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ABSTRACT

Nucleic acid vaccines are designed based on genetic sequences (DNA or mRNA) of a target antigen to be
expressed in vivo to drive a host immune response. In response to the COVID-19 pandemic, mRNA and
DNA vaccines based on the SARS-CoV-2 Spike antigen were developed. Surprisingly, head-to-head
characterizations of the immune responses elicited by each vaccine type has not been performed to
date. Here, we have employed a range of preclinical animal models including the hamster, guinea pig,
rabbit, and mouse to compare and delineate the immune response raised by DNA, administered
intradermally (ID) with electroporation (EP) and mRNA vaccines (BNT162b2 or mRNA-1273), administered
intramuscularly (IM), expressing the SARS-CoV-2 WT spike antigen. The results revealed clear differences
in the quality and magnitude of the immune response between the two vaccine platforms. The DNA
vaccine immune response was characterized by strong T cell responses, while the mRNA vaccine elicited
robust humoral responses. The results may assist in guiding the disease target each vaccine type may be
best matched against and suggest mechanisms to further enhance the breadth of each platform’s
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immune response.

Introduction

The concept of the use of genetic material as vaccines was born
out of the observation of in vivo protein production after
injection of DNA or RNA into the leg muscles of mice.'
While the instability of mRNA limited its initial use, plasmid
DNA was widely explored as a promising new vaccine plat-
form. Early studies of DNA vaccines in small animals sup-
ported immunogenicity and safety.>> However, the immune
responses in larger animal and human studies initially disap-
pointed due to inefficient in vivo gene delivery. In response,
physical (electroporation, ultrasound, and gene gun) and che-
mical (lipids, polymers) in vivo delivery strategies were devel-
oped to enhance the passage of pDNA into the target tissue.*™
These delivery strategies resulted in levels of in vivo gene
expression and more robust immune responses.*'® In 2021,
Indian authorities gave emergency approval to the SARS-CoV
-2 spike DNA vaccine, ZyCoV-D, the first DNA vaccine
approved for human use."!

Initially, mRNA vaccine development was hindered by the
instability of the mRNA molecule and its inflammatory nature.
Two important findings advanced its progress. First, modifica-
tions of the nucleosides were identified which reduced the
hosts” inflammatory responses against the mRNA, allowing
for improved in vivo expression of the encoded protein.'?
Second, the development of a safe and stable delivery system,
lipid nanoparticles (LNPs), has enhanced the efficiency of

in vivo delivery of mRNA, by protecting the molecule from
immediate degradation and targeting the payload to the
immune system."> Nucleoside-modified mRNA vaccines for-
mulated with LNPs were among the first approved COVID-19
vaccines, demonstrating high levels of protection against
SARS-CoV-2 infection which was associated with robust neu-
tralizing antibody induction."*""”

While both DNA and mRNA nucleic acid COVID-19 vaccines
were designed to code for the ancestral SARS-CoV-2 spike anti-
gen, quite distinct immune profiles were reported for each plat-
form. The mRNA vaccines elicited strong humoral responses,
demonstrating high levels of neutralizing antibody responses pri-
marily targeting restricted regions of the SARS-CoV-2 spike anti-
gen such as the receptor-binding domain (RBD) and the
N-terminal domain (NTD).!®* The DNA vaccines induced
a modest humoral response, but broad T cell responses across
the whole Spike antigen.19 Thus, the data from non-head-to-head
studies indicate that these nucleic acid vaccine platforms may
induce characteristically different immune responses. Here, we
sought to further explore and confirm this observation by employ-
ing head-to-head analysis of mRNA and DNA vaccine responses
against the SARS-CoV-2 spike antigen in preclinical animal mod-
els. We used a range of animal models (New Zealand white
rabbits, Hartley guinea pigs, and Syrian golden hamsters) which
are compatible with the delivery modality (minimally invasive
in vivo electroporation at the skin) for DNA vaccines to compare
and contrast the cellular and antibody responses raised by each
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platform. Data indicated distinct immune profiles characterized
by broad T cell responses in DNA vaccine immunized animals
and high levels of focused neutralizing antibodies after mRNA
vaccination. Further mechanistic work was performed in mice,
revealing differences in polyfunctional antigen-specific CD4+ and
CD8+ T cell responses, as well as T follicular helper cell (Tth) and
B cell generation after vaccination.

