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Interleukin-12 (IL-12) gene electrotransfer (GET) delivery is
highly effective in inducing long-term, complete regression in
mouse and human melanoma and other solid tumors. Thera-
peutic efficacy is enhanced by immune checkpoint inhibitors,
and the combination of IL-12 plasmid GET (pIL-12 GET)
and anti-programmed cell death protein 1 (PD-1) monoclonal
antibodies has reached clinical trials. In this study, we designed
peptides and plasmids encoding the mouse homologs of the
pembrolizumab and nivolumab programmed cell death 1
ligand 1 (PD-L1) binding regions. We hypothesized that intra-
tumor autocrine/paracrine peptide expression would block
PD-1/PD-L1 binding and provide cancer patients with an effec-
tive and cost-efficient treatment alternative. We demonstrated
that the mouse homolog to pembrolizumab was effective at
blocking PD-1/PD-L1 in vitro. After intratumor plasmid deliv-
ery, both peptides bound PD-L1 on tumor cells. We established
that plasmid DNA delivery to tumors in vivo or to tumor cells
in vitro upregulated several immune modulators and PD-L1
mRNA and protein, potentiating this therapy. Finally, we
tested the combination of pIL-12 GET therapy and peptide
plasmids. We determined that pIL-12 GET therapeutic efficacy
could be enhanced by combination with the plasmid encoding
the pembrolizumab mouse homolog.

INTRODUCTION
The immune checkpoint inhibitors (ICIs) pembrolizumab (Keytruda,
Merck & Co.)1 and nivolumab (Opdivo, Bristol Myers Squibb)2 are
approved by the US Food and Drug Administration for the treatment
of several cancers, including melanoma. These therapies can be a sig-
nificant financial burden to patients, leading to disparities in cancer
treatment.3–5

ICI toxicity is associated with off-target activation of the immune sys-
tem.6 Several immune-related adverse events are associated with ICI
monoclonal antibody treatment. Melanoma therapy is most closely
associated with dermatologic, hepatic, gastrointestinal, and endocrine
adverse events.7–9

Our previous work determined that gene expression after intratumor
interleukin-12 plasmid (pIL-12) GET modified the tumor microenvi-
ronment (TME) and induced a systemic cellular immune response,
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producing a significant antitumor effect on both primary tumors
and metastases in the B16-F10 melanoma model.10–15 This work
led tomultiple clinical trials using pIL-12 GET, now termed tavokino-
gene telseplasmid electroporation (Tavo; OncoSec Medical Inc.) as a
monotherapy.16–19 Clinical studies confirmed that intratumor pIL-12
GET increased lymphocytic infiltrate, decreased immune suppressive
cells, and elevated checkpoints leading to a hot TME and potentiating
ICI efficacy.18,19

The programmed cell death protein 1 (PD-1) epitopes recognized by
pembrolizumab and nivolumab have been identified.20–22 We hy-
pothesized that the expression of these peptides in the TME after
plasmid gene electrotransfer (GET) could inhibit PD-1/programmed
cell death 1 ligand 1 (PD-L1) binding. We, therefore, synthesized
mammalian expression plasmids encoding these epitopes. Systemic
antibody development would be hindered by the poor immunoge-
nicity of peptides.23 The lack of antibody production could reduce
associated systemic toxicities. In this study, we tested intratumor
pIL-12 GET combined with plasmids encoding PD-1 epitopes as a
potential alternative to combination with traditional checkpoint in-
hibitor therapy in the B16-F10 mouse melanoma model.

RESULTS
PD-1 peptide expression and binding

Mouse-specific peptides corresponding with the nivolumab binding
site (PD1N) and pembrolizumab binding site (PD1P) within human
PD-1 were designed by alignment with mouse sequences using
CLUSTAL Omega24 (Figure 1A) and commercially synthesized.
PD1P but not PD1N significantly (p < 0.0001) inhibited mouse
PD-1 detection by ELISA (Figure 1B). Plasmids pPD1P and pPD1N
were developed based on the peptide sequences.
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Figure 1. Design and testing of PD-1 peptides

(A) CLUSTAL Omega24 multiple sequence alignment of

human PD1 (NP_005009) and mouse PD1 (NP_032824).

