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Abstract: Immunotherapy, in the shape of immune checkpoint inhibitors (ICls), has completely changed the treat-
ment of cancer. However, the increasing expense of treatment and the frequency of immune-related side effects,
which are frequently associated with combination antibody therapies and Fc fragment of antibody, have limited
the patient’s ability to benefit from these treatments. Herein, we presented the therapeutic effects of the plasmid-
encoded PD-1 and CTLA-4 scFvs (single-chain variable fragment) for melanoma via an optimized intramuscular
gene delivery system. After a single injection, the plasmid-encoded ICI scFv in mouse sera continued to be above
150 ng/mL for 3 weeks and reached peak amounts of 600 ng/mL. Intramuscular delivery of plasmid encoding PD-1
and CTLA-4 scFvs significantly changed the tumor microenvironment, delayed tumor growth, and prolonged survival
in melanoma-bearing mice. Furthermore, no significant toxicity was observed, suggesting that this approach could
improve the biosafety of ICls combination therapy. Overall, the expression of ICI scFvs in vivo using intramuscular
plasmid delivery could potentially develop into a reliable, affordable, and safe immunotherapy technique, expanding
the range of antibody-based gene therapy systems that are available.
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Introduction melanoma is mainly anti-PD-1 monotherapy
(including Pembrolizumab or Nivolumab) and
dual immune combination treatment (Nivolu-

mab and Ipilimumab) [6].

Melanoma is a tumor caused by the malignant
transformation of melanocytes in the stroma
and can occur in any part of the body [1].

Surgical excision is the primary treatment for
early-stage malignant cutaneous melanoma,
while systemic therapy, such as molecular tar-
geting or immunotherapy, is the mainstay for
advanced-stage disease or cancer that has
advanced [2]. Furthermore, melanoma, renal
cell carcinoma, and non-small cell lung cancer
patients have all benefited enormously from
using immune checkpoint inhibitors (ICls), par-
ticularly antibodies against PD-1 and CTLA-4
[3-5]. The first-line systemic treatment for met-
astatic and unresectable cutaneous malignant

Immunotherapies have enjoyed good clinical
reputations but are still expensive to most
patients. Additionally, the combined application
of antibodies will raise the price and immune-
related dangers significantly, bringing the
demand for novel and safe antibody production
methods. Synthetic nucleic acids are revealing
information about gene expression in vivo, sug-
gesting novel and interesting antibody-drug
delivery techniques with significant implications
for the treatment of disease. Adenovirus and
adeno associated virus (AAV) vectors may pro-
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vide almost the highest level of gene delivery
and expression, but their potential biosafety
hazards make their clinical applications more
concerning and difficult [7-9]. And intratumor
injection of oncolytic virus also has biosafety
risk and manufacturing complexity [10]. Al-
though mRNA is easier than DNA for intracellu-
lar delivery, it has many disadvantages in the
treatment of cancers, such as intrinsic instabil-
ity, synthesis difficulties in 3’-polyadenylation
tailing and 5-methyl guanosine capping, as
well as multiple administrations [11]. Plasmid
DNA (pDNA), in comparison, has advantages of
low immunogenicity, low price, flexible size, and
convenience for production, storage, and trans-
port. Compared to conventional protein-based
ICI therapeutics, intramuscularly administered
plasmids are non-live, non-replicating, and non-
integrating, so, muscle cells can function as
factories to produce antibody drugs in vivo for
an extended time. Intramuscular delivery of
plasmids is also the safest modality relative to
viral and mRNA delivery, and the injection is
well tolerated. However, the low delivery effi-
ciency of plasmid has been a long-standing
problem. Fortunately, the efficiency of pDNA-
based delivery to skeletal muscles has been
significantly improved by combining electropor-
ation and Epigallocatechin gallate (EGCG)
[12-15].

A single chain fragment variable (scFv) has the
characteristics of high penetration, low immu-
nogenicity, short half-life and fast clearance in
vivo, and no mismatch problem when it is
expressed by intramuscularly delivered plas-
mid for multi-antibody combination therapy
[16, 17]. The incidence of grades 3-4 immune-
related adverse events (irAEs) is about 59% in
the clinical trials of combined anti-PD-1 and
anti-CTLA4 applications [18-20]. It has been
shown that the higher incidence and severity
among irAEs in enterocolitis was related to the
Fc fragment in a CTLA-4 antibody [21, 22].

In this study, we focus on the establishment of
a preclinical proof-of-concept trial based on the
intramuscular pDNA delivery and expression
technique. As it has been proved that melano-
ma is sensitive to anti-PD1 and anti-CTLA4
immunotherapy, the plasmids were construct-
ed to express PD-1 and CTLA-4 scFv in vivo for
combined therapy of melanoma. By using the
efficient intramuscular gene delivery technique
and the enhanced muscle-specific synthetic
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promoter, we anticipate that the blood concen-
tration of plasmid-encoded PD-1 and CTLA-4
scFv could be high enough for effective control
of melanoma, thus offering a novel perspective
on combined ICI therapy and providing more
practical alternatives for efficient, safe, and
economic antibody-based tumor therapy.