Materials and methods
Vaccines

INO-4800, a plasmid DNA encoding the Wuhan-Hu-1 WT full-
length spike sequence'”*® was selected for comparison of the
immune responses to mRNA vaccines in all preclinical animal
models presented in this study. For immunizations with mRNA
vaccine, the monovalent version encoding the Wuhan-Hu-1
Spike sequence for BNT162b2 or mRNA-1273 were used.
BNT162b2 was used in the hamster, rabbit, and mouse studies,
whereas mRNA-1273 was used in the hamster and guinea pig
studies.

Study design and immunizations

Hamster studies

Syrian golden hamsters were purchased from Envigo to
assess immune responses in primary immunogenicity or
prime-boost studies. For the primary immunogenicity
study, animals were divided into groups of six animals
and dosed with 50 ug of INO-4800 intradermally (ID) fol-
lowed by electroporation using the Cellectra 3P™ (EP)
device, 5ug of BNT162b2 intramuscularly (IM), 5pg of
mRNA-1273 IM, or left untreated. Blood samples were
collected pre-treatment on Day 0, after first immunization
on Day 21 and 14 days post-second immunization on Day
35. Animals were sacrificed and spleens harvested for
assessment of T cell responses. For the heterologous prime-
boost study, hamsters were divided into groups of six ani-
mals that received a primary series with 5 pug of BNT162b2
on Days 0 and 21. After 96 days, one group received
a heterologous boost with 50pug of INO-4800 and
the second group a homologous boost with 5pg of
BNT162b2. Serum was collected on Day 96 (pre-boost,
baseline) and 14 days post-boost on Day 110 for assessment
of humoral responses. Animals were sacrificed on Day 110
and spleens harvested for assessment of T cell response by
the IFNy ELISpot assay.

Rabbit study

White New Zealand rabbits were purchased from Envigo to
evaluate primary immunogenicity of clinical dosing of mRNA
and DNA vaccines. Rabbits were divided into two groups of
five rabbits per group. Each group received either 2 mg of
INO-4800 via ID-EP or 30 pg of BNT162b2 IM on Days 0
and 28. Serum samples and peripheral blood mononuclear
cells (PBMCs) were collected on Days 0, 14, 35, and 85 for
assessment of humoral and T cell responses, respectively.

Mouse studies

C57BL6 and BALB/c mice were purchased from Jackson
Laboratories and used to investigate mechanistic pathways
involved in the generation of humoral and cellular immune
response between nucleic acid platforms or in early work
investigating the generation of antibody responses, respec-
tively. The C57BL6 or BALB/c were divided into groups of
eight animals and received two doses of 10 pug of INO-4800
via IM-EP delivery or 1pg of BNT162b2 intramuscularly
on Days 0 and 21. In the BALB/c study, mice were also
divided into two additional groups that received treatment
with 5pg of DLNP or 5 ug DLNP in combination with 2.5
ug of pDNA encoding IL-6. Both treatments were delivered
via IM-EP. Serum samples were collected on Days 0, 21,
and 28 and mice were sacrificed on Day 28 for spleen
harvest.

Guinea pig study

Hartley guinea pigs were purchased from Elm Hill Labs for
assessment of primary immunogenicity between nucleic acid
vaccines. Animals were divided into two groups of five animals
per group. Groups received either 100 ug of INO-4800 ID-EP
or 10 ug of mRNA-1273 IM on Days 0 and 26. Serum samples
were collected on Days 0, 14, 26, and 34 and PBMC:s collected
on Day 34 to assess T cell responses.

SARS-CoV-2 pseudovirus production and neutralization
assay

Pseudovirus production

SARS-CoV-2 pseudovirus stocks encoding the Ancestral (WT)
or Omicron (BA.1) spike protein were produced using
HEK293T cells transfected with Lipofectamine 3000
(ThermoFisher) using IgE-SARS-CoV-2 S plasmid variants
(GenScript) co-transfected with pNL4-3.Luc.R-E- plasmid
(NIH AIDS reagent) at a 1:8 ratio. Seventy-two-hours post-
transfection, supernatants were collected, steri-filtered
(Millipore Sigma) and aliquoted for storage at —80°C.