The binding sites of nivolumab and pembrolizumab are

shown. Corresponding mouse peptide sequences are

highlighted: PD1N (purple), PD1P (blue). (B) Inhibition of

PD-1 ELISA by synthetic peptides. Mean ± standard

deviation, ****p < 0.0001.
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To develop a gene-therapy based on this concept, we assessed the in-
tratumor expression of the peptides encoded by the pPD1P and
pPD1N plasmids after intratumor GET. Melanoma tumor cells
endogenously express PD-L1 but not PD-1, while CD45+/CD8a+

T cells may endogenously express PD-1 but not PD-L1.We used these
concepts to evaluate binding of plasmid-encoded PD-1 peptides to tu-
mor cell PD-L1. Using immunohistochemistry and flow cytometry,
we expected to detect PD-1 on some T cells based on their potential
for endogenous expression of PD-1.We also assayed for PD-1 peptide
binding PD-L1 on melanoma (Melan-A+) cells, which would be an
indication that the expressed PD-1 peptide bound to PD-L1 expressed
on the Melan-A+ tumor cells.

As expected, immunohistochemistry of control tumors confirmed the
presence of PD-1 positive CD8a+ T cells, but no colocalization of
PD-1 withMelan-A was observed (Figure 2A). Forty-eight hours after
transfection with the PD-1 peptide plasmids, PD-1 was detected on
both CD8a+ T cells and Melan-A+ tumor cells. This observation
implicated the expression and binding of the encoded PD1N (Fig-
ure 2B) and PD1P (Figure 2C) peptides to PD-L1 on melanoma cells.

Flow cytometry confirmed intratumor PD-1 binding (Figure 2D) to
both CD45+ leukocytes and CD45-tumor cells. Figures 2E–2J shows
the individual representative histograms of each experimental group.
No changes in PD-1 levels were detected on CD45+ leukocytes from
tumors after pPD1N or pPD1P GET, indicating PD-1 expression in
T cells was unchanged. PD-1 levels increased on CD45-melanoma
cells from approximately 1.3% in the control group to 7.3%
(p < 0.05) after pPD1N GET and 12.7% (p < 0.001) after pPD1P
GET. These results confirmed intratumor plasmid GET produced
peptides capable of binding PD-L1 on melanoma cells.

Upregulation of PD-L1 expression in B16-F10 melanoma cells

and tumors after DNA electrotransfer

PD-L1 (Cd274) RNA expression in melanoma tumors was minimally
upregulated by pulse application, but upregulated 8-fold after plasmid
2 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
DNA (pDNA) electrotransfer when compared
with control tumors (Figure 3). Several cytokine
mRNAs known to drive Cd274 expression,
including interferon gamma Ifng, Il1b Il10, and
Il6,25–28 were significantly regulated in several
experimental groups. Ifng RNAwas the sole cyto-
kine upregulated nearly 5-fold by DNA injection,
but was upregulated minimally by pulse applica-
tion and pDNA electrotransfer. Il1b and Il10 were similarly regulated,
approximately 2-fold after pulse application, increasing to 3-fold and
9-fold, respectively, after pDNA electrotransfer. Finally, Il6 RNA was
upregulated more than 42-fold solely in the pDNA electrotransfer
group. This significant regulation may indicate this cytokine is primar-
ily responsible for Cd274 regulation in these tumors (Figure 3).