Material and methods
DNA plasmid construction

The amino acid sequence of mouse CTLA-4
scFv was obtained from UC10-4F10-11 hybrid-
oma cell line, while published cDNA sequences
were used to develop mouse PD-1 scFv (EP
1445 264 Al). Gene sequences of Nivolumab
and Ipilimumab scFvs were derived from pub-
lished patents (US 8008449 B2; US 7605238
B2). The genes were cloned into the plasmids
of pcDNA3.1(+) (abbreviated as p,,,,) and EMS-
pcDNA3.1(+) (abbreviated as pSP) (EMS promo-
tor from patent CN 113106094 B), respectively
(EMS, Enhanced Muscle Specific promotor).
Information of the plasmids was summarized in
Table 1. The PureLink Expi Endotoxin-Free Maxi
Plasmid kit (Invitrogen) was used to purify the
plasmids.

Cell culture and transfection

HEK293T, B16F0, Clone-M3, and A375 cell
lines were purchased from the Chinese
Academy of Sciences Cell Bank. B16FO and
Clone-M3 cells were grown in RPMI-1640 medi-
um supplemented with 10% embryonic bovine
serum (FBS) and 1% penicillin/streptomycin
(P/S). HEK293T and A375 cells were main-
tained in Dulbecco’'s Modified Eagle’'s Medium
(DMEM) supplemented with 10% FBS and 1%
P/S. All cell lines were incubated in a humidified
incubator at 37°C and 5% CO, and maintained
at low passage (< 10 passages). During the
passage, mycoplasma contamination was rou-
tinely detected. All cell lines underwent regular
mycoplasma screening, and all experiments
were conducted using mycoplasma-free cells.
The cell lines have been authenticated within
the last 3 years through multiple evaluations,
comparing newly acquired data with well-estab-
lished databases and reference panels. The
process ensures the ongoing verification and
validation of cell line identities.

Lipo2000 Transfection Reagents (Invitrogen)
were used to transfect HEK293T cells with 2.5
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Table 1. Characteristics of the plasmids encoding PD-1 and CTLA-4 scFv

Plasmid Backbone Promotor Insertional gene Cloning site
Pewy pcDNA3.1(+) CcCMmV / /

pSP pcDNA3.1(+) EMS EMS promotor Miu 1/Nhe |
PewSig Pewv CMV Igk signal peptide Nhe I/Hind lll
pSPsig pSP EMS Igk signal peptide Nhe I/Hind lll
pPD1-scFv pSPsig EMS Mouse PD-1 scFv Nhe |/Hind Ill
pCTLA4-scFv Mouse CTLA-4 scFv Nhe I/Hind llI
pNiv-scFv Nivolumab scFv Hind lll/BamH |
plpi-scFv Ipilimumab scFv Hind lll/BamH |
Pew/PDL-sCFv P Sig Cmv Mouse PD-1 scFv Nhe I/Hind llI
P CTLA4-sCFV Mouse CTLA-4 scFv Nhe I/Hind llI
Pow/Niv-sCFv Nivolumab scFv Hind lll/BamH |
PewyPi-SCFV Ipilimumab scFv Hind Ill/BamH |

ME P SiE  PeyPDLscFv, p,, CTLA4-scFy,
PewyNiv-scFv, and p,, Ipi-scFv plasmids pre-
pared in the previous step, respectively. Next,
48 hours after transfection, cell lysates and
supernatants were collected for western blot
and ELISA analyses, accordingly.

Mouse tumor model

C57BL/6J, DBA/2N, and NOD/scid/IL2rg” mice
were purchased from the SiPeiFu Biotechnology
Company (Beijing, China). All in vivo animal pro-
cedures were approved by the Biomedical
Research Ethics Committee of West China
Hospital in Sichuan University, following guide-
lines from the Association for Assessment
and Accreditation of Laboratory Animal Care
International (AAALAC). Male C57BL/6J mice or
female DBA/2N mice aged 6 to 7 weeks were
subcutaneously injected with 1 x 10° B16FO
cells or 1 x 10° Clone-M3 cells in 100 uL PBS.
Two days later, mice were injected with 50 pg
of single plasmid or 100 pg of mixed plasmids
in 40 pL solution into tibialis anterior (TA) mus-
cle. Peripheral blood mononuclear cells
(PBMCs) were isolated from healthy doors
using a standardized density gradient with
Ficoll paque plus and 5 x 10° PBMCs in 100
uL PBS were administered intravenously to
6-week-old female NOD/scid/IL2rg” mice on
day 7, followed by a dose of 2 x 10° A375-
Luciferase cells on day 0. Subsequently, the
mice were divided randomly into two groups.
On day 2, one group of mice received one i.m.
dose of 50 g pNiv-scFv combined with 50 pg
plpi-scFv. The Control group of mice received
i.m. one dose of an equimolar amount of pSP-
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sig. Tumor growth was evaluated 2 to 3 times
per week with an electronic caliper. Tumor vol-
umes were calculated with the formula: Tumor
volume (mm?3) = [length (mm) x width? (mm?)]/2.
Mice were sacrificed when their weight de-
creased by more than 10% or the tumor volume
reached 2,000 mmé.