Pseudovirus neutralization assay

CHO cells stably expressing the ACE2 receptor (ACE2-CHOs;
Creative Biolabs) were used as target cells at 7,000 cells/well.
SARS-CoV-2 pseudoviruses were titered to yield >30 times the
relative luminescence units (RLU) of the cells-only control
after 72h of infection. Hamster sera from vaccinated and
naive groups were heat inactivated and serially diluted two-
fold starting at 1:32 dilution. Sera were incubated with SARS-
CoV-2 pseudovirus for 90 min at room temperature. After
incubation, the sera-pseudovirus mixtures were added to
ACE2-CHOs and allowed to incubate in a standard incubator
(37°C, 5% CO,) for 72h. After 72h, cells were lysed using
Britelite Plus Reporter Gene Luciferase (PerkinElmer), and the
RLU was measured using an automated luminometer.
Neutralization titers (IDsy) were calculated using GraphPad
Prism 8 and defined as the reciprocal serum dilution at which
RLU was reduced by 50% compared to RLU in virus control
wells after subtraction of background RLU in cell-only wells.



Mouse and hamster spleen processing

The mouse or hamster spleens were placed in 15 mL conical
tubes containing 6 ml of R10 media (RPMI-1640 with 10%
fetal bovine serum, 1% penicillin—streptomycin, and 0.1%
2-mercapthoethanol). Splenocytes were isolated using the
Seward Stomacher bag and machine system. Cells were then
strained through a 40 mm filter (BD Bioscience), washed, and
red blood cells (RBC) were lysed in 3 ml of ACK lysing buffer
(Lonza) for 2 min. After washing with 1x PBS, isolated sple-
nocytes were counted using the Vi-Cell-Blu machine
(Beckman Coulter) and resuspended at 20 x 10°%/mL concen-
tration ready to be used for ELISpot.

Rabbit PBMC processing

Peripheral blood (3-5 mL) from the rabbit ear vein was drawn
from each rabbit and transferred immediately into EDTA
blood collection tubes (BD cat# 367844). Blood was diluted
1:1 with PBS and slowly layered over 3.5 ml of Ficoll-Paque
Plus in a 15 mL SepMate tube (StemCell Technologies). Cells
were centrifuged at 1200 g for 10 min at RT with brakes on and
then washed with R10 medium. The RBCs were lysed in 2 mL
of ACK lysis buffer for 2 min and the reaction was stopped
with 1x PBS. Cells were washed with 1x PBS, resuspended in 5
mL of R10 media and counted. Cells were diluted to 1 x 10%/
mL in R10 media for further use in ELISpot assays.

Hamster and rabbit IFNy ELISpot

For hamster and rabbit ELISpot assays, pre-coated kits from
Mabtech were used following the manufacturer’s protocol. For
hamster ELISpot Plus: Hamster IFNy (ALP) 3102-4APW
(Mabtech) and for rabbit ELISpot Plus: Rabbit IFNy (HRP)
3110-4HPW. ELISpot plates were washed five times with ster-
ile PBS, pH 7.4. Plates were then blocked with 200 mL/well of
R10 for at least 30 min at room temperature. Peptide mega-
pools, negative control (DMSO), and positive controls
(Concanavalin A for splenocytes, PMA/Ionomycin for
PBMCs) were added to the wells, followed by addition of
cells at 1:1 stimuli-cell ratio (2 x 10°cells/well of splenocytes
or 1x10° cells/well of PBMCs). Peptide pools were divided
into five pools spanning the full-length SARS-CoV-2 Spike
molecule. These five peptide pools were pooled into a single
megapool, with a final concentration of 1ug per peptide.
Megapools were prepared for each of the following variants:
ancestral (WT), Beta, Delta, BA.1, BA.2. Plates were incubated
in a 37°C humidified incubator with 5% CO, and for 18-20
h. Cells were removed and plates washed five times with 200
uL/well of PBS. Detection antibody (biotin) was diluted to 1
pg/mL and 0.1 ug/mL for hamster and rabbit ELISpot, respec-
tively, in PBS containing 0.5% FBS and added at
a concentration of 100 pL/well, following which plates were
incubated for 2 h at RT. Plates were then washed with 200 pL
of PBS and further incubated for 1h at RT with 100 pL of
Streptavidin-ALP at 1:1000 dilution in PBS-0.5% FBS. Plates
were then washed with PBS, and 100 puL/well of substrate
solution BCIP/NBT Plus (Mabtech) was added to the plates
and incubated until distinct spots emerged, for approximately
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10 min. The reaction was stopped by washing with DI water
and left to dry overnight. Spots were scanned and counted the
following day using a CTL ImmunoSpot analyzer.

