline, which
promote tissue regeneration by increasing collagen synthesis and
proliferation.9

Alternatively activated (M2) macrophages and tolerogenic dendritic
cells have been reported to overexpress arginase, which in turn, pro-
motes immunosuppression. Classically activated (M1) and M2 mac-
rophages can be characterized by their metabolism of arginine. M1
macrophages express nitric oxide synthetase, whereas the M2 macro-
phages express arginase.10 Pesce et al.11 showed that arginase I-ex-
pressing macrophages suppressed T helper 2 (Th2)-dependent
inflammation and fibrosis. The immunosuppression mechanism
was independent of interleukin 10 (IL-10) or transforming growth
factor b1 (TGF-b1) but the result of arginine depletion leading to sup-
pression of cluster of differentiation 4+ (CD4+) T cell proliferation
and cytokine production.11 L-arginine availability is known to regu-
late T cell-cycle progression. L-arginine starvation impairs expression
of cyclin D3 and cdk4, leading to cell-cycle arrest. Addition of exog-
enous arginine was able to completely recover T cell proliferation.12

Downregulation of L-argininemetabolism in dendritic cells leads to in-
duction of immune tolerance to the exogenous antigens. Simioni et al.13

showed that treatment of bone marrow-derived dendritic cells
(BMDCs) with inhibitors of arginase led to increased CD80 and
CD86 costimulatory molecules in dendritic cells. Adoptive transfer of
mber 2020 ª 2020 The Authors.
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BMDCs treated with arginase inhibitors led to modulation of the im-
mune response bymimicking the function of tolerogenic dendritic cells
in immunized BALB/cmice.13 Arginase enzyme could play a therapeu-
tic role for autoimmune diseases. Yang et al.14 reported that the natural
polyamine, spermidine, can alleviate experimental autoimmune
encephalomyelitis (EAE) by inducing inhibitory macrophages. They
found that spermidine upregulates expression of arginase I in macro-
phages, which subsequently plays a therapeutic role inEAE.14Arginase,
through its immunomodulatory properties, could potentially play an
important therapeutic role for inflammatory and autoimmune diseases.

One promising method of DNA-encoded therapeutic delivery is the
adaptive in vivo electroporation (EP) platform. Here, an in vivo EP de-
vice is used to induce low-voltage electropermeabilization to efficiently
deliver the plasmid DNA to the target tissue, such as skeletal muscle or
skin. The protein expression has been found to last from weeks to
months depending on the dose, number of administrations, and type
of protein delivered. There are a number of advantages to using a
DNA-encoded therapeutic expression system, such as cost effective-
ness, ease of manipulation, stability, lack of anti-vector response after
repeat treatments, reduced number of administrations, and no need
for cold-chain distribution.15–17 The cost effectiveness of this technol-
ogy could also alleviate disparity across economic and raciallydisadvan-
taged groups who cannot afford the high cost of protein-based
therapeutics.

Here, we developed a DNA-encoded secretable murine arginase and
evaluated its immunomodulatory roles in vitro and in vivo. The
immunosuppressive potential of DNA-encoded arginase was evalu-
ated in human CD4 and CD8 T cells, as well as mouse BMDCs and
macrophages. Marked immunosuppression was observed in T cells,
dendritic cells, and macrophages. Further evaluation of the utility
of DNA-encoded arginase on in vivo immunosuppression in mice
showed significant decreases in interferon g (IFN-g)-secreting cells,
as well as decreases in activated CD8 T cells. An imiquimod-induced,
psoriasis-like, skin-inflammation model was used to evaluate the effi-
cacy of DNA-encoded arginase in local inflammation. Significant de-
creases in local inflammatory cytokines and costimulatory molecules
in dendritic cells and macrophages were observed. These results
demonstrate the potential of synthetic DNA-encoded arginase as an
immunomodulatory agent for potential treatment of local inflamma-
tion or autoimmune diseases.

RESULTS
In Vitro Expression and Functional Activity of DNA-Encoded

Arginase

DNA-encoding enzyme plasmid was designed to encode secretable
murine arginase enzyme. The highly efficient immunoglobulin E
(IgE) leader sequence was inserted on the 50 end of the arginase
sequence. The transgene was subcloned into the corresponding restric-
tion enzyme site in the pVax-1 mammalian expression vector (Fig-
ure 1A). The secretable murine arginase plasmid was used to metabo-
lize L-arginine to L-ornithine and urea (Figure 1B). The production of
enzymes was confirmed in vitro through the transient transfection of
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293T cells. Western blot analysis (Figure 1C) was performed cellular
supernatant from 293T cells transfected with secretable arginase plas-
mids. A band near the 38-kDamarker, corresponding to the monomer
of the arginase enzyme (34.8 kDa subunit), was observed with the
denaturing western blot under reducing conditions. The expression
of arginase was also validated by immunofluorescence microscopy
(Figure 1D) in 293T cells, and staining with anti-murine arginase
(mArginase) antibodies. Strong arginase expression was observed at
48 h post-transfection with the arginase-transfected cells, with no
expression observed in the pVax-1 control-transfected cells. The argi-
nase enzyme activity (Figure 1E) was measured using the Quanti-
Chrom Arginase Assay on supernatant samples of transfected 293T
cells. Significantly higher enzyme activity was observed at 24 h, 48 h,
and 72 h post-transfection in the arginase-transfected cells when
compared to pVax-1-transfected cells, with a high of around
135.7 U/L at 72 h.

