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Checkpoint-inhibiting antibodies elicit impressive clinical
responses, but still face several issues. The current study evalu-
ated whether DNA-based delivery can broaden the application
of checkpoint inhibitors, specifically by pursuing cost-efficient
in vivo production, facilitating combination therapies, and
exploring administration routes that lower immune-related
toxicity risks. We therefore optimized plasmid-encoded anti-
CTLA-4 and anti-PD-1 antibodies, and studied their pharma-
cokinetics and pharmacodynamics when delivered alone and
in combination via intramuscular or intratumoral electropora-
tion inmice. Intramuscular electrotransfer of these DNA-based
antibodies induced complete regressions in a subcutaneous
MC38 tumor model, with plasma concentrations up to 4 and
14 mg/mL for anti-CTLA-4 and anti-PD-1 antibodies, respec-
tively, and antibody detection for at least 6 months.
Intratumoral antibody gene electrotransfer gave similar anti-
tumor responses as the intramuscular approach. Antibody
plasma levels, however, were up to 70-fold lower and substan-
tially more transient, potentially improving biosafety of the ex-
pressed checkpoint inhibitors. Intratumoral delivery also
generated a systemic anti-tumor response, illustrated by mod-
erate abscopal effects and prolonged protection of cured mice
against a tumor rechallenge. In conclusion, intramuscular
and intratumoral DNA-based delivery of checkpoint inhibitors
both enabled long-term anti-tumor responses despite distinct
systemic antibody exposure, highlighting the potential of the
tumor as delivery site for DNA-based therapeutics.

INTRODUCTION
Checkpoint-inhibiting monoclonal antibodies (mAbs) have shown
impressive results in several cancer indications, but the complex pro-
duction, significant portion of refractory patients, and severe toxicity
risks hamper a broader application.1 To improve response rates, more
than a thousand immunotherapy combinations are currently under
clinical evaluation. These combination therapies, however, increase
costs and the risk for immune-related adverse events.2,3 Overall, these
issues highlight the need for innovations in mAb production and
delivery.
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Antibody gene transfer aims to administer the mAb-encoding nucleo-
tides instead of the recombinant protein, which enables the patient’s
body to produce and secrete the mAb for a prolonged period of
time.4 Viral vectors, plasmid DNA (pDNA), and mRNA have success-
fully been applied to express therapeutic mAb (combinations) in vivo.
Among these available options, we focus on pDNA as expression plat-
form because of the ease of production, limited immunogenicity, and
favorable biosafety profile.4We recently demonstrated proof of concept
for DNA-based intramuscular gene transfer of tumor-targeting mAbs
in mice and sheep.5,6 As in our experiments, pDNA is typically admin-
istered in vivo in combination with electroporation, a technique that
employs electrical pulses to temporally increase the permeability of
cell membranes at the application site.7 Compared with viral vectors
and mRNA, this allows a more targeted and controlled transfection
of the tissue of interest. Electroporation has already been extensively
used in the clinic, e.g., in the context of DNA vaccines and electroche-
motherapy,7 and can target both superficial and deep-seated sites,
e.g., by catheter-based electroporation devices.8 DNA-based antibody
gene electrotransfer has shown preclinical efficacy in oncology
and infectious, auto-immune, and cardiovascular diseases,4 and is
under clinical evaluation (ClinicalTrials.gov: NCT011384109 and
NCT03831503).

Thus far, DNA-based antibody gene transfer studies have exclusively
focused on the muscle or liver as site of transfection, resulting in sys-
temic mAb exposure.4 pDNA delivery directly into the tumor, in
contrast, leads to in situ transgene expression and more restricted
exposure. Intratumoral electrotransfer of DNA-based interleukin 12
(IL-12), for example, resulted in high IL-12 concentrations in the
Society of Gene and Cell Therapy.
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Table 1. Characteristics of Anti-CTLA-4 and Anti-PD-1 mAb-Encoding pDNA Constructs

Promoter Variable Regions Isotype Plasmid Design Plasmid Backbone

p(aCTLA-4-HC+LC)
CAG
(two in tandem)

murine 9D9 IgG2ab single pDNA pNull

p(aCTLA-4) =
p(aCTLA-4-HC) + p(aCTLA-4-LC)

CAG murine 9D9 IgG2ab
equimolar mixture of
HC-pDNA and LC-pDNA

pNull

p(CAG-caPD-1-HC2a+LC)
CAG
(two in tandem)

rat RMP1-14 IgG2aa single pDNA pNull

p(CMV-caPD-1-HC1) + p(CMV-caPD-1-LC) CMV rat RMP1-14 IgG1
equimolar mixture of
HC-pDNA and LC-pDNA

pControl

p(CMV-maPD-1) =
p(CMV-maPD-1-HC1) + p(CMV-maPD-1-LC)

CMV murinized RMP1-14 IgG1
equimolar mixture of
HC-pDNA and LC-pDNA

pControl

p(CAG-maPD-1) =
p(CAG-maPD-1-HC1) + p(CAG-maPD-1-LC)

CAG murinized RMP1-14 IgG1
equimolar mixture of
HC-pDNA and LC-pDNA

pNull

HC, heavy chain; LC, light chain; pDNA, plasmid DNA.
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tumor and limited detection in the circulation, enabling local and sys-
temic therapeutic responses in both preclinical and clinical trials.10,11

For checkpoint inhibitors, similar findings were reported for the in-
tratumoral delivery of mAb proteins12–15 and mAb-armed vi-
ruses,16,17 which are both under clinical evaluation.12,13,18 Gene trans-
fer of immunomodulatory mAbs has indeed mainly been performed
with viral vectors. To our knowledge, only two recent studies reported
the DNA-based delivery of checkpoint inhibitors,19,20 but these
focused exclusively on the intramuscular route and single-agent
treatments.