Protein expression experiments were performed in B16-F10 cells
in vitro to confirm the observed changes in gene expression. A signif-
icant increase in the expression of PD-L1 on the B16-F10 cell surface
was detected after DNA electrotransfer by flow cytometry (Figure 4A).
While control cells minimally expressed PD-L1, the level of expres-
sion increased to 16% after pulse application (p < 0.05), then to nearly
50% after DNA electrotransfer (p < 0.001). Cytokine secretion from
melanoma cells was quantified using a multiplex bead array 4 h after
DNA electrotransfer (Figure 4B). At this time point, IL-1b and IFN-g
protein regulation was not detected. Interestingly, while mRNA
expression in tumors was upregulated, IL-10 protein was downregu-
lated 3-fold (p < 0.05) in cells after pDNA exposure alone; this regu-
lation was 1.5-fold (p < 0.05) when combined with pulse delivery.
Finally, IL-6 protein was upregulated approximately 20-fold
(p < 0.01) compared with the control in the group receiving DNA
electrotransfer, supporting the concept that this cytokine may be pri-
marily responsible for PD-L1 regulation.

Therapeutic efficacy of combination therapy in the B16-F10

mouse melanoma model

After plasmid delivery, PD-1 peptide/PD-L1 binding was observed
in vivo (Figure 2). DNA electrotransfer upregulated PD-L1 mRNA
expression in vivo (Figure 3), which was confirmed by PD-L1 protein
expression in vitro (Figure 4A). It is established that pIL-12 GET po-
tentiates checkpoint inhibitor therapy.15,17 Therefore, the potential
therapeutic efficacy of this combined approach was assessed in the
B16-F10 mouse melanoma model. To facilitate this combination, we
used delivery protocols designed to achieve specific relative expression
levels. Since the concept being tested is that the PD-1 peptide binds to
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Figure 3. PD-L1-related RNA signaling is regulated 4 h after vector pDNA

electrotransfer (ET)

gWiz Blank was delivered using the EP1 pulse protocol to B16F10 tumors. The

heatmap shows differentially expressed genes based on false discovery rate,

*q < 0.05, **q < 0.01, ***q < 0.001 with respect to control.
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upregulated PD-L1, we initially reasoned the best approach would be
to utilize a pulse protocol (EP2) that typically leads to higher expres-
sion.13 For the plasmid encoding IL-12, we used a pulse protocol
(EP1), which leads to moderate expression. This moderate expression
induces the appropriate changes in the TME to result in a robust anti-
tumor immune response.10,11,13,18,29,30 We delivered pIL-12 1 day
before the peptide plasmids to enable TME changes to occur prior
to delivery of PD-1. In additional experiments, we further explored
this delivery approach by also delivering the pIL-12 with EP2.

We did not observe toxicity as indicated by weight loss (data not
shown), coat appearance, general condition, and discomfort in any
group or experiment. In the initial experiment, delivery of pVAX1
and pPD1N using EP2 had no significant effect on survival, while
PD1P produced a minimal but significant effect (p = 0.0116) (Fig-
ure 5A). Delivery of pIL-12 using the EP1 pulse protocol significantly
increased survival compared with mice with untreated tumors alone
(p < 0.0001) or in combination with the vector plasmid, pVAX1
(p < 0.0001), pPD1P (p < 0.0001), and pPD1N (p < 0.0001)
(Figure 5B).

In evaluating this approach for potential translation, the pIL-12 deliv-
ery protocol was modified to correspond with the delivery protocol
Figure 2. PD-1 peptides bind B16-F10 cells in vivo 2 days after plasmid GET de

pPD1N and pPD1P were delivered to tumors using the EP2 pulse protocol. Representa

GET tumors are shown. Melan-A, Red; CD8a; cyan; PD-1, yellow.White arrows indicate

colocalization of PD-1 and Melan-A. Scale bar, 20 mm. Images of individual fluorescent

peptides after intratumor pPD1N or pPD1P GET by flow cytometry. Mean ± standard d

from control tumors: (E) CD45+/PD-1+ cells, (F) CD45�/PD-1+ cells; representative his

representative histograms from pPD1P GET tumors: (I) CD45+/PD-1+ cells, (J) CD45�/
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for the other plasmids (EP2). As expected, the higher pIL-12 expres-
sion associated with EP2 delivery significantly increased survival
compared with mice with untreated tumors alone (p < 0.0001) (Fig-
ure 5C). While the addition of pVAX1 or pPD1N delivery produced
no additional benefit, the addition of pPD1P increased survival mini-
mally but significantly over pIL-12 delivery alone (p = 0.0135).