Immunosuppressive Capability of DNA-Encoded Arginase

Enzyme on T Cells, Macrophages, and Dendritic Cells In Vitro

In vitro T cell suppression by arginase was evaluated on human T cells
by staining with CellTrace carboxyfluorescein diacetate succinimidyl
ester (CSFE) staining solution, followed by incubation with the hu-
man CD3/CD28 T cell activator and IL-2 for 96 h. Flow cytometry
was performed analyzing the proliferation rate of CSFE-labeled
CD8 and CD4 T cells (Figures 2A and 2B). A different percentage
of arginase-rich supernatant from 293T-transfected cells was used,
including T cells in RPMI media as the control. Drastic suppression
of both CD4 and CD8 T cell proliferation was observed with
increasing the arginase concentration. The proliferation indexes (Fig-
ures 2C and 2D) for both CD4 and CD8 T cells were the lowest with
100% arginase-rich supernatants, reaching near-complete suppres-
sion of proliferation. The enzyme activity of the 100% arginase-rich
supernatant was confirmed using an arginase enzyme activity assay,
reaching around 96.3 U/L.

To further investigate effects of DNA-encoded arginase on the func-
tional activity of immune cells, we generated BMDCs (Figures 2F–
2H) and macrophages (Figures 2I–2K) and incubated them with su-
pernatants from various percentages of arginase-transfected 293T cells.
96 h post-incubation, the cells were evaluated by flow cytometry and
the electrochemiluminescence Meso Scale Discovery (MSD) proin-
flammatory detection multiplex assay. The flow cytometry data gated
for dendritic cells, as well as the macrophages, demonstrated a dose-
dependent decrease in the costimulatory molecules CD80 and CD86.
The greatest decrease in costimulatory molecules was observed with
the 100% arginase-enriched supernatant. The cytokines in the super-
natants from the BMDCs and macrophages were analyzed using
MSD electrochemiluminescence, with IL-6 and tumor necrosis factor
a (TNF-a) showing significant dose-dependent decreases.

Molecular Pathways Underlying Changes in Dendritic Cells

Following Treatment with DNA-Encoded Arginase

To study the changes in the molecular pathway of dendritic cells after
incubation with arginase, normal human dendritic cells (Lonza) were
rapy: Methods & Clinical Development Vol. 18 September 2020 653
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Figure 1. In Vitro Characterization of DNA-Encoded Murine Arginase

(A) Illustration of a secretable murine arginase (Arg.) I transgene with an IgE leader sequence incorporated in the pVax-1 mammalian vector. (B) Schematic of the Arg.

metabolism by Arg. enzyme. (C) Denaturing western blot of supernatants from Arg.- or pVax-1-transfected cells. Lanes: 1, pVax-1 supernatant (sup.) 24 h; 2, pVax-1 sup. 48

h; 3, pVax-1 sup. 72 h; 4, Arg. sup. 24 h; 5, Arg. sup. 48 h; and 6, Arg. sup. 72 h. (D) Arg. enzyme activity assay performed on the supernatant from Arg.-transfected 293T cells

at different time points. (E) Immunofluorescence staining of 293T cells transfected with murine Arg. plasmids. Cells were fixed 48 h after transfection. Cells were stained with

anti-mouse Arg. primary antibody, anti-rabbit IgG-FITC, and DAPI nuclear stain. pVax-1-transfected cells were used as a negative control. Data are expressed as ±SEM (n =

3). Statistical differences were measured using one-way ANOVA test (*p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant).
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cultured in vitro in the presence of IL-4 and granulocyte macrophage
colony-stimulating factor (GM-CSF) for 4 days, followed by incuba-
tion for 48 h with or without the arginase-rich supernatant from
293T-transfected cells. Cells were harvested and analyzed for their
mRNA expression profile using Nanostring nCounter Human Immu-
nology Panel (Figure 3). Hierarchical clustering (Figure 3A) showed
significant changes in mRNA profiles of dendritic cells between the
pVax-1 control supernatant and arginase-rich supernatant. All of
the arginase-rich supernatant-treated dendritic cell replicates clus-
tered together showing similar changes in gene expression, as
compared to the pVax-1 control-treated cells that clustered apart.
As shown in the volcano plots (Figure 3B) comparing dendritic cells
treated with the arginase-rich supernatant versus pVax-1 control su-
pernatant, the genes that were significantly upregulated in the gluta-
mine synthetase-treated groups were FN1, CLEC5A, TNFSF13B,
CD14, CCL24, CCR1, CAMP, IFITM1, IFIT2, and FCGR2A/C.
Fibronectin 1 (FN1) is involved in cell migration, adhesion, and
growth. In a paper by Nikolic et al.18, studying the differential tran-
scriptome between tolerogenic versus inflammatory dendritic cells,
FN1 was among one of the genes found to be higher in expression
in tolerogenic dendritic cells. Other genes, such as CLEC5A, are a
C-type lectin expressed by myeloid lineage cells. CAMP and CD14
genes have also been found to be upregulated in vitamin D3 or dexa-
methasone-tolerized dendritic cells, respectively. Most other genes
654 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
were involved in chemotaxis or inflammatory responses. Genes that
were significantly downregulated in the arginase-treated dendritic
cells include ABCB1, AIRE, and C1S. ABCB1 is a transporter protein
involved in dendritic cell migration. AIRE overexpression in dendritic
cells has been reported to be involved in peripheral tolerance; howev-
er, a reduction was observed here. Overall, no activation of key tolero-
genic pathways was detected in dendritic cells following treatment
with the arginase-rich supernatant. It is possible that other pathways
could be involved in suppressing the dendritic cells’ immune response
observed.