SARS-CoV-2 IgG binding ELISA

The 96-well half area high-binding Costar plates (Corning)
were coated with 1pg/mL of SARS-CoV-2 spike protein,
ancestral (wild-type) (Acro Biosystems), in 1x DPBS
(Thermo Scientific) overnight at 4°C. The next day, the plates
were washed 3x with wash buffer (1x PBS + 0.05% Tween-20)
and blocked with 3% BSA in PBS + 0.05% Tween-20 for 2 h at
RT. Plates were washed 3x with wash buffer and serially
diluted sera samples were added in dilution buffer (1% BSA
in PBS + 0.05% Tween-20), and plates were incubated for 2 h at
RT. Plates were washed and incubated with a 1:10,000 dilution
of anti-mouse IgG1 HRP or IgG2a HRP (Abcam) secondary
antibody in a dilution buffer for 1 h at RT. The plates were
washed, and 25 pl/well of SureBlue TMB Substrate (KPL 5120-
0077) was added to the plates. The reaction was stopped with
25 uL/well of TMB Stop Solution (KPL 5150-0021) after a 10-
min incubation, and the plates were read on a Biotek Synergy
plate reader at the 450 nm wavelength.

Flow cytometry staining

To assess the B cell response, 4 x 10° splenocytes/well were
plated in round 96-well plates. Plates were washed using 200
uL of FACS buffer (2% FBS in 1x PBS) at 1400 rpm for 2 min
at 4°C. Cells were incubated with FC block for 15 min at RT
prior to staining. Biotinylated SARS-CoV-2 § protein (Acro
#SPN-C82E9) was diluted to 0.1 mg/mL using diH,0. BV421
(BD #563259) and FITC (BD #554060) Streptavidin conju-
gates were diluted to 50 pg/mL in PEB buffer (0.5% BSA and
2mM EDTA in 1x PBS). Biotinylated spike protein and
streptavidin conjugates were combined and incubated at RT
protected from the light for 15 min. Cells were double-stained
with Spike tetramers and a decoy streptavidin-APC-R700
(BD #565144) for 1 h, at 4°C, in the dark. After washing, the
cells were incubated with surface marker antibodies CD95
(BV650 and BD740507), GL7 (PE, Biolegend #144608), B220
(AF647, Biolegend #103226), CD3 (APC-Cy7, BD #560590),
and LIVE/DEAD Aqua staining (ThermoFisher #1.34966) for
30 min, at 4°C, in the dark. Cells were washed and resus-
pended in 200 uL of 1% paraformaldehyde solution and
stored at 4°C in the dark.

To assess the frequency of Tth and activated Tth cells,
mouse splenocytes were plated on 96-well round bottom
plates at 2x10° cells/well. Cells were stimulated with
SARS-CoV-2WT Spike peptide megapool (1 mg/mL/pep-
tide) or DMSO for 16-24 h at 37°C. Plates were centrifuged
at 1400 rpm for 2 min to remove peptides and cells stained

with CXCR5-biotin (BD, #551960), ICOS (BV650,
BD #740556), PD-1 (PE-CF594, BD #562523), CD4
(PerCP-Cy5.5, BD #550954), CD3 (APC-Cy7, BD

#560590), CD25 (APC, eBioscience #17-0251-82), and
LIVE/DEAD Aqua (ThermoFisher #134966) for 30 min at
4°C. Cells were washed with FACS buffer and stained with
BV421-Streptavidin for 30 min at 4°C. Cells were washed
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and resuspended in 200 uL of 1% paraformaldehyde solu-
tion and stored at 4°C in the dark. Data were acquired on
an LSR Fortessa flow cytometer (BD Biosciences) and ana-
lyzed using FlowJo V.10 software.