DISCUSSION
In this study, we demonstrated that a mouse-specific synthetic pep-
tide based on PD1P but not PD1N successfully inhibited PD-1/PD-
L1 binding in vitro. Tumor cells transfected with peptide plasmids
secreted these peptides, which subsequently bound PD-L1 on mela-
noma tumor cells in vivo. RNA and protein analyses demonstrated
a potentiating effect of plasmid delivery by the upregulation of PD-
L1 on tumor cells due to cytokine induction. Finally, we demonstrated
that intratumor delivery of the PD1P-encoding plasmid increased the
efficacy of pIL-12 GET therapy.

A synthetic peptide encoding PD1P but not PD1N inhibited PD-1
detection by ELISA (Figure 1). These peptides correspond with
different regions of the PD-1 protein. Nivolumab binds an N-termi-
nal loop not involved in the recognition of PD-L1.22 Pembrolizumab
binds a longer region that overlaps the PD-1/PD-L1 binding site.20,21

Direct interference may be more likely to inhibit binding. These fac-
tors may influence the differential effectiveness in the inhibition of the
in vitro assay, which was mirrored in vivo. Transfection of tumors re-
sulted in autocrine/paracrine binding of each peptide to melanoma
cells (Figure 2).

Tumor PD-L1 expression is a predictive biomarker for the efficacy of
anti-PD-1/PD-L1 therapy.31,32 It is important to note that PD-L1
expression can be upregulated by anti-cancer therapies that induce
intratumor expression of inflammatory molecules, such as chemo-
therapy, radiotherapy, and biological therapies.33,34 The activity of
anti-PD-1 antibodies depends on PD-L1 expression. For tumors
that do not express PD-L1, an elevation of expression is necessary
for checkpoint activity. We found that empty vector plasmid GET
significantly increased tumor PD-L1 RNA signaling pathways (Fig-
ure 3). Expression of the PD-L1 protein significantly increase in
B16-F10 cells (Figure 4A). Although we detected this upregulation af-
ter vector delivery, this observation generally supports a previous
study where increased PD-L1 expression was observed in hepatoma
cells and tumors after exposure to a CCL21-encoding plasmid.35

PD-L1 expression can be driven by several factors, including inflam-
matory immune modulators such as IL-6, IL-10, IL-1b, and
livery

tive composite images of (A) control tumors, (B) pPD1N GET tumors, and (C) pPD1P

an example of colocalization of PD-1 andCD8a; green arrows indicate an example of

channels are available in Figure S1. (D) Quantification of in vivo cell binding of PD1

eviation, *p < 0.05, ***p < 0.001 with respect to control. Representative histograms

tograms from pPD1N GET tumors: (G) CD45+/PD-1+ cells, (H) CD45�/PD-1+ cells;

PD-1+ cells. Individual histograms are available in Figure S2.



Figure 4. PD-L1-related protein signaling is

regulated 4 h after vector pDNA electrotransfer

gWiz Blank was delivered using the EP1 pulse protocol to

B16F10 cells. (A) Expression of PD-L1 on the cell surface.