The current study aimed to establish preclinical proof of concept
for intramuscular and intratumoral DNA-based electrotransfer of
single and combined checkpoint-inhibiting mAbs, and compare
the resulting pharmacokinetics and pharmacodynamics in a well-
characterized mouse tumor model. Anti-cytotoxic T-lymphocyte
associated protein 4 (CTLA-4) and anti-programmed cell death
protein 1 (PD-1) mAbs served as a model, given their regulatory
approved combination,21,22 high frequency of immune-related
adverse events after systemic infusion,1,3 and safe and effective in-
tratumoral delivery as mAb proteins12–15 or viral-vectored gene
therapy.16,17

RESULTS
Engineering of the Expression Cassette and Antibody

Sequences Increased Antibody Expression

A DNA-based anti-mouse CTLA-4 mAb was engineered based on
the validated murine 9D9 clone, with some framework modifica-
tions and a murine IgG2ab (C57BL/6 haplotype)23 constant region
(Table 1). Selby et al.24 previously showed that this isotype variant
elicited enhanced anti-tumor responses compared with the original
IgG2b isotype. Similar to our previous studies,5 heavy chain (HC)
and light chain (LC) sequences were cloned into a single pDNA
construct p(aCTLA-4-HC+LC) by means of two CAG promoters
in tandem. Intramuscular electrotransfer of p(aCTLA-4-HC+LC)
in C57BL/6J mice resulted in long-term mAb expression, with
mAb plasma concentrations up to 2 mg/mL and detectable levels
for at least 5 months (mean concentration of 130 ng/mL; Fig-
ure 1A). When two separate CAG-driven pDNA constructs
p(aCTLA-4-HC) and p(aCTLA-4-LC) were used to express HC
and LC, respectively, in vitro mAb expression increased 4-fold
compared with the single construct (p < 0.0001; Figure 1B).
Accordingly, an equimolar mixture of p(aCTLA-4-HC) and
p(aCTLA-4-LC) was used in all subsequent experiments and
referred to as p(aCTLA-4) (Table 1).

Because we had no access to the sequences of a murine anti-mouse
PD-1 mAb, a DNA-based chimeric anti-PD-1 mAb p(CAG-caPD-1-
HC2a+LC) was generated, containing the variable regions of the rat
RMP1-14 clone and amurine IgG2aa (BALB/c haplotype)23 backbone
(Table 1). Despite efficient mAb expression in vitro, mAb plasma
levels in C57BL/6J mice showed a rapid decline after intramuscular
p(CAG-caPD-1-HC2a+LC) electrotransfer and were undetectable af-
ter 2 weeks (Figure 1C) due to anti-drug antibody formation (data not
shown). We therefore shifted to another chimeric anti-PD-1 mAb
with the same variable regions but an IgG1 isotype, which was initially
available in another cassette configuration: p(CMV-caPD-1-HC1)
and p(CMV-caPD-1-LC) (Table 1). Replacing the IgG2aa by the mu-
rine IgG1HC backbone avoided the induction of anti-drug antibodies
and allowed for long-termmAb detection after intramuscular electro-
transfer (Figure 1C). Murinization of the rat variable regions in
p(CMV-maPD-1-HC1) and p(CMV-maPD-1-LC) [referred to as
p(CMV-maPD-1) when combined; Table 1] significantly increased
anti-PD-1 mAb expression in vivo (1.4- to 4.6-fold; p < 0.05; Fig-
ure 1C). One mouse reached mAb plasma levels up to 60 mg/mL,
which explains the high variance in Figure 1C. In an independent
experiment, the murinized anti-PD-1 mAb was still detectable in
plasma at concentrations ranging from 400 ng/mL to 2 mg/mL
7 months after a single intramuscular p(CMV-maPD-1) electrotrans-
fer. Cloning the murinized HC and LC sequences into the CAG-
driven pDNA backbone p(CAG-maPD-1-HC1) and p(CAG-maPD-
1-LC) [hereafter referred to as p(CAG-maPD-1) when combined;
Molecular Therapy Vol. 28 No 4 April 2020 1069
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Figure 1. Engineering of a DNA-Based Anti-CTLA-4 mAb and DNA-Based Anti-PD-1 mAb

mAb concentrations were determined in plasma after a single intramuscular (i.m.) electrotransfer of 60 mg pDNA in C57BL/6J mice (A, C, and D), and in cell

supernatant (SN) after transfection of five million 293F Freestyle suspension cells with 5 mg pDNA (B). (A) Validation of anti-CTLA-4 mAb expression by p(aCTLA-

4-HC+LC) (n = 5 mice). (B) Comparison of p(aCTLA-4-HC) + p(aCTLA-4-LC) and an equimolar amount of p(aCTLA-4-HC+LC). Data were analyzed with an

unpaired t test (n = 8 or 9 biological replicates). (C) Comparison of p(CAG-caPD-1-HC2a+LC), p(CMV-caPD-1-HC1) + p(CMV-caPD-1-LC), and p(CMV-maPD-1-

HC1) + p(CMV-maPD-1-LC). Asterisks indicate the statistical difference between the p(CMV-caPD-1) and p(CMV-maPD-1) group, analyzed with an unpaired t

test (n = 5 or 10 mice per group). (D) Comparison of the CMV-based and CAG-based pDNA constructs to express the murinized IgG1 anti-PD-1 mAb. mAb

plasma concentrations were compared with an unpaired t test (n = 10 mice per group). All data are represented as mean + SEM (*p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001).
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Table 1] further increased the anti-PD-1 mAb plasma levels (1.3-
to 6.0-fold; p < 0.05 to p < 0.0001; Figure 1D). In summary, peak
anti-PD-1 mAb plasma concentrations could be increased up to 8-
fold through combined optimization of the mAb sequences and
mAb expression cassette.