L/E/G in situ gene delivery process

Intramuscular gene delivery was administered
using a previously established L/E/G protocol
[14]. Here, “L’ referred to 0.1% (w/v) Pluronic
L64 (Sigma-Aldrich), “E” = electrotransfer, and
“G” = EGCG. Briefly, 40 uL of mixed solution
containing plasmid, L64, and EGCG was inject-
ed in situ into each side of a mouse TA muscle
using a 29-gauge ultra-fine insulin syringe (BD),
followed by an electropulse one hour later.

Western blotting analysis

The supernatants and cell lysates of the trans-
fected cells were subjected to SDS-PAGE gel
electrophoresis under reducing or nonreducing
conditions. Protein bands in the gel were trans-
ferred to Immobilon-P polyvinylidene fluoride
(PVDF) transfer membranes. The membranes
were blocked in TBST containing 5% skimmed
milk for 1 hour and incubated at 4°C overnight
with a 1:2000 dilution of HRP anti-6 x His tag
antibody (Abcam, ab1187). Membranes were
washed twice with TBST (TBS with 0.05% Tween
20), dyed with BeyoECL Moon (Beyotime,
POO18FS) and imaged with the ChemiDoc
Touch Imaging System (Biorad).
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Enzyme-linked immunosorbent assay (ELISA)

To analyze the binding of therapeutic antibody
to antigens in the cell supernatant, the ELISA
adsorption plate (Corning-Costar, 42592) was
coated with 100 ng/well of mouse PD-1, mouse
CTLA-4, human PD-1, and human CTLA-4 pro-
tein, and kept overnight at 4°C. After washing
the plate twice with PBST, 1% BSA was added
and blocked for 2 hours at 37°C. The cell super-
natants were added to the plates in multiple
dilutions and incubated at 37°C for 1 hour. The
plates were then washed three times and incu-
bated at 37°C for one hour with HRP anti-6 x
His tag antibody. The plate was then washed
and colored with TMB Two-Component Sub-
strate (Solarbio). The enzymatic process was
halted with a 1 N H,SO, solution after 15 min-
utes incubation in the dark, and optical density
was then monitored at 450 nm using a
SYNERGY microplate reader (Biotek).

Competitive ELISA was used to determine ther-
apeutic antibody concentrations in serum. The
plate was pre-coated with 10 ng/well recombi-
nant human TROP-2 protein (C-6 x His-tag)
(novoprotein, CO7M). After washing the plate
twice with PBST, 100 pL of 1% BSA was added
and blocked for 2 hours at 37°C. Then add 50
ML each of the experimental serum or standard,
followed by 50 uL of HRP anti-6 x His tag anti-
body in each well. TMB was used to visualize
the HRP-labeled antibody bound to the microti-
ter plate. The final color depth was negatively
correlated with the content of antibody protein
in serum.

Concentration of IFN-y and TNF-a in serum
were measured using the IFN-y ‘Femto-HS’
High Sensitivity Mouse Uncoated ELISA Kit
(Invitrogen, 88-8314-22) and the TNF alpha
Mouse Uncoated ELISA Kit (Invitrogen,
88-7324-22) according to the manufacturer’s
instructions.

Flow cytometry

Mice were sacrificed and tumors were harvest-
ed 14 days after intramuscular pDNA delivery.
Tumors were cut into small pieces and digested
in RPMI-1640 medium with 100 U/ml collage-
nases | (Sigma, C0130), 400 U/ml collagenase
IV (Sigma, C5138), and 30 U/ml DNase |
(Roche, 4716728001) at 37°C under continu-
ous slow rotation for 30 minutes. After red
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blood cell (RBC) lysis, the karyocytes were
passed through a second 70 um cell strainer.
Single-cell suspensions were incubated with
CD16/CD32 monoclonal antibody (eBiosci-
ence, 14-0161-82) to block non-specific bind-
ing, and with Fixable Viability Dye eFluo 450
(Thermo Fischer Scientific, 65-0863-14) to
label dead cells. Cells were then stained with
CD45-Super Bright 600 (eBioscience, 63-0451-
80), CD3-FITC (eBioscience, 11-0031-82), CD4-
APC (eBioscience, 17-0042-82), and CD8-
PerCP-Cyanine5.5 (eBioscience, 45-0081-80)
to determine T cell percentage in tumor micro-
environment. In another staining experiment,
cells were stained for CD45, CD4, and CD25-
PerCP-Cyanine5.5 (eBioscience, 45-0251-82)
to analyze T-reg cells. After fixation and perme-
abilization with the Foxp3 staining kit (eBiosci-
ence, 00-5523-00), cells were stained with a
panel containing antibodies against Foxp3-PE
(eBioscience, 12-5773-82).