Expression Kinetics and Sustainability of DNA-Encoded

Arginase Enzyme In Vivo

Intramuscular expression of DNA-encoded secreted arginase was
evaluated in 6- to 8-week-old female C57BL/6 mice. Enzyme expres-
sion was confirmed by immunohistochemistry in the mouse muscle
tissue of the treated mice. As shown in Figure 4A, immunostaining
with anti-mouse arginase antibody-horseradish peroxidase (HRP)
indicated positive browning in the mouse tibialis anterior muscle sec-
tion of the DNA-encoded arginase-treated group, as compared to no
browning in the control pVax-1 group. Duration of arginase enzyme
in the serum of DNA-electroporated versus intravenously adminis-
tered enzyme was analyzed. Intravenously administered recombinant
murine arginase enzyme (1 mg/kg dose) cleared from circulation very
mber 2020



Figure 2. Evaluation of DNA-Encoded Arg. on Immunosuppression In Vitro

(A and B) In vitro T cell suppression by Arg. was evaluated on human T cells by staining with CellTrace CSFE staining solution, followed by incubation with human CD3/CD28

T cell activator and IL-2 for 96 h in the presence or absence of the Arg.-rich supernatant. Flow cytometry was performed analyzing the proliferation rate of CSFE-labeled CD8

(A) and CD4 (B) T cells. (C and D) Representative proliferation indexes for human (C) CD8 and (D) CD4 T cells treated with different percentages of Arg.-rich supernatants. (E)

Arg. enzyme activity in RPMI media and supernatant samples from pVax-1- or Arg.-transfected 293T cells. A different percentage of Arg.-enriched supernatant represents

the percent mixture of the Arg.-enriched supernatant with RPMI media. (F–H) Evaluation of (F) costimulatory molecules and (G and H) proinflammatory cytokines in bone

marrow-derived dendritic cells (BMDCs) treated with Arg. BMDCs were generated by culturing wild-typemouse bonemarrow for 8 days with 20 ng/mL GM-CSF, followed by

reculturing in 24-well plates for 48 h in the presence or absence of Arg.-enriched supernatants. BMDC gated for CD11c and MHCII and costimulatory molecules CD80 and

CD86. MSD electrochemiluminescence analysis of (G) IL-6 and (H) TNF-a levels was performed on supernatants, after 48 h incubation with Arg.-enriched supernatants. (I–K)

Evaluation of (I) costimulatory molecules and (J and K) proinflammatory cytokines in macrophages treated with Arg. Macrophages were generated by culturing wild-type

mouse bone marrow for 8 days with 20 ng/mL M-CSF, followed by reculturing in 24-well plates for 48 h in the presence or absence of Arg.-enriched supernatants.

Macrophages were gated for F4/80 and CD11b and costimulatory molecules CD80 and CD86. MSD electrochemiluminescence analysis of (J) IL-6 and (K) TNF-a levels in

supernatants, after 48h incubation with Arg.-enriched supernatants. Data are expressed as ±SEM (n = 3). Statistical differences were measured using one-way ANOVA tests

(*p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant).
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rapidly after 5 min following administration (Figure 4B). In contrast,
the duration of the enzyme in the plasma of the DNA-electroporated
group was significantly longer lasting. 200 mg of secretable arginase
plasmid DNA was injected intramuscularly into the tibialis anterior
muscle of 6- to 8-week-old female C57BL/6J mice, followed by intra-
muscular EP (i.m.-EP). Arginase enzyme activity assay was per-
formed on mouse serum samples taken periodically for 42 days.
Upon single intramuscular administration (Figure 4C) of the arginase
plasmid, the greatest enzyme activity in the serum was observed on
day 7, with gradual decrease afterward. Sequential administration
(Figure 4D) of the plasmids on days 0, 7, and 14, enabled longer dura-
Molecular The
tion of the enzymes up to day 42. This demonstrates the sustainability
of arginase expression over long periods using DNA EP. Sequential
administration led to further enhancement in durability of arginase
expression.

Induction of In Vivo Immunosuppression against TC1 Antigen

Using DNA-Encoded Arginase

In order to evaluate the potential of the DNA-encoded arginase at
in vivo immunosuppression against an antigen, we used a TC1
(lung cancer antigen) cancer vaccine model (Figure 5). The mice
were primed by EP of 20 mg TC1 plasmid with/without different doses
rapy: Methods & Clinical Development Vol. 18 September 2020 655
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Figure 3. Changes in mRNA Expression of Human