Intramuscular DNA-Based Delivery of Immunomodulatory

Antibody Combinations Enabled Complete Tumor Regressions

and Long-Term Anti-tumor Protection

The efficacy of the DNA-based anti-CTLA-4 and anti-PD-1 mAbs,
alone or in combination, was verified by intramuscular delivery. In
a first experiment, prophylactic intramuscular pDNA electrotransfer
was performed in C57BL/6J mice, 7 days before subcutaneous (s.c.)
MC38 tumor cell injection. Mice received p(aCTLA-4) or p(CMV-
maPD-1) in the left tibialis anterior muscle or received both DNA-
based mAbs in the left and right leg, respectively. The higher-express-
ing p(CAG-maPD-1) construct was not yet available at that time.
Control mice received an equimolar amount of an empty plasmid
pNull, devoid of an expression cassette, in the right and left tibialis
anterior. One day later, electrotransfer of the corresponding pDNA
constructs was repeated in the gastrocnemius muscle. Prophylactic
1070 Molecular Therapy Vol. 28 No 4 April 2020
intramuscular antibody gene transfer significantly delayed tumor
growth compared with untreated mice (p < 0.0001), resulting in
42% complete responders with p(aCTLA-4) and 17% with p(CMV-
maPD-1) (Figure 2A; Figure S1A). Combined DNA-based mAb de-
livery even enabled 67% complete responders, thereby significantly
improving survival compared with p(CMV-maPD-1) alone (p <
0.05; Figure S1A). pNull had no effect on tumor growth (Figure 2A;
Figure S1A). Resulting mAb plasma concentrations peaked up to 4
and 14 mg/mL for anti-CTLA-4 and anti-PD-1 mAbs, respectively,
2 weeks after intramuscular pDNA electrotransfer and were
still detectable 6 months later (mean concentrations of 340 and
690 ng/mL for anti-CTLA-4 mAbs, and 1.8 and 3.0 mg/mL for anti-
PD-1 mAbs; Figure 2B). In a second experiment, intramuscular anti-
body gene transfer was performed 3 days after MC38 cell injection
(Figure 2C; Figure S1B). In this therapeutic setting, p(CMV-maPD-
1) alone did not affect survival compared with untreated mice.
p(aCTLA-4), in contrast, elicited significant tumor growth delay
(p < 0.0001) with 10% complete responders. Combined with
p(CMV-maPD-1), 30% of the mice showed complete tumor regres-
sions, an improvement that did not reach statistical significance
compared with p(aCTLA-4) alone. mAb response rates were thus
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Figure 2. Prophylactic and Therapeutic Intramuscular Electrotransfer of DNA-Based Checkpoint Inhibitors

C57BL/6J mice received an intramuscular (i.m.) pDNA electrotransfer in the tibialis anterior 7 days before (A, B, and D) or 3 days after (C, indicated by arrow) s.c. MC38 tumor

cell injection. One day later, pDNA electrotransfer was repeated in the gastrocnemiusmuscle. Each electrotransfer, the single-treatment groups received 60 mg p(aCTLA-4) or

p(CMV-maPD-1) in the left leg, and the combination-treatment group received both DNA-basedmAbs in different legs. Control mice got an equimolar amount of pNull in both

legs or were left untreated. (A and C) Tumor growth and number of complete responders (CR). Tumor volumes were compared with one-way ANOVA on day 19 after tumor

cell injection, when the first untreated mice had to be sacrificed (n = 10 or 12 mice per group). (B) Anti-CTLA-4 (black lines) and anti-PD-1 (gray lines) mAb plasma con-

centrations in the single-treatment groups (solid lines) and combination-treatment group (dashed lines; n = 12 mice per group). (D) MC38 tumor rechallenge in complete

responders of prophylactic intramuscular DNA-based mAb therapy, 23 weeks after the first tumor cell injection. The number of mice that became tumor-free (TF) after

rechallenge is indicated. Tumor volumes were compared with age-matched naive mice with an unpaired t test (n = 14 or 15 mice per group). All data are represented as

mean + SEM (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). For Kaplan-Meier survival curves, see Figure S1.
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less pronounced than after prophylactic intramuscular antibody gene
transfer.

To evaluate whether intramuscular DNA-based delivery of
checkpoint inhibitors confers long-term anti-cancer protection,
complete responders of the prophylactic intramuscular approach
were rechallenged with MC38 cells 23 weeks after the first
tumor cell injection. Nine out of 15 rechallenged mice again
achieved complete tumor regressions, whereas as expected no
complete responders were observed in the naive control mice
(follow-up period of 8 weeks; Figure 2D). At the time of rechal-
lenge, mAb plasma concentrations varied between 150 ng/mL
and 1.3 mg/mL for anti-CTLA-4 mAbs and 230 ng/mL and
7.1 mg/mL for anti-PD-1 mAbs (Figure 2B). Although these
systemic mAb levels did not correlate with the anti-tumor
responses after rechallenge, one cannot distinguish whether the
delayed tumor growth was caused by an anti-tumor immune
memory or by the circulating mAbs. Nevertheless, these experi-
ments show that both single and combined intramuscular
electrotransfer of DNA-based checkpoint inhibitors resulted in
long-term mAb expression and effective, long-term anti-tumor
responses.