To assess polyfunctional T cell responses in antigen-specific
CD4 and CD8 T cells, mouse splenocytes were plated on 96-
well round bottom plates at 2 x 10° cells/well. Cells were sti-
mulated with SARS-CoV-2 WT Spike peptide megapool (1
mg/mL/peptide) or DMSO for 20h at 37°C. GolgiStop (BD
Biosciences) and GolgiPlug (BD Biosciences) were added 1h
after incubation with peptides. After 20 h, plates were centri-
fuged at 1400 rpm for 2 min to remove peptides, and cells were
stained with LIVE/DEAD Aqua staining (ThermoFisher
#1.34966), CD3 APC-Cy7 (BD Biosciences cat# 560590), CD4
PerpCP-Cy5.5 (BD Biosciences cat# 550954), and CD8 BD786
(BD Biosciences cat#563332) for 30 min at 4°C. Cells were
centrifuged at 1400 rpm for 2 min and washed with 200 uL of
FACS bulffer. Cells were fixed with 200 uL of FoxP3fix/perm
buffer according to manufacturer’s protocol (eBioscience™) for
30 min at 4°C. After incubation, cells were centrifuged at
2000 rpm for 5 min, and washed with 200 uL of Perm buffer.
Cells were stained for intracellular cytokine markers for 30
min at RT with the following antibodies: IFNy BV605
(Biolegend cat# 505840), TNFa BV650 (BD Bioscience cat#
563943), IL-2 (BD Bioscience cat# 561287), IL-4 AF647 (BD
Bioscience cat# 557739), and IL-5 PE (Biolegend cat# 504304).
After incubation, cells were washed with Perm buffer, centri-
fuged at 200 rpm for 5min, and resuspended in 200 pL of
FACS buffer until acquisition. Data were acquired on an LSR
Fortessa flow cytometer (BD Biosciences) and analyzed using
FlowJo V.10 software.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9 soft-
ware (La Jolla, CA). Data were considered statistically significant if
p <.05. Graphs display individual animals or mean values (arith-
metic or geometric means, as required). Error bars represent the
standard deviation, standard error, or 95% confidence interval.
Randomization was not performed for animal studies. Samples
and animals were not blinded before performing each experiment.

Results

Immune response elicited in Syrian golden hamsters after
a primary series of DNA or mRNA vaccinations delivered
via intramuscular or intradermal routes

To evaluate the immune response raised by DNA and mRNA
vaccines we used INO-4800 as the DNA vaccine and
BNT162b2 or mRNA-1273 as the mRNA comparator.'®'”!
These vaccines were evaluated as prophylactics against SARS-
CoV-2 infection during the COVID-19 pandemic and
BNT162b2 and mRNA-1273 were given EUA in 2020. We
first evaluated the immune response raised by these vaccines
in the Syrian golden hamster model, which was considered the
gold standard small animal model for testing medical counter-
measures against COVID-19.>"** This hamster model is per-
missive to wild-type SARS-CoV-2 infection and presents

similar lung pathology as observed in COVID-19 patients.
Based on published preclinical studies evaluating the immune
responses of DNA?*® and mRNA**"** vaccines to SARS-CoV-2,
we dosed on a 10:1 ratio of DNA vaccine to mRNA. The
hamsters were dosed with 50 ug of INO-4800 or 5pug of
BNT162b2 or mRNA-1273 on days 0 and 21 (Figure 1a). To
determine whether site of delivery impacted the immune
response, we either administered the vaccine to the skin (ID)
or muscle (IM). On day 34 (2 weeks post-second immuniza-
tion) the immune response targeting the ancestral WT and
Omicron BA.1 variant of concern (VOC) SARS-CoV-2 spike
antigen was assessed. At day 34 neutralizing antibodies to WT
spike pseudovirus was measured in all the vaccinated animals.
The WT neutralizing titers were higher in BNT162b2 (mean
IDsy: IM, 2747 & ID, 3605) and mRNA-1273 (mean IDs: IM,
6452 & ID, 4159) compared to INO-4800 vaccinated animals
(mean IDsy: IM, 1603 & ID, 1152) (Figure 1b,c). The BA.1
VOC neutralizing titers were not detected in any of the ani-
mals immunized by the ID route (Figure 1b), and only low
levels in two of six animals immunized IM with INO-4800 and
three out of six animals immunized IM with mRNA-1273
(Figure 1c). The number of IFNy-producing T cells was sig-
nificantly higher in the INO-4800 (mean SFU/10° cells: IM,
216 & ID, 326) compared to the BNT162b2 (mean SFU/10°
cells: IM, 17 & ID, 11) and mRNA-1273 (mean SFU/10° cells:
IM, 41 & ID, 10) vaccinated animals (Figure 1 d,e). In contrast
to neutralizing antibodies, the T cell response was maintained
against a peptide megapool matched to the BA.1 VOC. The
levels of humoral and cellular immune responses of each
vaccine were similar between IM and ID delivery, except for
mRNA-1273, which showed minimal significant differences
(x1.5 higher nAb and x3.8 higher IFNy T cells between ID
and IM). Thus, for subsequent animal studies, we followed the
standard clinical route for each vaccine (IM for mRNA and ID
for DNA). These findings indicate that the route of delivery
did not influence the characteristics of the immune response
raised. To determine whether this observation held with
a different animal model, we tested the mRNA-1273 vaccine
in the Hartley guinea pig model. Similar to the results in the
hamster model, guinea pigs raised higher neutralizing anti-
body responses after vaccination with mRNA-1273, but
a lower T cell response compared to animals receiving the
DNA vaccine (Figure Sla,b). In summary, immunological
data from the hamster and guinea pig models indicated that
the mRNA vaccine induced higher humoral immune response,
while the DNA vaccine elicited higher cellular response.