Dendritic Cells Treated with Arg.-Rich Supernatant

Normal human dendritic cells were cultured in vitro in the

presence of IL-4 and GM-CSF for 4 days, followed by in-

cubation for 48 h in the presence or absence of Arg.-rich

supernatant. Nanostring gene-expression analysis was

performed using profile using Nanostring nCounter Human

Immunology Panel. (A) Hierarchical clustering of differen-

tially expressed genes illustrating clustering of Arg.-en-

riched or pVax-1 control supernatant-treated human den-

dritic cells. (B) Volcano plots illustrating differentially

expressed genes comparing pVax-1 control versus Arg.-

enriched supernatant-treated human dendritic cells.
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of arginase plasmid (25 mg or 50 mg) on day 0, followed with two addi-
tional boosts on days 14 and 28, and harvested on day 35. Enzyme-
linked immune absorbent spot (ELISpot) analysis (Figure 5A) showed
immunosuppression against the TC1 antigen, with both 25 mg and
50 mg arginase plasmid doses. The in vivo immunosuppression was
confirmed by flow cytometry (Figures 5B–5D) with significant de-
creases in IFN-g, IL-2, and TNF-a CD8 T cells. The in vivo immuno-
suppression model was repeated with even lower arginase doses
(25 mg, 5 mg, 0.5 mg) to see if different doses would yield different
levels of immunosuppression. ELISpot analysis (Figure 5E) showed
that the 20-mg TC1 plasmid in combination with the 25-mg arginase
plasmid dose still demonstrated the highest immunosuppression. No
improvements in immunosuppression were achieved with doses
lower than 25 mg arginase. Flow cytometry analysis (Figures 5F–
5H) showed similar results, with the arginase plasmid showing
reductions in IFN-g, IL-2, and TNF-a CD8 T cells. Such an immuno-
suppression approach could potentially be very valuable in the devel-
opment of tolerogenic vaccines for reducing immune response to the
specific autoantigens for treatment of autoimmune diseases.

Skin Changes and Immunosuppressive Effects of DNA-Encoded

Arginase in an Imiquimod-Induced, Psoriasis-like, Skin-

Inflammation Model

In order to evaluate the efficacy of DNA-encoded arginase in a local
inflammation model, an imiquimod-induced, psoriasis-like, skin-
inflammation model was used. C57BL/6 mice back skin was treated
with 5% imiquimod cream daily for 6 days, followed by harvest and
analysis on day 7. DNA-encoded arginase was administered at
different doses (25 mg or 50 mg) at day �3, using intradermal EP
(ID-EP). Macroscopic views of the treated and untreated mouse
skin are shown in Figure 6A. Skin scaling was observed in all imiqui-
mod-treated mice skin samples, with or without DNA-encoded argi-
nase. Hematoxylin and eosin (H&E) staining was performed on har-
vested skin samples to determine microscopic changes to the skin.
Histological analysis (Figures 6B and 6C) showed significantly
decreasing acanthosis with the 25-mg and 50-mg arginase plasmid
doses. There was no epidermal thickening observed with the control
cream or EP alone. ID-EP of the arginase enzyme at two different
656 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
plasmid doses (25 mg and 50 mg dose) was performed to further inves-
tigate if arginase enzyme alone, without any imiquimod cream appli-
cation, had any role on epidermal proliferation. Histological analysis
showed no acanthosis on day 7 at all three plasmid doses.

Single-cell isolation was performed on harvested skin samples to
analyze the local dendritic cells and macrophages activation, as well
as the proinflammatory microenvironment in the treated and un-
treated groups. Flow cytometric analysis on dendritic cells (gated for
major histocompatibility complex II+ [MHCII+] andCD11c+) showed
reduced costimulatory molecules CD80 and CD86 with 25 mg and
50 mg arginase plasmid doses (Figures 7A–7D). Macrophages (gated
for F4/80+ and CD11b+) also showed a reduction in CD86 and
CD80 costimulatory molecules, primarily with the 50-mg arginase
plasmid dose (Figures 7E–7H). Both local macrophages and dendritic
cells in the treated groups have significantly reduced costimulatory
molecules. MSD electrochemiluminescence immunoassay was per-
formed on skin tissue lysate samples (Figure 8) analyzing cytokines
panel (TNF-a, IL-1b, IL-6, IL-10, IL-17A, IL-22, IL-23, and IFN-g).
Compared to the imiquimod cream alone, there was significant de-
creases in TNF-a, IL-6, and IL-17A. 25 mg and 50 mg arginase plasmid
doses showed decreases in proinflammatory cytokine levels. These re-
sults show significant immunosuppressive properties of DNA-en-
coded arginase in a local, skin-inflammation model.

DISCUSSION
Arginase is a complex enzyme that plays a major role in health and
disease. Metabolism of arginine by arginase can drastically alter the
function of many immune cells, shaping the innate and adaptive im-
mune responses. Arginine metabolism can modulate the function of
macrophages, dendritic cells, MDSCs, polymorphonuclear cells, and
T cells.1,2 M2 macrophages have been found to express arginase I,
which in turn, plays a role in dampening T cell effector responses.10

T cells undergo cell-cycle arrest with arginine starvation.12 Anti-tu-
mor responses can be inhibited by arginase-expressing immune cells
in the tumor microenvironment. Arginase I expression by tumor-
infiltrating regulatory dendritic cells has been reported to be one of
the key pathways in suppressing the CD8+ T cell anti-tumor
mber 2020



Figure 4. In Vivo Expression Analysis of DNA-Encoded Arg.