Intratumoral DNA-Based Anti-CTLA-4 AntibodyDelivery Caused

Significant Regressions in Treated Tumors

To evaluate the efficacy of intratumoral DNA-based antibody gene
transfer, DNA-based anti-CTLA-4 mAbs were delivered at either
three or six doses in the s.c. MC38 model using a validated intratu-
moral electroporation protocol (Figure S2).25,26 These dose regi-
mens were based on pilot data showing only limited effects with a
single intratumoral pDNA administration (data not shown). Three
and six p(aCTLA-4) doses gave similar, significant anti-tumor re-
sponses compared with untreated tumors (p < 0.0001; Figure 3A).
Doubling the number of pDNA doses increased mAb plasma titers
(p < 0.05 and p < 0.01 for week 3 plasma levels and peak plasma
levels, respectively; Figure S3A), which overall correlated with the
observed anti-tumor response (p < 0.01, R2 = 0.327; Figure 3B).
Both p(aCTLA-4) regimens led to complete responders, albeit
limited in number (9% in each group), with six doses leading to a
significant improved survival compared with the empty plasmid
Molecular Therapy Vol. 28 No 4 April 2020 1071

http://www.moleculartherapy.org


0 5 10 15 20
0

500

1000

1500

2000

2500

Days post tumor cell injection

Tu
m

or
vo

lu
m

e
(m

m
3 )

p(aCTLA-4): 3 doses  1/11 CR
p(aCTLA-4): 6 doses  1/11 CR
pNull: 3 doses             0/11 CR
pNull: 6 doses             0/11 CR
untreated                    0/10 CR

*
** **** ****

0 50 100 150 200 250
0

500

1000

1500

2000

mAb plasma conc (ng/ml)

Tu
m

or
vo

lu
m

e
(m

m
3 )

p(aCTLA-4): 3 doses
p(aCTLA-4): 6 doses
P = 0.0054 = 0.327

BA

, R² 

Figure 3. Dose Comparison for Intratumoral p(aCTLA-4) or pNull Electrotransfer

MC38-bearing C57BL/6J mice received three or six intratumoral electroporations (indicated by black and gray arrows, respectively) of 60 mg p(aCTLA-4) or an equimolar

amount of pNull. Control mice were left untreated. (A) Tumor growth and number of complete responders (CR). Tumor volumes, represented as mean + SEM, were

compared with one-way ANOVA on day 19 after tumor cell injection, when the first mice had to be sacrificed (*p < 0.05, **p < 0.01, ****p < 0.0001). (B) Correlation between

tumor volumes and anti-CTLA-4 mAb plasma concentrations on day 19 after tumor cell injection. R2 indicates the square of the Pearson correlation coefficient (n = 10 or

11 mice per group). For mAb plasma concentrations over time and Kaplan-Meier survival curves, see Figure S3.
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pNull (p < 0.05; Figure S3B). In line with previous reports,27 intra-
tumoral electrotransfer of the plasmid backbone had some effect on
tumor growth, mainly caused by the injection of the pDNA, rather
than by the electrical pulses (Figure S4). This anti-tumor effect of
pNull was more pronounced at six doses than at three doses (p <
0.05 and p < 0.01 for tumor growth and survival, respectively),
but did not result in complete regressions (Figure 3A;
Figure S3B). Because three pDNA doses gave the biggest differenti-
ation between p(aCTLA-4) and pNull, this regimen was applied in
all subsequent intratumoral gene transfer experiments.

To assess how intratumoral delivery of mAb proteins compares with
DNA-based mAbs, we set up an exploratory study. MC38-bearing
mice (n = 4 per group) received three intratumoral injections of either
3, 1, 0.3, or 0.1 mg anti-CTLA-4 mAb protein. One microgram protein
gave comparable peak mAb plasma levels as three intratumoral doses
of 60 mg p(aCTLA-4) (Figure S5A). Initial tumor responses were also
similar, but concomitantly with a rapid decline of mAb plasma con-
centrations (below 50 ng/mL), tumors started regrowing (Figure S5B).
This suggests that prolonged in situmAb expression by intratumoral
gene transfer might provide improved outcomes over intratumoral
mAb protein administration.

Intratumoral Electrotransfer of DNA-Based Checkpoint

Inhibitors Resulted in Similar Efficacy as Intramuscular

Electrotransfer, Despite Lower Systemic Antibody Exposure

To testwhether intratumoralDNA-based gene transfer can be of benefit
for combination therapies, combined delivery of DNA-based anti-
CTLA-4 and anti-PD-1 mAbs was examined in the s.c. MC38 model.
Mice received three intratumoral electroporations with 60 mg of either
p(aCTLA-4) or p(CAG-maPD-1) in 25 mL D-PBS, or both together in
50 mL D-PBS. Control mice were treated with pNull, injected in 50 mL
D-PBS at a pDNA dose equimolar to the combined DNA-based mAb
treatment. p(CAG-maPD-1) had a limited impact on tumor growth
(Figure 4A; Figure S6), as was previously observed with the intramus-
1072 Molecular Therapy Vol. 28 No 4 April 2020
cular evaluation of p(CMV-maPD-1) in established tumors (Figure 2C;
Figure S1B). p(aCTLA-4), in contrast, led to 10% complete responders,
and the combination treatment to 20% (Figure 4A; Figure S6). Overall,
the response rates were similar compared with the therapeutic intra-
muscular approach, although mAb plasma concentrations were 10- to
70-fold lower (p < 0.0001) and more transient (Figure 4B). pNull
initially elicited an anti-tumor response similar to that of the DNA-
based mAbs, but again did not result in complete tumor regressions
(Figure 4A; Figure S6). Taken together, these results indicate that intra-
tumoralDNA-based electrotransfer can be applied to combine different
mAbs. Further fine-tuning of the individual doses and choice of the
most effective combinations remains required to improve anti-tumor
responses.