Blood samples of NOD/scid/IL2rg”- mice were
collected on day 14 and day 21 after PBMCs
injection and then stained with Anti-human
CD45 Bv421 (BD Biosciences, 563879) and
7-AAD Viability Staining (Invitrogen, 00-6993-
50). Flow data were acquired on a BD FACS
LSRFortessa (BD Biosciences) and analyzed
with Flowjo software version 10.4 (Becton,
Dickinson and Company, Ashland, OR, USA).
Dead cells and doublets were gated out before
downstream analysis.

Histology analysis

Hematoxylin and eosin (H&E), immunohisto-
chemistry, and TUNEL staining analyses were
performed on C57BL/6J mice bearing B16
tumors. On the 22" day after intramuscular
injection of plasmid, mice were euthanized. The
heart, liver, spleen, lungs, kidneys, muscles,
and tumors were harvested freshly, followed by
fixing in 4% neutral paraformaldehyde solution.
After fixation, 4 um sections were cut from each
paraffin-embedded tissue. For immunohisto-
chemistry staining, the sections were stained
overnight at 4°C by anti-6 x His tag antibody for
muscles and anti-mouse CD3 antibody for
tumors. TUNEL staining was performed using
the in situ cell death detection kit-POD (Roche).
Images were taken by a microscope at 100 x
maghnification (Leica DMI 4000B, Wetzlar,
Germany).
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In vivo bioluminescent imaging

BALB/c mice were administered 50 ug of pLu-
ciferase using the L/E/G technique.

The bioluminescent image was initiated 14
days after implantation of B16-Luciferase
tumor cells and 7 days after implantation of
A375-Luciferase, and conducted weekly after
that until the endpoint. The mice were intraperi-
toneally injected 150 mg/kg D-luciferin sub-
strate (P104 3, Promega) and maintained under
isoflurane gas anesthesia for 5 minutes before
imaging. Live luciferase imaging was performed
with an IVIS Spectrum (PerkinElmer, USA) 15
minutes after substrate injection. Furthermore,
quantification of tumor bioluminescent activity
was analyzed with Living Image 4.4 software
(PerkinElmer, USA) by taking a 1-s exposure
and recording the photos. Bioluminescent
activity was presented as photos per second
per cm? per steradian (p/s/cm?/sr).

Statistical analysis

All statistical analyses were performed using
GraphPad Prism Version 7.0 (GraphPad Soft-
ware, USA). A minimum of n = 5 mice was con-
sidered necessary to ensure sufficient power.
The obtained data were processed by using a
student’s t-test or one-way analysis of variance
(ANOVA). Survival data was represented by a
Kaplan-Meier survival curve and significance
was calculated using a log-rank test and one-
way ANOVA with correction for multiple com-
parisons. These data were considered signifi-
cantif P < 0.05 (*P < 0.05, **P < 0.01, ***P <
0.001). The lines in all graphs represented the
mean value and the error bars represented the
standard deviation.

Results

The designed proteins can be expressed in
vitro and in vivo

The genes encoding the heavy or light chain
variable domain were codon-optimized and
then fused to the Kozak and Igk signal sequenc-
es to construct the plasmid for the PD-1 and
CTLA-4 scFv expression, respectively (Figure
1A). EMS is a highly efficient muscle-specific
promotor which is based on our team’s past
research. The detailed information of plasmids
carrying PD-1-scFv and CTLA-4-scFv gene driv-
en by CMV/EMS promotor was shown in Table
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1. To confirm the expression of PD-1-scFv and
CTLA-4-scFv in vitro, western blotting results
identified the 25 KD bands corresponding to
the scFv in the p,, -PD-1scFv and p,, -CTLA-
4scFv transfected cells and supernatants but
not in the controls (Figure 1B). Firstly, we veri-
fied the feasibility of a muscle expression sys-
tem based a visualization study by pLuc (plas-
mid expressing Luciferase) intramuscular injec-
tion (Figure S1). In vivo test showed that PD-1
scFv levels reached a mean of 600 ng/mL in
the serum from mice that received 50 pg pPD-
1-scFv injection for 14 days and then steadily
declined. On day 21, the levels were equivalent
to those on day 7, and the expression below
those levels was no longer detectable (Figure
1C). According to Western blot analysis, the
scFv band could be detected in the serum of all
mice that received 50 pg pPD-1-scFv but unde-
tectable in the p_,sig group (Figure 1D).
Furthermore, muscle tissues at day 22 were
collected for evaluating PD-1 scFv and CTLA-4
scFv expression by immunohistochemistry
staining. Immunostaining signals were detect-
ed in pPD-1-scFv- and pCTLA-4-scFv-injected
mice muscle cells (Figure 1E). Next, we exam-
ined whether the pDNA-encoded PD-1-scFv
or CTLA-4-scFv could bind to mouse PD-1
or CTLA-4. It can be seen that the su-
pernatant binding to PD-1 or CTLA-4 was
detectable and the signal intensity decreased
in gradient with the increase of dilution ratio,
suggesting that PD-1-scFv or CTLA-4-scFv
expressed in the supernatant had a good bind-
ing activity with its corresponding protein in a
concentration-dependent manner (Figure 1F,
1G). These findings demonstrated that p,,, -PD-
1-scFv and p,, CTLA-4-scFv could encode
functional mouse PD-1-scFv and CTLA-4-scFv
in vitro and in vivo.