(A) Immunohistochemistry of Arg. using anti-mouse Arg. antibody for mouse muscle sections at Day 3. C57BL/6 mice were administered 150 mg of Arg. plasmid in the tibialis

anterior muscle. Scale bars, 100 mm. (B) Quantitative ELISA analysis of intravenous administration (1 mg/kg) of recombinant murine Arg. protein in C57BL/6 mice. (C and D)

Quantitative ELISA analysis of DNA-encoded Arg. following a (C) single or (D) sequential intramuscular injection of plasmids at days 0, 7, and 14 in C57BL/6 mice. Values

represent mean expression in each group (n = 5) ± SEM.
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response.19,20 Some have been using arginine starvation as a strategy
to directly kill tumor cells. Polyethylene glycol (PEG)ylated arginine
metabolizing enzymes and arginase I have been used as anti-cancer
treatment approaches for leukemia, melanoma, and hepatocellular
carcinoma. Arginase I has been found to induce cell-cycle arrest,
apoptosis, and autophagy in tumor cells.21–25

Arginine metabolism by the arginase enzyme can have major thera-
peutic implications in inflammatory and autoimmune diseases. To-
day’s pharmacotherapeutics for autoimmune disease have mainly
consisted of systemic immunosuppressives, which have brought
about unfortunate, adverse side effects and long-term risks to the pa-
tients and are not capable of achieving long-lasting disease remission.
Autoimmune diseases are generally caused by a break in tolerance of
self-antigens of a range of factors, such as environmental, infections
agents, or dietary factors. It is essential to re-establish tolerance to-
ward these autoantigens by means, such as the development of tolero-
genic vaccines or approaches capable of providing antigen-specific
immunosuppression. Arginase could potentially be used as a thera-
peutic approach for local inflammation or as an immunomodulatory
approach to re-establish tolerance toward the autoantigen for the
treatment of autoimmune disease.

Here, we developed a DNA-encoded, EP-enhanced, immunomodula-
tory-secretable arginase enzyme for potential use in treatment of local
inflammation or autoimmune disease. DNA-encoded secretable argi-
Molecular The
nase was evaluated for efficacy at immunosuppression. An in vitro
T cell proliferation study showed marked suppression of proliferation
in both CD4 and CD8 T cells, with increasing percentages of argi-
nase-rich supernatants. This corroborates with the studies on arginine
starvation and arginase produced from myeloid cells leading to T cell
suppression.

Further evaluation of DNA-encoded arginase in BMDCs and macro-
phages demonstrated decreases in CD80 and CD86 costimulatory
molecules, as well proinflammatory cytokines TNF-a and IL-6. A
TC1 cancer neoantigen vaccine model was used to determine if
DNA-encoded arginase was capable of immunosuppression against
an antigen. IFN-g ELISpot analysis showed dose-dependent de-
creases in IFN-g-secreting cells, as well as decreases in IL-2-, IFN-
g-, and TNF-a-positive CD8 T cells with flow cytometric analysis.
Such an immunosuppression approach could potentially have impli-
cations in the treatment of autoimmune disease.

In order to evaluate the effect of DNA-encoded arginase in a local
inflammation model, an imiquimod-induced, psoriasis-like, skin-
inflammationmodel was used. There are conflicting reports on the ef-
ficacy of arginase for treatment of psoriasis; some reported detri-
mental effects by reduction in nitric oxide synthetase activity leading
to reduced nitric oxide, which has been reported to be beneficial for
treatment of psoriasis. Others have emphasized the pathophysiolog-
ical role of proinflammatory cytokines in keratinocyte proliferation.
rapy: Methods & Clinical Development Vol. 18 September 2020 657
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Figure 5. Induction of In Vivo Immunosuppression against TC1 Cancer Antigen Using DNA-Encoded Arg.

C57BL/6 mice were immunized on day 0 with 20 mg TC1 antigen or control plasmids in the presence or absence of different doses of Arg. plasmids. Two boosts were

administered on days 14 and 28, with harvest on day 35. (A and E) IFN-g ELISpot assay was performed using (A) high doses or (E) low doses of DNA-encoded Arg.,

measuring for IFN-g-producing spot-forming units (SFUs) generated per 106 splenocytes. (B–D and F–H) Flow cytometry analysis of (B–D) high doses or (F–H) low doses of

DNA-encoded Arg. to determine the frequency of CD8+ T cells producing the cytokines (B and F) IFN-g, (C and G) IL-2, and (D and H) TNF-a. Data are expressed as ±SEM

(n = 5). Statistical differences were measured using one-way ANOVA test (*p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant).
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Here, we evaluated arginase for resolution of local inflammation and
not as a therapeutic for psoriasis. From our results, dendritic cells and
macrophages isolated from the mouse skin in the imiquimod and
arginase plasmid-treated groups showed significant decreases in
CD80 and CD86 costimulatory molecules. The MSD electrochemilu-
minescence proinflammatory panel of the harvest skin lysate showed
significant decreases in proinflammatory cytokines TNF-a, IL-6, and
IL-17A. Histological analysis showed decreases in the epidermal skin
proliferation at the 25-mg and 50-mg arginase plasmid doses. The
DNA-encoded arginase pretreatment led to significant decreases in
inflammation in the imiquimod-administered skin tissue.

The remarkable immunosuppressive capability of DNA-encoded
arginase on dendritic cells, macrophages, and T cells, including
immunosuppression against an antigen, highlights its therapeutic po-
tential for use in local inflammation and autoimmune diseases.
Through the EP-enhanced nucleic acid delivery platform, a DNA-en-
coded arginase combination with autoantigen could potentially be
used to induce autoantigen-specific immunosuppression. This
approach could potentially offer an alternative to provide long-last-
ing, autoantigen-specific immune tolerance and avoid or reduce the
dependence on systemic immunosuppressives.