Intratumoral DNA-Based Delivery of Immunomodulatory

Antibodies Induced a Systemic, Long-Term Anti-tumor

Response

Because systemic efficacy is highly relevant for in situ therapies, in-
tratumoral p(aCTLA-4) electrotransfer was evaluated in mice
bearing two contralateral s.c. MC38 tumors. The primary tumor
received three pDNA doses, whereas the smaller, contralateral tu-
mor was left untreated. p(aCTLA-4) significantly delayed tumor
growth of primary tumors compared with an equimolar amount
of pNull (p < 0.01) and untreated mice (p < 0.0001), with 33% com-
plete regressions (Figure 5A). In contralateral tumors, a moderate
but significant abscopal effect was observed (p < 0.05; Figure 5B),
even though anti-CTLA-4 mAb plasma levels did not exceed
100 ng/mL. In 1 mouse out of 12, both tumors completely regressed.
pNull, in contrast, had no effect on the distant, non-treated tumor.
These results indicate that intratumoral DNA-based anti-CTLA-4
mAb delivery can elicit systemic anti-tumor responses, despite
limited systemic mAb exposure.

Complete responders from the different intratumoral gene transfer
studies, including mice cured by DNA-based mAb monotherapy
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Figure 4. Combined Intratumoral Electrotransfer of DNA-Based Checkpoint Inhibitors

MC38-bearing C57BL/6J mice received three intratumoral (i.t.) electroporations (indicated by arrows) of 60 mg p(aCTLA-4) or p(CAG-maPD-1) in 25 mL D-PBS, or the

combination of p(aCTLA-4) and p(CAG-maPD-1) or an equimolar amount of pNull in 50 mL D-PBS. One group received no treatment. (A) Tumor growth and number of

complete responders (CR). Tumor volumes were compared with one-way ANOVA on day 18 after tumor cell injection, when the first mice had to be sacrificed (**p < 0.01,

****p < 0.0001). (B) Anti-CTLA-4 (black lines) and anti-PD-1 (gray lines) mAb plasma concentrations in the single-treatment groups (solid lines) and combination-treatment

group (dashed lines). All data are represented as mean + SEM (n = 10 mice per group). For Kaplan-Meier survival curves, see Figure S6.
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and combination therapy, were subsequently rechallenged with
MC38 tumor cells, 11 to 14 weeks after the first tumor cell injection.
In contrast with the intramuscular gene transfer approach, mAb
plasma levels were all below 50 ng/mL at the time of rechallenge. In
all rechallenge experiments, tumor growth was significantly delayed
compared with tumor growth in age-matched controls (p < 0.001
to p < 0.0001), with 2 out of 10 mice achieving again complete tumor
regressions (follow-up period of 11 and 17 weeks; Figure 5C). Taken
together, this suggests that intratumoral delivery of DNA-based
checkpoint inhibitors generates a long-term systemic anti-tumor im-
mune memory, thereby protecting mice against a future challenge
with the same tumor.

DISCUSSION
To overcome the hurdles associated with checkpoint-inhibiting mAbs,
we present DNA-based antibody gene electrotransfer as an alternative
to the conventional production and parenteral delivery of mAb pro-
teins. The current study aimed to establish preclinical proof of concept
for the DNA-based delivery of immunomodulatory mAb combina-
tions in the muscle and, for the first time, directly into the tumor.

First, we engineered and optimized DNA-encoded anti-CTLA-4 and
anti-PD-1 mAbs. Despite contradictory reports about the optimal
plasmid design,28,29 mAb expression significantly increased when
HC and LC were expressed by separate pDNA constructs instead of
a single pDNA. Inmice, intramuscular delivery of our DNA-basedmu-
rine anti-CTLA-4 mAb enabled long-term in vivo mAb expression.
The DNA-based chimeric IgG2aa anti-PD-1 mAb led to only short-
term mAb detection in plasma after intramuscular electrotransfer,
due to anti-drug antibodies toward the expressedmAb.Not the rat var-
iable sequences, but the BALB/c IgG2aa backbone23 appeared to be the
most immunogenic region, as demonstrated by the absence of anti-
drug antibodies against, and long-term expression of, the chimeric
IgG1 anti-PD-1 mAb. Previous work by Belmar et al.30 supports this
hypothesis. Murinization of the rat variable regions further improved
anti-PD-1 mAb expression, which highlights the importance of simi-
larity between the expressed mAb and mouse germline sequences.