Intramuscular pDNA-encoded immunomodula-
tory scFv combinations enables retardation of
tumor growth in a melanoma tumor model

The purpose of this study was to monitor the
therapeutic durability in melanoma models
over a long term. Therefore, the tumorigenesis
of melanoma was examined via subcutaneous
implantation of 1 x 10° B16FO cells per
C57BL/6J mouse (Figure S2). The plasmid was
intramuscularly injected by L/E/G system two
days after B16FO tumor cells implantation
(Figure 2A). Mice in the pCombination group
showed slower tumor growth and the tumor vol-
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encoding the PD-1 or CTLA-4 scFv. Linker: (G,S) x 3. Igk: murine Ig kappa-chain signal peptide. (B) In vitro expres-
sion of PD-1 scFv and CTLA-4 scFv in HEK293T cells detected by Western blot using an anti-6 x His HRP antibody.
Time: 48 hours post-transfection. (C) The serum concentration of mouse PD-1 scFv from C57BL/6 mice injected
with 50 pg pPD-1-scFv detected by Competitive ELISA. N = 3. (D) PD-1 scFv in mouse serum detected by Western
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umes were significantly smaller than those in sured on the 14" day after modeling and the
the MC group (Figure 2B). The mice survival results indicated that the pCombination group
rate in the pCombination group was also had lower bioluminescence values in compari-
improved as compared with that of other mice son with other three groups (Figure 2E). To con-
(Figure 2C). To better monitor the changes in firm further the therapeutic effectiveness,
tumors, the experiment was repeated by DBA/2N mice were used to inoculate another
implanting B16-Luciferease cells (Figure 2D). mouse melanoma cell line Clone-M3. The same
The tumor average radiance value was mea- treatment mode like B16FO model was used.
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The Clone-M3 tumor growth rate was slower
than that of B16FO. In the pCombination group,
1/5 mice were entirely tumor-free, and tumors
in 2/4 mice did not reach the tumor volume
limitation even on the 100" day (Figure 2F).
Consequently, pCombination-treated mice ac-
quired an improved survival rate (Figure 2G).
Taken together, the results confirmed that
pDNA-encoded PD-1-scFv and CTLA-4-scFv
could exert profound therapeutic effects on
melanoma tumor models, providing the possi-
bility of this novel therapy technology for treat-
ing human melanoma.

Intramuscular pDNA-based expression of
PD-1-scFv and CTLA-4-scFv has adequate bio-
safety in vivo

During the treatment, there was no statistically
significant difference among each group’s body
weight (Figure 3A, 3B). Next, blood routine and
biochemical tests were measured on the 22
day after plasmid injection. Blood routine tests
and biochemical tests are important indicators
of reaction safety during the treatment of mice.
The blood routine examination showed that the
leukocyte cells and the average percentage of
neutrophils in the control groups (MC & pSPsig)
increased significantly, accompanied by an
increased average percentage of lymphocytes
in the treatment groups (pPD-1-scFv, pCTLA-
4-scFv, pCombination) than those in the control
groups, which indicated that mice in the treat-
ment groups had a less leukemoid reaction and
inflammatory response (Figure 3C). The mice in
control groups had noticeably lower hemog|o-
bin levels than reference values but not in the
treatment groups, indicating that the treatment
alleviated the more severe anemia (Figures 3D
and S3A). There was no noticeable difference
in PLT among the groups (Figure S3B). The
results of glutamic oxaloacetic transaminase
(AST) and alanine aminotransferase (ALT) were
higher in the control groups than those in the
treatment groups, suggesting that the treat-
ment improved the liver function (Figure 3E).
And control group tumors revealed a higher
degree of aggressiveness due to a higher LDH
level (Figure 3F). The blood creatinine concen-
trations in all groups decreased, implying that
continuous malignant tumors might cause mal-
nutrition in mice (Figure 3G). To evaluate the
effect of treatment modality on each organ
(heart, liver, spleen, lung, kidney) and TA mus-
cle, hematoxylin-eosin staining was performed
21 days after plasmid injection. All groups’
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hearts, kidneys, and TA muscles of all groups
did not show any pathological damage (Figure
3H). However, spleen tissues were compro-
mised in all groups. The pCombination group
was comparatively the least damaged, followed
by the pPD-1-scFv and pCTLA-4-scFv groups,
which were both more severely damaged than
the control groups (MC & pSPsig). In liver tis-
sues, minor infiltrated inflammatory cells were
seen in the treatment groups, with mild patho-
logical changes (Figure S4). The lesion did not
cause abnormal liver function, as is evident
from the biochemical results (Figure 3E, 3F). In
general, the common blood and biochemical
indices of the treatment groups were close to
the reference values, indicating that the treat-
ment could reduce abnormalities in various
indices and splenic lesions caused by the tumor
while not producing any additional toxic side
effects.