MATERIALS AND METHODS
Cell Culture

Human embryonic kidney (HEK) 293T cells were cultured in Dulbec-
co’s modified Eagle’s medium (Life Technologies, Carlsbad, CA,
658 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
USA), supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 mg/mL streptomycin (Life Technologies, Carlsbad,
CA, USA).

Arginase Plasmid Design and Construction

A secretable murine arginase construct was designed and synthesized.
The murine arginase transgene bearing a highly efficient IgE leader
sequence on the 50 end to improve protein translation was synthesized
and subcloned into the corresponding restriction enzyme site in the
pVax-1 mammalian expression vector. Human cytomegalovirus
(CMV) immediate-early promoter in the pVax-1 vector drives the
expression of the arginase enzyme.

Transfection of Arginase Plasmids

HEK293T cells were transfected with arginase plasmids using Lipo-
fectamine LTX Reagent (Thermo Fisher Scientific, Waltham, MA,
USA) and following the manufacturer’s protocol. Briefly, cells were
seeded at a density of 5 � 105 cells/well in a 12-well plate and incu-
bated in a 37�C incubator with 5% CO2. Once cells reached 70%
confluence, they were transfected with 1 mg arginase plasmid and
incubated for a maximum of 72 h. Arginase enzyme expression and
activity following transfection were analyzed by an enzyme activity
assay, western blot, and immunofluorescence microscopy.

Western Blot, ELISA, and Enzyme Activity Analysis

Western blot analysis was performed on the cellular supernatant at
24 h, 48 h, and 72 h time points from 293T cells transfected with
mber 2020



Figure 6. Changes in the Skin of Mice Following Treatment with DNA-Encoded Arg. in an Imiquimod-Induced, Psoriasis-like, Skin-Inflammation Model

C57BL/6 mice back skin was treated with 5% imiquimod cream daily for 6 days, followed by harvest and analysis on day 7. DNA-encoded Arg. was administered at different

doses (25 mg or 50 mg) at day �3 using intradermal electroporation (ID-EP). (A) Macroscopic changes in the skin of the treated and untreated mice on day 7. (B and C)

Hematoxylin and eosin (H&E) staining (B) and the corresponding level of acanthosis (C) of harvested skin samples at day 7. Data are expressed as ± SEM (n = 5). Statistical

differences were measured using one-way ANOVA test (*p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant).
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arginase plasmids. The supernatant samples were run under dena-
turing and reducing conditions in precast NuPAGE 10% Bis-Tris
gels (Invitrogen, Carlsbad, CA, USA). The gels were transferred to
the polyvinylidene fluoride (PVDF) transfer membrane (Millipore,
Burlington, MA, USA) using the iBlot 2 Dry Blotting System (Life
Technologies, Carlsbad, CA, USA). The membranes were blocked
for 1 h in 3% nonfat dry milk in phosphate-buffered saline (PBS)
with 0.1% Tween 20 (Sigma-Aldrich, St. Louis, MO, USA). The
membrane was stained with an anti-mouse arginase primary anti-
body (GeneTex, Irvine, CA) and an anti-rabbit IgG-HRP secondary
antibody (Abcam, Cambridge, UK). The recombinant arginase
enzyme was quantified by ELISA, by coating the MaxiSorp plates
(Thermo Fisher Scientific, Waltham, MA, USA) with samples and
the recombinant arginase protein (LifeSpan BioSciences, Seattle,
WA, USA) standards and incubation overnight at 4�C. After block-
ing the plates in 10% FBS in PBS for 1 h at room temperature (RT),
the plates were washed and incubated with anti-mouse arginase pri-
mary antibody (GeneTex, Irvine, CA, USA), 1 h at RT, followed by
anti-rabbit IgG-HRP secondary antibody (Abcam, Cambridge, UK)
for another hour at RT. Sample detection was performed using Sig-
mafast o-phenylenediamine dihydrochloride (OPD; Sigma-Aldrich,
St. Louis, MO, USA) substrate solution. Optical density was
measured at 450 nm using a BioTek Synergy 2 Plate Reader (Bio-
Tek, Winooski, VT, USA).
Molecular The
Arginase enzyme activity was measured using a QuantiChrom Argi-
nase Assay Kit (BioAssay Systems, Hayward, CA, USA), according to
the manufacturer’s protocol. Enzyme activity was quantified on
serum, muscle tissue, or cellular supernatant of transfected cells.
Immunofluorescence Analysis

Arginase plasmid was transfected in 293T cells using Lipofectamine
LTX Reagent, as described above. 2 days after transfection, cells
were fixed and permeabilized with 4% paraformaldehyde in PBS
and 0.5% Triton X-500. Cells were stained with anti-mouse arginase
primary antibody (GeneTex, Irvine, CA) and anti-rabbit-IgG-Texas
Red (Abcam, Cambridge, UK) for 1 h. Cell were washed with PBS
and stained with 40,6-diamidino-2-phenylindole (DAPI) nuclear stain
(Thermo Fisher Scientific, Waltham, MA, USA). Cells were imaged
on a Nikon TE2000 inverted microscope imaging system.
Immunohistochemistry of Mouse Muscle