Immune response elicited in Syrian golden hamsters after
a primary series of mRNA vaccination followed by
a heterologous DNA or homologous mRNA booster dose.

Currently, most COVID-19 vaccines are administered as boos-
ters to subjects who have previously received an EUA vaccine.
Thus, we evaluated the immune response raised in animals
harboring immunity generated by a mRNA vaccine after het-
erologous boosting with INO-4800 or homologous boosting
with BNT162b2. The hamsters received a prime series of Day 0
and 21 dosing with BNT162b2 (Figure 2a). On day 96, animals
received a booster dose, and humoral and cellular responses
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Figure 1. Characterization of the immune response in Syrian golden hamsters after a primary series of mRNA and DNA vaccination delivered at different sites. (a) Study
schematic®® and dosing schedule in Syrian golden hamster. (b-c) Neutralizing activity (IDso values) against the WT and BA.1 pseudoviruses are shown (ID delivery, b and
IM delivery, c). Each data point represents the mean of technical duplicates for each animal (n = 6). Dashed lines represent the limit of detection (LOD) of the assay.
Samples below LOD were plotted at the number equivalent to half of the lowest serum dilution. Data shown represent IDsq (GMT £ 95% Cl) for each group of six
hamsters. (d-e) Splenocyte cellular responses to WT and BA.1 spike peptide megapools measured by IFNy ELISpot assay (ID delivery, e and IM delivery, f). Data shown
represent IFNy spots per one million cells of experimental triplicates (mean + SEM) after DMSO subtraction. ****P < .0001, **P = .0021, *P = .033 (2-way ANOVA, tukey's

multiple comparison).

were measured 14 days later (Figure 2a). In the six animals
receiving the INO-4800 booster vaccine, the baseline IDs, titer
of neutralizing antibodies against WT SARS-CoV-2 pseudo-
virus was 505 (day 96) after which it increased to 3420 after
boosting (6.8-fold difference) (Figure 2b). Of the remaining six
animals receiving the BNT162b2 vaccine, the baseline IDs
titer of neutralizing antibodies against WT SARS-CoV-2 pseu-
dovirus was 301 which was increased to 9,783 after boosting
(32.5-fold difference), indicating that a humoral boosting
effect of the mRNA vaccine was higher in magnitude com-
pared to the DNA vaccine (Figure 2b). In contrast, the hetero-
logous boost of the T cell response to WT and BA.1 SARS-CoV
-2 peptide pools was significantly higher for INO-4800 (mean
SFU/10° cells: 119) than BNT-162b2 (mean SFU/10° cells: 10)
(Figure 2c). In summary, data from the Syrian golden hamster
model indicate that DNA vaccines can perform as

heterologous boosters of humoral and T cells after a primary
series with a mRNA vaccine.

Immune response elicited in New Zealand white rabbits
after a primary series of clinically relevant doses of DNA
or mRNA vaccines

New Zealand white rabbits were vaccinated on days 0 and 28
with doses of BNT162b2 and INO-4800 matching those
approved for use in humans (30 pug for BNT162b2) and clinical
trials (2 mg of INO-4800)'""? (Figure 3a). Neutralization titers
and IFNy T cells responses against SARS-CoV-2 Spike antigen
were measured on days 0, 14, 35, and 85 (Figure 3b-d). We
observed a rapid rise in neutralizing antibodies in the mRNA-
vaccinated animals, with 100% of animals seroconverting
by day 14, while it required two doses of DNA vaccine to
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b 405 7
VAN :