Intramuscular pDNA-expressed immunomodu-
latory scFv combination remolds the tumor
immune microenvironment

Next, we explored the immunological changes
in the tumor microenvironment caused by intra-
muscular administration of pPD-1-scFv and
pCTLA-4-scFv. In the control group, the B16FO
melanoma model mice received pSPsig injec-
tion. Blood and tumors were collected 14 days
later, then immune cells were examined using
immunohistochemistry and flow cytometry, and
the cytokines IFN-y and TNF-a were measured
in mouse blood using an enzyme-linked immu-
nosorbent assay (ELISA). Both monotherapy
(pPD-1-scFv & pCTLA-4-scFv) and combined
therapy (pCombination) increased the percent-
age of infiltrating CD3* T cells as compared to
pSPsig treatment, with significant difference
between pCombination and other groups and
no difference between two monotherapy gr-
oups (Figure 4A, 4B). Monotherapy increased
the proportion of apoptotic tumor cells by ter-
minal deoxynucleotidyl transferase-mediated
nick and labeling (TUNEL) detection. In con-
trast, more apoptotic tumor cells were detected
in the combination group (Figure 4C, 4D), which
was consistent with the differences in infiltrat-
ing T cells (Figure 4A, 4B).

In addition, we analyzed the presence of T cell
subsets within the tumors. The three treatment
groups had a significantly higher proportion of
CD8* cytotoxic T cells and CD4* helper T cells
than the control group, but there was no signifi-
cant difference among the pCombination and
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H. Hematoxylin and eosin staining of mouse organs 21 days after plasmid injection. Scale: 100 ym. WBC: white
blood cell (leukocyte); HGB: hemoglobin; ALT: glutamic pyruvic transaminase; AST: glutamic oxaloacetic transami-
nase; LDH: lactate dehydrogenase; CREA: creatinine. Data were presented as the mean + SD. Data were compared
with one-way ANOVA. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 5. Expression and binding capability of Niv scFv and Ipi scFv in vitro. HEK293T cells were transfected with
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CTLA-4 protein (D), measured by ELISA in cell supernatants. Error bars indicated mean + SD.

monotherapy groups (Figure 4E, 4F). The over-
all percentages of CD8" and CD4* were still
higher in the combination group and more
importantly, tumors treated with the pCombina-
tion had a significantly lower proportion of regu-
latory T cells (Figure 4G). These results indicat-
ed that effective anti-tumor immune respon-
ses were evoked and the immunosuppressive
tumor microenvironment was improved using
the pDNA-based PD-1 and CTLA-4 scFv immu-
notherapies. Meanwhile, pCombination treat-
ment resulted in the most apparent increase
of IFN-y and TNF-a levels (Figure 4H, 4l).
Splenocytes of treated mice were analyzed
using flow cytometry to determine whether the
pPD-1-scFv and pCTLA-4-scFv treatments also
evoked a significant systemic immune activa-
tion, which had the possibility to result in
adverse events. The percentage of specific
immunological T cell subpopulations in the
spleen was not altered by any of the therapies
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(Figure Sb), illustrating the biosafety of these
therapies again.

Intramuscular pDNA-expressed nivolumab and
ipilimumab scFv combination cause significant
tumor regressions in humanized mouse mela-

noma models

In a syngeneic mouse model of melanoma,
intramuscular delivery of pDNA to express
immune check inhibitors via the L/E/G method
has shown significant therapeutic effects.
Here, combined administration of pDNA encod-
ing clinical Nivolumab (Niv) scFv and Ipilimumab
(Ipi) scFv was carried out to examine whether
this novel gene therapy system can be applied
to human melanoma therapy. Specific bands
corresponding to the Niv-scFv and Ipi-scFv were
identified in the supernatant of HEK293T cells
48 hours after pDNA transfection under
reduced and non-reduced conditions (Figure
5A). The concentrations of secreted scFv in
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supernatants were determined to be 407.5 ng/
mL for Niv-scFv and 666.3 ng/mL for Ipi-scFv
(Figure 5B). Meanwhile, ELISA-binding studies

able to express and secrete functional Niv-scFv
and Ipi-scFv correctly.