(B) Cytokine production. Mean ± standard deviation,

*p < 0.05, ***p < 0.001 with respect to control.
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IFN-g.25–28 We previously demonstrated that DNA electrotransfer
into B16-F10 melanoma tumors induced upregulation of the mRNAs
and proteins of many immunemodulators, including IL-6,36,37 poten-
tially due to the activation of cytosolic DNA-specific pattern recogni-
tion receptors.38,39 IL-6, IL-10, IL-1b, and IFN-gmRNAs were upre-
gulated after vector plasmid GET (Figure 3). While several immune
modulators were upregulated 4 h after vector plasmid GET, the
elevated upregulation of IL-6 implicates this protein driving PD-L1
expression (Figure 4B).

The efficacy of pIL-12 GET is well-established in the B16-F10
mouse melanoma model10–14 and in metastatic melanoma clinical
trials.16–19 To enhance pIL-12 GET efficacy, we combined the upre-
gulation of PD-L1 expression in response to DNA electrotransfer
with the inhibition of PD-1/PD-L1 binding using plasmid-encoded
peptides. In this study, the antitumor effects of pIL-12 GET deliv-
ered using EP2 were significantly enhanced by the addition of a
plasmid encoding a mouse homolog of the pembrolizumab but
not the PD1N (Figure 5C). This enhancement was not seen when
pIL-12 GET was delivered with EP1. This may be because the
high response to pIL-12 GET alone could not be enhanced with
peptide expression. In a previous study, repeated injection of a
plasmid encoding the complete PD-1 sequence was tested in intra-
muscular murine hepatomas.35 In this study, initial tumor growth
was suppressed in 36% of mice; combination with a plasmid encod-
ing CCL21 increased growth suppression to 57%. This study
differed in tumor model and site, plasmid design, treatment
regimen, and in the fact that we tested therapeutic efficacy rather
than tumor growth suppression.

Localized intratumor delivery of IL-12 plasmid by electroporation
leads to systemic responses and an abscopal effect.40 In our study,
while pIL-12 GET was highly effective therapeutically, efficacy
benefited from the addition of the plasmid encoding the PD1P pep-
tide. Future studies will explore this approach in a multi-tumor or
metastatic model to determine if these local effects can induce a sys-
temic response.
Molecular The
MATERIALS AND METHODS
Peptides and plasmids

The binding site of pembrolizumab overlaps
the PD-1/PD-L1 binding site,20,21 amino acids
74–99 of PD-1 (UniProt accession number:
Q15116). Nivolumab primarily binds to amino
acids 25–34, an N-terminal loop that is not
involved in recognition of PD-L1.22 We per-
formed an alignment between human and mouse (UniProt accession
number: Q02242) PD-1 to find the homologous mouse sequence for
each binding site (Figure 1A). Mouse-specific peptides PD1P
(NQTEKQAAFCNGLSQPVQDARFQIIQ, 2,935.29 g/mol, 96.50%pu-
rity by high-performance liquid chromatography [HPLC]) and PD1N
(LEVPNGPWRS, 1,154.3 g/mol, 98.91% purity byHPLC) were synthe-
sized (ABI Scientific) and suspended in PBS. The corresponding DNA
sequences were inserted between EcoRI and NotI in a mammalian
expressionplasmid (pVAX1,ThermoFisher Scientific) in-framebehind
an IgK leader sequence (50-ATGGAGACAGACACACTCCTGCTA
TGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGGTGAC-30)
to ensure secretion of each peptide after transfection to create plasmids
pPD1P and pPD1N. These plasmids were commercially prepared
(Azenta Life SciencesUSA) and suspended in sterile H2O. Plasmids
pUMVC3-mIL12 (University of Michigan Biomedical Research
Core Facilities) and empty vectors pVAX1 and gWiz Blank (Aldevron
LLC) were commercially prepared (Aldevron LLC) and suspended in
sterile saline. Endotoxin levels were confirmed to be <0.1 EU/mg.

Binding inhibition

A Mouse PD-1 ELISA kit (Abcam) was used to quantify PD-1/PD-L1
binding inhibition. Briefly, the antibody cocktail was spiked with
1 mM synthetic PD1P, PD1N, or PBS diluent and incubated for 1 h
at room temperature. The ELISA was then performed per manufac-
turer’s instruction using the 2,000 pg/mL standard as a positive control.