Using the optimized pDNA constructs, we evaluated the efficacy and
pharmacokinetics of intramuscular DNA-based delivery of check-
point-inhibiting mAb combinations in the well-characterized MC38
tumor model. In both a prophylactic and therapeutic setting, com-
bined DNA-based anti-CTLA-4 and anti-PD-1mAb delivery resulted
in more complete responders compared with each DNA-based mAb
alone. As expected, prophylactic antibody gene transfer gave better
responses than the therapeutic approach, caused by the shifted
plasma concentration-time profiles of the expressed mAbs. Impor-
tantly, 5 months after treatment, most cured mice were still
resistant to a rechallenge withMC38 cells. The DNA-basedmurinized
anti-PD-1mAbwas effective only when given prophylactically, which
can be explained by the lower intrinsic anti-tumor effect of the orig-
inal rat anti-PD-1 mAb compared with our anti-CTLA-4 mAb, as
observed in a pilot study with the mAb proteins (Figure S7). To
improve the efficacy of the DNA-based murinized anti-PD-1 mAb
in future experiments, a D265A mutation could be introduced in
the IgG1 backbone, which cancels all Fcg receptor binding,31 or
higher mAb plasma levels could be targeted, e.g., by increasing the
pDNA dose or further optimizing the expression cassette. In the cur-
rent study, mean plasma levels up to 4 and 14 mg/mL were reached for
anti-CTLA-4 and anti-PD-1 mAbs, respectively, similar to previous
DNA-based delivery reports,19,20 and maintained at a high ng/mL
to low mg/mL range after 6 months. Peak plasma levels were also of
the same order of magnitude as mean trough concentrations reached
in clinical trials (20 and 30–90 mg/mL for anti-CTLA-4 and anti-PD-1
mAbs, respectively).21,22,32 In these studies, however, severe adverse
events occurred in up to 15% of the patients, with even higher toxicity
risks at the highest anti-CTLA-4 mAb doses.33,34

Due to the potential toxicity associated with systemic exposure
to checkpoint-inhibiting mAbs,33 we explored alternatives to
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Figure 5. Systemic Anti-tumor Effects of Intratumoral DNA-Based Delivery of Checkpoint Inhibitors

(A and B) C57BL/6J were s.c. injected with 1� 106 MC38 cells in the right flank (primary tumor), and 0.25� 106 MC38 cells in the left flank 3 days later (contralateral tumor).

The primary tumor (A) received three intratumoral electrotransfers of 60 mg p(aCTLA-4) or an equimolar amount of pNull (indicated by arrows), or was left untreated. The

contralateral tumor (B) received no treatment. Complete tumor regressions (CR) are separately indicated for the primary and contralateral tumor. Tumor volumes of the

p(aCTLA-4) group and pNull group were compared with the untreated mice on day 19 after primary tumor cell injection and compared with each other on day 21 with one-

way ANOVA. On days 19 and 21, the first mice of the untreated group and the first mice of the p(aCTLA-4) and pNull group had to be sacrificed, respectively (n = 12 mice per

group). (C) MC38 tumor rechallenge in complete responders of intratumoral DNA-based mAb therapy, 11–14 weeks after the first tumor cell injection. Data of multiple tumor

rechallenge experiments are pooled, including mice that were cured by DNA-based mAb monotherapy and combination therapy. The number of mice that became tumor-

free (TF) after rechallenge is indicated. Tumor volumes were compared with age-matched naive mice with an unpaired t test (n = 10 or 21 mice per group in total). All data are

represented as mean + SEM (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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intramuscular gene transfer, e.g., DNA-based delivery directly
into the tumor. In case of IL-12, for example, intratumoral
gene electrotransfer led to regressions of both treated and un-
treated lesions, while avoiding toxicity associated with systemic
delivery of this cytokine.10,11 To the best of our knowledge, the cur-
rent study is the first to evaluate the tumor as a site of delivery for
DNA-based mAbs. In addition to local regressions, intratumoral
gene electrotransfer of checkpoint inhibitors induced mild absco-
pal effects in distant lesions and delayed tumor growth in cured
mice after tumor rechallenge, suggesting a long-term systemic
anti-tumor immune response. Importantly, systemic mAb expo-
sure was considerably lower compared with intramuscular pDNA
delivery (up to 70-fold) and with the exposure reported in some
intratumoral protein-based studies.14,15 The impact of this lower
exposure on immune-related adverse events was not documented
here, because such toxicity assessment requires more specific
mouse strains.35

We demonstrated that intratumoral DNA-based gene transfer can
enable mAb combination therapies, yielding a higher complete
response rate than each DNA-based single treatment. Differences in
tumor growth or survival were not significant between the different
groups, except for the untreated mice, which might be explained by
the dose-dependent anti-tumor effect of the pDNA backbone pNull.
Indeed, it has been shown before that intratumoral electrotransfer of
control plasmids causes cell death, immune activation, and thereby
tumor regressions,27 making differentiation to intratumoral DNA-
based mAb therapy harder in the current study. Still, the long-term
benefits of the latter were obvious, because we did not observe com-
plete tumor regressions, nor systemic anti-tumor responses with
pNull. Reportedly, the anti-tumor response to such control plasmids
strongly depends on the applied electroporation protocol and tumor
model. Immunologically hot tumors,27 like the s.c. MC38 model used
1074 Molecular Therapy Vol. 28 No 4 April 2020
in the current study, are more sensitive than cold tumors.36 The clin-
ical relevance of the empty plasmid effect is still unclear and requires
further research. Overall, the current study highlights both the
potential and the hurdles for intratumoral antibody gene electrotrans-
fer. Moving forward, we will further characterize this approach, also
in additional tumor models, and explore more effective or appro-
priate combinations of DNA-based biologicals. Combinations that
are too toxic to be administered systemically or that therapeutically
benefit from prolonged local exposure can thereby be of specific inter-
est. Immunological characterization, e.g., of intratumoral T cell infil-
tration, can support candidate selection and provide valuable insights
in the underlying mechanisms of action of intratumoral gene transfer.
In addition, clinical translation requires further optimization of the
currently used pDNA constructs (e.g., via antibiotic resistance-free
backbones)37 and implementation of clinical-grade electroporation
setups.10,38