demonstrated that Niv-scFv and Ipi-scFv in
supernatants had specific and high affinity to
human PD-1 and CTLA-4, respectively (Figure
5C and 5D). The pNiv-scFv and plpi-scFv were
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The antitumor effects of this therapeutic sys-
tem were verified in @ mouse xenograft model
implanted with A375-Luciferase cells (Figure
6A). Human leukocytes were shown to prolifer-
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ate in NOD/scid/IL2rg” mice by testing human
CD45* cells in mice blood samples two weeks
and three weeks after PBMC injection (Figure
S6). Tumor burdens were calculated by averag-
ing the bioluminescence intensity of 5 mice in
each group to evaluate the therapeutic effect.
Although tumors were stably detectable 7 days
after A375-Luciferase cell inoculation in both
groups, there was a substantial difference in
tumor size between the groups due to the
administration of pCombination on day 2
(Figure 6B). The tumor average radiance of the
pCombination group was significantly less than
that in the control group on day 7 (Figure 6C).
Subsequently, the pCombination group showed
significantly delayed tumor growth in compari-
son to the control group. Importantly, 2/5 mice
in the pCombination group had no detectable
tumor on day 21 (Figure 6D, 6E). Altogether, the
results illustrated that the novel gene therapy
system had an effective therapeutic impact on
the humanized mouse model of melanoma.

Discussion

Most of the antibody immunotherapy approach-
es currently developed for cancer are based on
antibody drugs that are directly infused into the
human body after production in vitro, which
requires multiple or continuous injections using
a syringe pump to maintain the therapeutic
effect of the antibodies. There are several limi-
tations to the widespread use of antibody
immunotherapy, such as the complexity of
mass production of antibody drugs in the fac-
tory, the time and effort required for purifica-
tion, the infection and patients’ psychological
problems associated with multiple injections,
and the increased cost of patient treatment.
Direct in vivo expression of antibodies using
viruses, mRNA, and DNA offers a solution to
some of these issues.

While antibody gene transfer via muscle has
been reported for tumor treatment, few studies
have focused on multiple plasmid delivery for
combination therapy. The plasmid-encoded
anti-CTLA-4 and anti-PD-1 IgG-antibodies have
been studied in pharmacokinetics, and phar-
macodynamics when applied alone and in com-
bination, administered via intramuscular or
intra-tumor electro-transfection [23, 24]. How-
ever, because the two medications have differ-
ent modes of action, which act on separate
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lymphocyte subtypes and in different places,
concurrent treatment increases the frequency
of side effects, particularly colitis and rash. The
most notable of the adverse effects, small
bowel colitis, was associated with the Fc-
effector of CTLA4 antibodies [21, 22]. In addi-
tion, some studies concluded that CTLA4 anti-
body requires an Fc-effector for clearance of
Treg [25, 26]. In terms of antitumor effects, the
possible association between irAEs induced by
checkpoint inhibitors and clinical benefit has
not been fully elucidated. Since the antibody
gene transfer strategy through muscle will pro-
duce antibodies from muscle cells continuous-
ly, the concentration of antibodies in vivo will
continue to rise over time, we believe that the
expressed antibodies need to be cleared some-
what rapidly to reduce the adverse events
associated with combination therapy for safety
reasons. The majority of IgG-type antibodies
employed in DMAb (DNA-encoded monoclonal
antibody) research have a high molecular
weight and a prolonged half-life in vivo [27].
Moreover, the question of how the light and
heavy chains are linked comes up when the
gene for an IgG-type antibody is fused to the
vector.

Previous studies obtained antibody expression
in vivo by introducing P2A or IRES to link the
light and heavy chains through a single promot-
er. However, cleavage of the 2A peptide leaves
a 20 amino acid polypeptide in the tail of the
former protein and a redundant proline at the
N-terminal end of the latter protein. These
residual amino acids may affect the function of
the proteins and have the potential risk of initi-
ating an immune response. IRES ligation can
cause an imbalance in the expression of light
and heavy chains, and overexpression of one of
them may result in additional toxicity [28-30].
Given the factors above, the DNA expressed in
vivo for combination therapy was determined to
be the sequence encoding the variable region
of the light and heavy chains of PD-1 and CTLA-
4 antibodies, joined by a flexible linker and built
on a plasmid vector. The scFv mainly assumes
the role of antigen binding, and its gene
sequence is a complete sequence that does
not require P2A or IRES [17]. However, there is
no optimal stipulation or choice for construct-
ing plasmids used for expression of antibodies
in vivo.
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In the DMAD strategy, electroporation and gene
delivery materials are essential for determining
the efficiency of gene expression. In this study,
L64 was added to disrupt the cell membrane
structure and increase muscle cell permeability
to promote plasmid penetration, whereas EGCG
was added to compress and protect the plas-
mids [14, 31]. We also used muscle-specific
promoters to drive gene expression and per-
formed muscle delivery of the scFv-ICI plasmid
at an optimized electroporation voltage [15,
32]. Herein, the antibody gene expression was
increased in multiple ways to achieve melano-
ma treatment in mice. As current studies focus
on mouse models, our muscle-specific promot-
ers were evaluated using murine muscle cells.
Nevertheless, studies on human muscle cells
are needed to improve the DMAD clinical devel-
opment strategies [32].