Electrotransfer

Two pulse protocols were used in this study (Table 1). EP1 produces
moderate transgene expression and has been used in multiple clinical
trials.16–19 EP2 produces higher expression,13 but has not yet reached
clinical trials. Pulses were delivered using a legacy model ECM 830
Square Wave Electroporation System (BTX Harvard Apparatus).

Cell lines and transfection

B16-F10 mouse melanoma cells (CRL-6475, American Type Culture
Collection) were cultured in McCoy’s medium (Corning, Thermo
Fisher Scientific) supplemented with 10% fetal bovine serum (Gibco)
rapy: Nucleic Acids Vol. 35 September 2024 5
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Figure 5. Delivery of plasmids encoding PD-1 peptides potentiates IL-12 efficacy in vivo

(A) PD1P, PD1N, and pVAX1GET delivery as a sole therapy using the EP2 pulse protocol as described in Table 1. (B) Survival after pIL12GET using pulse protocol EP1, n = 10

per group. (C) Survival after pIL12 GET using pulse protocol EP2, n = 20 per group. Significance was determined by Mantel-Cox log rank test followed by multiple com-

parisons of Kaplan-Meier curves using the Bonferroni method. For each test, a p value of <0.05 was considered statistically significant. *p < 0.05; ***p < 0.001 respect to

control tumors.
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and 1% penicillin-streptomycin in a 5% CO2 humidified incubator at
37�C. Cells were suspended to 2 � 107/mL in complete medium;
groups were spiked with sterile physiological saline or 0.8 mg/mL
gWiz Blank (Aldevron). In addition to the control group, the exper-
imental groups included exposure to pulses alone by the application
of pulse protocol EP1 at a frequency of 4 Hz (Table 1), plasmid sus-
pension, and plasmid suspension followed by pulse application. Cells
were then transferred to six-well plates and incubated for 24 h.

Cell flow cytometry

Transfected B16-F10 cells were harvested 24 h post-transfection.
PD-L1 expression of DAPI (Akoya Biosciences) stained cells was quan-
tified with an anti-PDL1 monoclonal antibody (Biolegend) via flow
cytometry (CytoFLEX, Beckman). FlowJo analysis software (BDBiosci-
ences) was used to determine total number of cells expressing PD-L1.

In vivo RNA expression

The animal experiments and oligonucleotide array dataset used in
this analysis were previously described.37 All procedures were
approved by the University of South Florida Institutional Animal
Care and Use Committee. Briefly, 106 melanoma cells in 50 mL phos-
phate buffered saline were injected subcutaneously in the left flank of
female 7- to 8-week-old C57Bl/6 mice (Jackson Laboratories) and al-
lowed to grow for 6–8 to a diameter of approximately 4–6 mm. Mice
were anesthetized by inhalation of 2% isoflurane in oxygen, tumors
were injected with 50 mg gWiz Blank in 25 mL saline and pulse proto-
Table 1. Pulse protocols for plasmid electrotransfer

Protocol Pulse number Pulse length (ms)a Pulse in

EP1 6 0.1 1,300

EP2 10 5 600

amillisecond.
bVolts/centimeter.
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col EP1 at a frequency of 4 Hz was applied with a legacy model ECM
830 Square Wave Electroporation System (BTX Harvard Apparatus)
(EP1). After 4 h, the mice were humanely euthanized and the tumors
were removed and processed for gene expression analysis.37 The se-
lection conditions of a significantly changed gene expression were
based on a fold difference higher than absolute 2 and q-value after
false discovery rate correction of less than 0.05 were analyzed using
the DAVID (Database for Annotation, Visualization and Integrated
Discovery) bioinformatics tool.41–43 Raw data and DAVID output
files can be downloaded at https://www.mdpi.com/article/10.3390/
pharmaceutics14102097/s1.37

In vitro protein expression

Proteins secreted by 106 transfected B16-F10 cells into 1 mL medium
were quantified 4 h after pDNA electrotransfer using a multiplex
panel (Millipore) for IL-6, IL-10, IL-1b, IFN-g per the manufacturer’s
instructions on a MAGPIX System (Luminex).