Immunohistochemistry of the mouse muscle arginase expression was
performed by The Wistar Institute Histotechnology Facility. Briefly,
the arginase and pVax-1 control plasmid-treated anterior tibialis
muscle sections were resected and embedded in paraffin. Antigen
retrieval reagent-treated, paraffin-embedded samples were deparaffi-
nized. Acetone was used to fix the slides, followed by washing with
rapy: Methods & Clinical Development Vol. 18 September 2020 659
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Figure 7. Flow Cytometric Analysis of the Costimulatory Molecules in Skin Dendritic Cells and Macrophages fromMice Treated with DNA-Encoded Arg. in

an Imiquimod-Induced, Psoriasis-like, Skin-Inflammation Model

(A–D) Histograms (A and C) andmean fluorescence intensity (MFI) (B and D) of CD86 (A and B) and CD80(C and D) costimulatory molecules on dendritic cells gated for MHCII

and CD11c. (E–H) Histograms (E and F) andMFI (G andH) of CD86 (E andG) and CD80 (F andH) costimulatorymolecules onmacrophages gated for F4/80 andCD11b. Data

are expressed as ±SEM (n = 5). Statistical differences were measured using one-way ANOVA test (*p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant).
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PBS. The slides were blocked and stained with anti-mouse arginase
primary antibody and anti-rabbit IgG-HRP secondary antibody.

In Vitro T Cell-Suppression Assay

Human T cells were stained with CellTrace CSFE staining solution
(Thermo Fisher Scientific, Waltham, MA, USA). Cells were then
incubated with Invitrogen Dynabeads Human CD3/CD28 T Cell
Activator (Thermo Fisher Scientific, Waltham, MA, USA) and IL-2
(Thermo Fisher Scientific, Waltham, MA, USA) for 96 h in the pres-
ence or absence of arginase-rich supernatant. Different percentages of
supernatants from arginase-transfected 293T cells were used. Flow
cytometer was used for gating for CD4 and CD8 T cells, as well as
488 nm excitation and emission for the CFSE fluorescence. Anti-
bodies used for T cell gating included allophycocyanin (APC) anti-
CD3 (BioLegend, San Diego, CA, USA), phycoerythrin (PE) CD4
(BioLegend, San Diego, CA, USA), and APC-Cy7 anti-CD8 (Bio-
Legend, San Diego, CA, USA). The experiment was performed in
triplicates.

ELISpot Assay

A mouse IFN-g ELISpotPLUS (Mabtech, Stockholm, Sweden) assay
was used, according to the manufacturer’s protocol. Briefly, 2 � 105

splenocytes from the TC1, with or without arginase or pVax-1 con-
trol-immunized mice, were added per well and incubated at 37�C
in 5% CO2 for 18 h. Cells were stimulated with TC1 antigen peptide
660 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
pools (1 mg/mL). Media alone were used as a negative control. As the
positive control, media with Cell Activation Cocktail (BioLegend, San
Diego, CA, USA) containing pre-mixed phorbol 12-myristate-13-ac-
etate (PMA) and ionomycin (positive control) were used. 5-bromo-4-
chloro-3-indolyl-phosphate/nitro blue tetrazolium (BCIP/NBT) co-
lor-development substrate (R&D Systems, Minneapolis, MN, USA)
was used for plate spot formation. Quantification of the spot-forming
units (SFUs) was performed by an automated ELISpot Reader (CTL,
Shaker Heights, OH, USA).

Flow Cytometry

For the TC1 vaccine study, 2 � 106 single-cell splenocytes per well
were added to a U-bottom, 96-well plate (Thermo Fisher Scientific,
Waltham, MA). Cells were washed with fluorescence-activated cell
sorting (FACS) buffer containing 3% bovine serum albumin (BSA)
in PBS and stained for the surface proteins using fluorochrome-con-
jugated antibodies, according to the manufacturer’s protocol (BD
Biosciences, San Jose, CA, USA). After washing cells with FACS
buffer, cells were fixed and permeabilized using BD Cytofix/Cyto-
perm (BD Biosciences, San Jose, CA, USA). The cells were stained
with intracellular cytokines using fluorochrome-conjugated anti-
bodies (BD Biosciences, San Jose, CA, USA). Fluorochrome-contain-
ing reagents included the LIVE/DEAD Fixable Violet Dead Cell Stain
Kit (Invitrogen, Carlsbad, CA, USA), CD4 (fluorescein isothiocyanate
[FITC]; eBioscience, San Diego, CA, USA), CD8a (APC-Cy7; BD
mber 2020



Figure 8. MSD Electrochemiluminescence Immunoassay of Skin Tissue Lysate Samples from Mice Treated with DNA-Encoded Arg. in an Imiquimod-

Induced, Psoriasis-like, Skin-Inflammation Model

(A–H) Cytokine levels in skin tissue lysate samples: (A) TNF-a, (B) IL-1b, (C) IL-6, (D) IL-10, (E) IL-17A, (F) IL-22, (G) IL-23, and (H) IFN-g. Data are expressed as ±SEM (n = 5).