In conclusion, we optimized the in vivo expression of two DNA-based
checkpoint inhibitors through engineering of the plasmid design,
expression cassette, and mAb sequences. Both intramuscular and
intratumoral delivery gave significant anti-tumor responses, despite
the distinct mAb exposure. The tumor thereby emerged as an
appealing delivery site for cost-efficient DNA-based mAb (combina-
tion) therapies, enabling local and systemic efficacy with favorable
exposure. Pending further characterization and validation, this
approach could provide an alternative when conventional adminis-
tration is not adequate.

MATERIALS AND METHODS
pDNA Constructs

For the construction of a DNA-based murine anti-mouse CTLA-4
mAb, cDNA sequences of the 9D9 clone were derived from the
literature.39 Based on alignment to the mouse IGHV1-19*01 and
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IGKV1-117*01 germline sequences, three amino acids were modi-
fied in the variable regions of the 9D9 HC and LC, respectively.
These sequences were then grafted onto a murine IgG2ab HC and
kappa LC backbone, and codon-optimized for expression in mice.
HC and LC were cloned by Icosagen (Tartu, Estonia) into separate
pDNA constructs [p(aCTLA-4-HC) and p(aCTLA-4-LC), respec-
tively], each containing an ampicillin resistance gene, a pUC origin
of replication, a CAG promoter, and a TK poly(A) sequence. Addi-
tionally, a single construct was generated expressing both HC and
LC by means of a dual CAG cassette in tandem [p(aCTLA-4-
HC+LC)].

A DNA-based anti-mouse PD-1 mAb was similarly constructed as
p(aCTLA-4-HC+LC). Here, the rat variable regions of the RMP1-
14 clone (kindly provided by Prof. Hideo Yagita, Juntendo Univer-
sity School of Medicine, Tokyo, Japan) were grafted onto a murine
IgG2aa HC and kappa LC backbone. These were then cloned into a
single construct containing two CAG promoters [p(CAG-caPD-1-
HC2a+LC)] by Icosagen. To reduce the immunogenicity of the ex-
pressed anti-PD-1 mAb, pDNA encoding a chimeric mAb with
the same variable regions but a murine IgG1 backbone [p(CMV-
caPD-1-HC1), p(CMV-caPD-1-LC)] was purchased from Absolute
Antibody (Redcar, UK). Additionally, Absolute Antibody murinized
the chimeric IgG1 anti-PD-1 mAb sequences, i.e., mutations
were introduced in the variable regions to improve similarity to
mouse germline sequences [p(CMV-maPD-1-HC1), p(CMV-
maPD-1-LC)]. The latter pDNA constructs consisted of an
ampicillin resistance gene, a pUC origin of replication, and a
CMV-driven expression cassette, expressing either the HC or LC
and ending with an SV40 poly(A) sequence. Finally, the murinized
anti-PD-1 sequences were cloned into the CAG-driven pDNA
backbone, with separate plasmids expressing HC and LC [p(CAG-
maPD-1-HC1) and p(CAG-maPD-1-LC), respectively]. Characteris-
tics of the anti-CTLA-4 and anti-PD-1 mAb-encoding pDNA
constructs are summarized in Table 1.

Two empty plasmids served as controls. pNull contains only the
ampicillin resistance gene and pUC origin of replication, and was pro-
vided by Icosagen. pControl was cloned in-house by deletion of the
CMV-driven expression cassette from the Absolute Antibody
pDNA backbone. pDNA production and purification were performed
as previously described.5

Mice and Tumor Experiments

C57BL/6J mice were bred at the KU Leuven Animal Research Center
or purchased from Charles River Laboratories (Saint Germain
Nuelles, France). All experiments were approved by the KU Leuven
Animal Ethics Committee (P130/2017).

The MC38 cell line (ENH204-FP), derived from C57BL/6 murine
colon adenocarcinoma cells, was purchased from Kerafast (Boston,
MA, USA) in March 2017 and tested for Mycoplasma contamina-
tion. Cells were grown in Dulbecco’s modified Eagle medium, sup-
plemented with 10% heat-inactivated fetal bovine serum, 0.1 mM
non-essential amino acids, 1 mM sodium pyruvate, 10 mM HEPES,
and 50 U/mL penicillin/streptomycin (Thermo Fischer Scientific,
Waltham, MA, USA), at 37�C in a humidified incubator at 5%
CO2, starting from a master stock frozen after three passages in
March 2017. Following three to six additional passages, 1 � 106

MC38 cells in 100 mL D-PBS (14190-094, Thermo Fischer Scientific)
were injected s.c. in the right flank of 6- to 8-week-old female
C57BL/6J mice. To study abscopal effects, 0.25 � 106 MC38 cells
in 100 mL D-PBS were injected s.c. in the left flank 3 days after
the first tumor cell injection. For rechallenge experiments,
mice with complete tumor regressions received a s.c. injection of
1 � 106 MC38 cells in 100 mL D-PBS in the left flank 11–23 weeks
after the first tumor cell injection. Tumors were measured three
times per week using an electronic caliper (500-712-20; Mitutoyo,
Kawasaki, Japan). Tumor volume was calculated using the formula
a � b2 � 0.5, in which a represents the tumor length and b the
width. Mice were sacrificed when total tumor volume exceeded
2,000 mm3.