The therapeutic effects of the Clone-M3 mouse
model demonstrated that this strategy has
a more prominent impact on slow-growing
tumors. This strategy may also be used as adju-
vant maintenance therapy and have better effi-
cacy in human tumors. We extended the study
of in vivo production of ICls for melanoma to
the CDX model [23]. During the biolumines-
cence of A375-CDX mice, comparable experi-
mental results were observed as in the B16
model, with substantial variations in tumor vol-
ume between the combined treatment group
and the control group, even though animals
were able to develop tumors simultaneously. It
suggested that the intervention performed by
this strategy at an early stage of the cancer has
an outstanding effect, which is the key to pro-
longing survival. In the combination group, we
found a complete disappearance of tumors
with a better efficacy observed in the CDX
model than in the B16 model, probably because
murine and human antibodies do not have the
same binding capacity for their respective anti-
gens. The variation in binding capacity could be
attributable to the structure or gene sequence.
This would imply that the antibody binding
capacity and expression concentration should
be included in the optimization settings for this
method.

More conditions need to be considered for mul-
tiple antibody combination therapies. And more
refined improvements need to be proposed for
combination therapy with preserved effects
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and low toxicity based on DMAD strategies in
the future. Tumor-conditional antibodies are
now being made so that the effects of the anti-
body are more likely to be focused at the site of
the tumor [33]. It is important to extensively
explore developing DMAD strategies, such as in
vivo modulation of antibody expression to let
patients self-regulate, which can be studied
with a tumorigenesis mechanism. In addition,
using the principle of exon splicing regulation,
the timing of protein expression in vivo can be
induced by oral bioavailable and human-used
to achieve better biosafety [34]. These will
make therapeutic manipulation easier for doc-
tors and give cancer patients relatively cheap-
er, more effective, and less complicated treat-
ment. The good correlation between the
amount of plasmid injected and antibody levels
in circulation after muscle electroporation
allows the DNA dose to be injected to be pre-
cisely calculated to obtain the desired thera-
peutic effect. This strategy can regulate the
levels of the therapeutic protein according to
the needs of each patient by controlling the
dose of pDNA. Moreover, the therapeutic effect
is prolonged by multiple dosing at intervals over
some time [35, 36].

Overall, this study demonstrated that intramus-
cular administration of muscle-specific promo-
tor-derived immune checkpoint plasmid can
effectively combine PD-1 and CTLA-4 scFv for
melanoma treatment. Moreover, the therapy
exerted outstanding antitumor effects and had
a favorable safety profile, and our study pro-
motes the development of immune combina-
tion therapies based on intramuscular injection
of plasmids.
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Figure S1. Luciferase expression in mice receiving intramuscular administration of pLuc with L/E/G technique. A.
Luciferase expression in different time. B. Bioluminescence image in mice receiving intramuscular administration

of pSPsig and pLuc at day 345. ROl = Total Flux (p/s). N = 3.

~o- 1x10° / each
% 5x10° / each
5000 —= 1x%10° /each
o - 1x10° / each+Matrigel
€ 4000- .
£ —+— 5x10% / each+Matrigel
<] -
g 3000
2
S 2000
e
g
|E 1000

I
5 7 9 M 13 156 17
Days after injection of tumor cells

Figure S2. Optimization of the inoculation number of B16 cells in C57BL/6 mice. N = 5.
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Figure S3. Routine blood test values of RBC and PLT in different groups. N = 3. RBC: red blood cell; PLT: platelet.
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Figure S4. Hematoxylin and eosin staining of spleen and liver tissue sections (x 400). Necrosis of lymphocytes
(black arrowhead), megakaryocytic (yellow arrowhead), mitosis (blue arrowhead), granulocytes (green arrowhead),
erythroid cells (red arrowhead), lymphocytes (grey arrowhead). Scale bar: 50 ym.
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Figure S5. Effect of pDNA-expressed ICl scFvs on splenocytes. A. The percentage of CD3* T cells. B. The percentage
of helper CD4* T cells. C. The percentage of cytotoxic CD8* T cells. N = 5.
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Figure S6. Identification of Hu-PBL-SCID model. Analysis of human CD45" cells in the blood of NOD/scid/IL2rg”
mice by flow cytometry on days 14 and 21 after PBMC injection. N = 2.