Statistical differences were measured using one-way ANOVA test (*p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant).
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Biosciences, San Jose, CA, USA), IFN-g (APC; BioLegend, San Diego,
CA, USA), TNF-a (PE; eBioscience, San Diego, CA, USA), CD3ε
(PerCP/Cy5.5; BioLegend, San Diego, CA, USA), and IL-2 (PE-Cy7;
eBioscience, San Diego, CA, USA). For the evaluation of macrophage
and dendritic cell expression of costimulatory molecules, mouse
BMDCs were grown in 20 ng/mL mouse GM-CSF (mGM-CSF;
Thermo Fisher Scientific, Waltham, MA, USA) for dendritic cell dif-
ferentiation or 20 ng/mL mGM-CSF (Thermo Fisher Scientific, Wal-
tham, MA, USA) for macrophage differentiation for 8 days, with me-
dia replenishments on days 3 and 6. On day 8, 5 � 105 cells were
plated in a 24-well plate and incubated with arginase-rich superna-
tants for 48 h. After 48 h, dendritic cells were stained with the Zombie
Yellow Fixable Viability Kit (BioLegend, San Diego, CA, USA),
CD11c (FITC; BioLegend, San Diego, CA, USA), MHCII (PE;
Thermo Fisher Scientific, San Diego, CA, USA), CD86 (PE/Cy7; Bio-
Legend, San Diego, CA, USA), and CD80 (PerCP/Cy5.5; BioLegend,
San Diego, CA, USA). The macrophages were stained with the
Zombie Yellow Fixable Viability Kit (BioLegend, San Diego, CA,
USA), CD11b (BV785; BioLegend, San Diego, CA, USA), F4/80
(BV421; BioLegend, San Diego, CA, USA), CD86 (PE/Cy7; Bio-
Legend, San Diego, CA, USA), and CD80 (PerCP/Cy5.5; BioLegend,
San Diego, CA, USA). Data were collected using a LSRII flow cytom-
eter (BD Biosciences, San Jose, CA, USA) and analyzed using FlowJo
software.
MSD Electrochemiluminescence Assay

For the MSD electrochemiluminescence studies, the mouse V-PLEX
Proinflammatory Panel 1 Kit fromMeso Scale Diagnostics (Rockville,
MD, USA) was used, according to the manufacturer’s protocol. Plates
Molecular The
were read on a MESO SECTOR S 600 imager and analyzed using the
Discovery Workbench software. All standards and samples were
measured in duplicates.

NanoString nCounter mRNA Profiling

NanoString gene-expression analysis was performed using the profile
using the NanoString nCounter Human Immunology Panel (Nano-
String Technologies, Seattle, WA, USA). Total RNA was extracted
from normal human dendritic cells cultured in the presence or
absence of arginase-rich supernatant from 293T-transfected cells.
RNA extraction was performed by the Wistar Genomics Core.
RNA samples were profiled according to standard NanoString proto-
cols on a NanoString nCounter Analysis System operated by theWis-
tar Genomics Core. Data were analyzed using NanoString nSolver
software.

In Vivo Immunosuppression Study

Evaluation of the DNA-encoded TC1 cancer antigen, with or without
arginase, was carried out in female 6- to 8-week-old C57BL/6J mice
(n = 5 mice per group). Animal experiments were carried out in
accordance with the guidelines of the National Institutes of Health
(NIH) and The Wistar Institute Institutional Animal Care and Use
Committee (IACUC). Mice were injected with plasmid DNA in the
tibialis anterior muscles. In vivo EP was carried out using a
CELLECTRA adaptive constant current EP device (Inovio Pharma-
ceuticals). Triangular 3-electrode arrays, consisting of 26-gauge solid
stainless-steel electrodes, were used to deliver square-wave pulses.
Two constant current pulses were delivered at 0.1 A for 52 ms/pulse,
separated with a 1-s delay between pulses. Mice were given a dose of
rapy: Methods & Clinical Development Vol. 18 September 2020 661
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20 mg TC1 neoantigen plasmid 1 DNA26 in the presence of arginase
(0.5, 5, 25, or 50 mg) or 20 mg of control pVax-1 or control enzyme,
resuspended in water. A 30-mL volume was used at each injection
site. Immunizations were performed on days 0, 14, and 28, with har-
vest of mice on day 35. The splenocytes were analyzed by ELISpot and
flow cytometry.

Psoriasis-like Inflammation Study

An imiquimod-induced, psoriasis-like inflammation model was per-
formed in female 6- to 8-week-old C57BL/6J mice (n = 5 mice per
group). Topical administration of 62.5 mg of 5% imiquimod cream
(Perrigo, Dublin, Ireland) was applied daily on the shaved back of
the mouse for 6 days. Arginase plasmid DNA (25 mg or 50 mg DNA
in 30 mL saline solution) was administered by ID-EP at back-skin tis-
sue at day �3. Plasmid DNA was injected into the skin using a Man-
toux injection, immediately followed by surface ID-EP, using a 4 � 4
array of probes placed lightly onto the skin, followed by pulses. Two
sets of 2 pulses (at 0.1 A) were delivered. Each set of 2 pulses lasted
52 ms with a 1-s pause in between each set of pulses. Mice were har-
vested on day 7 for analysis by the MSD electrochemiluminescence
assay, H&E staining, and flow cytometry.

Statistics

Experimental data were analyzed using one-way ANOVA. Differ-
ences were deemed significant at p values < 0.05. All graphs were pre-
pared using GraphPad Prism 6 (GraphPad Software).
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