Tumor immunohistochemistry

Tumor induction was performed as described in the In vivo RNA
expression section. Once tumors reached 4–6 mm in diameter,
mice were anesthetized then treated via intratumor injection of
pPD1N or pPD1P (100 mg/50 mL), followed by GET using EP2
(Table 1). Forty-eight hours after treatment, the mice were humanely
euthanized, and the tumors removed. Paraffin-embedded sections
(5 mm) were stained via immunohistochemistry (IHC) using Opal
tensity (V/cm)b Pulse frequency (hertz) Electrode

1 or 4 6-needle array

1 caliper

https://www.mdpi.com/article/10.3390/pharmaceutics14102097/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14102097/s1
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(520, 570, 690) Multiplex IHC kits (Akoya Biosciences) as directed by
the manufacturer. Primary antibodies used include rabbit anti-mouse
Melan-A (polyclonal antibody, Proteintech), rat anti-mouse CD8a
(4SM15, Ebioscience), rabbit anti-mouse PD-1 (EPR20665, Abcam)
using. Secondary antibodies used include horseradish peroxidase
(HRP) goat anti-rat IgG (Poly4054, Biolegend) and HRP goat anti-
rabbit IgG H&L (polyclonal antibody, Abcam). Sections were imaged
using the PhenoImager Fusion platform (Akoya Biosciences) at a 40�
(0.25 mm) resolution using Fusion software version 2.2.0 (Akoya Bio-
sciences). Spectral unmixing, background autoflourescence removal,
and image finalization were performed using Phenochart version
2.0.1 (Akoya Biosciences), Inform version 3.0 (Akoya Biosciences),
and Qupath version 0.5.0.44

Tumor flow cytometry

Forty-eight hours after delivery of pPD1N or pPD1P, B16-F10 tumors
were dissociated using a gentleMACSOcto Dissociator (Miltenyi Bio-
tec) per the manufacturer’s instructions. Cells were stained for CD45
(Biolegend) and PD-1 (Miltenyi Biotec) and analyzed by flow cytom-
etry (FACSCanto II, BD Biosciences).

Therapeutic efficacy

Under anesthesia, all plasmids were injected into the tumor at a vol-
ume of 50 mL when tumors reached 4–6 mm in diameter. pIL-12 was
injected at a concentration of 1 mg/mL and pPD1N, pPD1P and
pVAX1 were at a concentration of 2 mg/mL. After injection, GET
was administered to the tumors. For mice receiving injections of
pPD1N, pPD1P and pVAX1, the GET protocol was EP2 (Table 1).
For mice receiving injections of pIL-12, the GET protocol for the
initial experiment was EP1 (Table 1). In a subsequent experiment,
mice also received pIL-12 using EP2. In each experiment, mice
were administered pIL-12 GET on days 1, 5, and 8 and on days 2,
6, and 9 mice were administered pPD1N, pPD1P, and pVAX1 GET.

Statistical evaluation

Statistical analyses was carried out using GraphPad Prism 9.1.0. For
binding inhibition assays and protein expression assays, significance
was determined by a one-way ANOVA followed by a Tukey-Kramer
post-test. The significance of survival was determined by an overall
Mantel-Cox log rank test followed by multiple comparisons of
Kaplan-Meier curves using the Bonferroni method. For each test, a
p value of <0.05 was considered statistically significant.

DATA AND CODE AVAILABILITY
The data presented in this study are available on request from the cor-
responding authors.
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Supplemental information can be found online at https://doi.org/10.
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