Intramuscular and Intratumoral Electroporation

Intramuscular pDNA electrotransfer was performed in the tibialis
anterior muscle of 7- to 8-week-old female mice as previously
described,5 unless otherwise stated. In brief, muscles were pretreated
with 40 mL of 0.4 U/mL hyaluronidase from bovine testes (reconsti-
tuted in sterile saline or D-PBS; H4272; Sigma, St. Louis, MO,
USA). Approximately 1 h later, 60 mg pDNA formulated in 30 mL
D-PBS was injected intramuscularly immediately followed by electro-
poration. The electroporation protocol comprised three series of four
20-ms square-wave pulses of 120 V/cm with a 50-ms interval between
the pulses and polarity switching after two pulses. Intratumoral
pDNA electrotransfer was performed 4–7 days after tumor cell injec-
tion, when s.c. tumors were palpable, using a previously described
preclinical protocol.25,26 A total of 60 mg pDNA formulated in
30 mL D-PBS was injected in the tumor, unless otherwise stated,
immediately followed by two series of four 5-ms square-wave pulses
of 600 V/cm in perpendicular directions at a frequency of 1 Hz.When
separate pDNA constructs were administered encoding either the
mAb HC or LC, these were first mixed at a 1:1 molar ratio. Electrical
pulses were delivered by the preclinical NEPA21 Electroporator
(Sonidel, Dublin, Ireland) with CUY650P5 tweezer electrodes
(Sonidel) at a fixed width of 5 mm. To improve contact of the elec-
trodes with the skin and to control tissue impedance, the skin and
electrodes were covered with Signa Electrode Gel (15-25; Parker
Laboratories, Fairfield, NJ, USA) or Eco Ultrasound Transmission
Gel (G0066; Fiab, Vicchio, Italy) before intramuscular and intratu-
moral electroporation, respectively. Pulse current and total energy
were verified with the NEPA21 readout.

In Vitro Antibody Production

Anti-CTLA-4 and anti-PD-1 mAbs were produced in vitro in
293F Freestyle suspension cells (R79007; Thermo Fischer Scien-
tific), as previously described.5 Cell media were collected
3–5 days after transfection, followed by centrifugation, 0.2-mm
filtration of the supernatant, and storage at �20�C. Expressed
Molecular Therapy Vol. 28 No 4 April 2020 1075
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mAbs were purified as described before5 and used as calibrator
in the respective ELISAs or used for intratumoral and intraper-
itoneal injection in mice.

ELISA

Blood was collected by retro-orbital bleeding of mice, processed to
plasma, and stored at �20�C. Anti-CTLA-4 and anti-PD-1 mAbs
were quantified in plasma and cell supernatant using two separate
in-house developed ELISAs. Ninety-six-well plates were coated
overnight at 4�C with 100 mL of 250 ng/mL mouse CTLA-4/Fc pro-
tein (50503-M02H; Sino Biological, Beijing, China) or 2 mg/mL
mouse PD-1/Fc chimera protein (1021-PD-100; R&D Systems, Min-
neapolis, MN, USA) in PBS, respectively. Then, plates were blocked
with 200 mL of 1% bovine serum albumin (BSA; A3294-50G; Sigma)
in PBS at room temperature for 2 h. Cell supernatant samples were
diluted in PTA (0.1% BSA and 0.002% Tween 80 in PBS), plasma
samples and calibrator in PTAE (5 mM EDTA disodium salt
dihydrate in PTA), and 100 mL of each was incubated in the wells
at room temperature for 1 h. The calibration curve consisted of
serial 2-fold dilutions of in-house-produced and purified mAb pro-
teins (anti-CTLA-4 mAb: 125 to 0.98 ng/mL; anti-PD-1 mAb: 120
to 0.94 ng/mL). Captured anti-CTLA-4 or anti-PD-1 mAbs
were detected with 100 mL rabbit anti-mouse IgG-horseradish
peroxidase (HRP) (RAM/IgG(H+L)/PO; Nordic-MUbio, Susteren,
Netherlands) or goat anti-mouse IgG-HRP (170-6516; Bio-Rad,
Hercules, CA, USA), respectively, diluted 1:10,000 in PTA and incu-
bated at room temperature for 1 h. Finally, plates were developed
with 160 mL of 400 mg/mL O-phenylenediamine and 0.04% H2O2

in citrate buffer (pH 5) at room temperature. After 30–45 min,
the reaction was stopped with 50 mL of 4 M H2SO4, and absorption
was measured at 490 nm using an ELx808 Absorbance Microplate
Reader (BioTek Instruments, Winooski, VT, USA). The presence
of antibodies toward the expressed anti-PD-1 mAbs was assessed
by drug-tolerant affinity capture elution (ACE) assays set up as pre-
viously described.40

Statistics

At the start of experiments, mice were randomized based on tumor
volume and/or weight. Statistical analyses were performed with
GraphPad Prism 7.02 (GraphPad Software, San Diego, CA, USA).
Data were presented as mean + standard error of the mean (SEM)
and compared using the unpaired t test or one-way ANOVA with a
Tukey’s test for multiple comparison, depending on the number of
groups. Kaplan-Meier survival curves were analyzed with the log-
rank (Mantel-Cox) test with a Holm’s test for multiple comparisons.
Two-sided p values below 0.05 were considered significant.
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