9y g — 104+
5 ' L L1 1 /i | 50
) 3 &
y< . Dpayo 14 28 35 // 85 £k, .
5 +«10%9
Q=
s g 107
serum/ serum/ serum/ serum/
PBMCs J PBMCs J PBMCs J PBMCs
10° T T T
© INO-4800 Day 0 Day 14 Day 35 Day 85
G A BNT162b2 d
i 28x 32x 25x 28x 25x
104 *% *% * Kok K%
2 1]
8s I = o o
‘08 E o= 1034 o Q
=) o
= <f, Sn
2 3+
5§ 2 c
=g @ § 107+ i
=z E =g o| a of 4 ol & ol & o
c £<
10"+ m i A
T T T T T T
0 20 40 60 80 100 WT Beta Delta BA.1 BA.2

Days post-immunization Peptide megapools
Figure 3. Characterization of the immune response in New Zealand rabbits after a primary series of mRNA and DNA clinically relevant doses. (a) Study schematic®® and
dosing schedule in New Zealand rabbits. (b) Neutralizing activity (IDsq values) against the WT pseudovirus for sera samples from Day 0, Day 14 and Day 35 are shown.
Dashed lines represent the limit of detection (LOD) of the assay. Samples below LOD were plotted at the number equivalent to half of the lowest serum dilution. Data
shown represent mean IDso (GMT £ 95% Cl) for each group of six rabbits. Numbers above bars represent GMT values and fold-change between treatments. (c-d) PBMC
cellular responses to WT spike peptide megapool on (c) days 0, 14, 35 and 85 or (d) responses to WT, Beta, Delta, BA.1 and BA.2 variant spike megapools at Day 35
measured by IFNy ELISpot assay. Numbers above bars represent fold-change between treatments for each variant. Data shown represent IFNy spots per one million
cells of experimental triplicates (mean + SEM) after DMSO subtraction. (b-d) ****P <.0001, **P < .01, *P < .05 (2-way ANOVA, sidak’s multiple comparison).



achieve 100% seroconversion (Figure 3b). In contrast, INO-
4800 induced a rapid T cell response that was significantly
higher at the peak of response on day 35 after the second dose
(mean: 1010.7 SFU/10° cells for INO-4800 vs 36.3 SFU/10°
cells for BNT162b2) and was detected through day 85 (mean:
124.7 SFU/10° cells vs 8.3 SFU/10° cells for BNT162b2)
(Figure 3c). Further analysis of the T cell response assessed
after two immunizations (day 35) revealed that it was main-
tained across multiple SARS-CoV-2 VOCs, including Beta,
Delta, and Omicron BA.1 & BA.2 (Figure 3d). Similar to the
results in hamsters and guinea pigs (Figures 1b and S1b,d),
DNA vaccination induced higher T cell response which was
broadly maintained across SARS-CoV-2 VOCs, whereas
mRNA vaccine induced a strong humoral response.

Mechanisms associated with the mRNA and DNA vaccine
immune profile

While the rabbit, guinea pig, and hamster studies revealed
striking differences in the profiles of immune responses
against the SARS-CoV-2 Spike antigen of DNA and mRNA
vaccines, a lack of immunological reagents available in these
models hampered further mechanistic studies. Thus, we pro-
ceeded to explore and identify the mechanisms involved in the
mouse model. Our hypothesis was that the strong antibody
response observed with mRNA vaccines was associated with
the generation of a T follicular helper (Tfh) cell population
helping the induction of B cells, while the strong T cell
response associated with DNA vaccines may be related to a T
helper type 1 (Thl)-biased immune response driving T cell
differentiation and effector function (Figures 4, S2 and S3).
Mice received two doses of 10 ug of INO-4800 or 1pug of
BNT162b2 on Days 0 and 21 and immune responses were
assessed on Day 28. Interestingly, in the inbred mouse models,
the immune profiles observed in the other preclinical models
did not hold. In both C57BL6 and BALB/c mice we still
observed a strong humoral response after mRNA vaccination
(Figures 4a and S3b), but the T cell response was more
balanced compared to DNA vaccination (Figures 4b and S3c,
e). This indicates that different T cell immune mechanisms
may be operating in the inbred mouse models, which lack
MHC diversity, compared to the other diverse outbred MHC
preclinical models. To further explore the mechanisms asso-
ciated with the observed differences in T cell response, we
assessed polyfunctional cellular responses after two doses of
INO-4800 or BNT162b2 in BALB/c (Figure S3a). Interestingly,
mice immunized with INO-4800 showed significantly higher
levels of Thl cytokines in the activated CD4+ T cell popula-
tion, compared to BNT162b2 vaccination (Figure S3d.,f).
Moreover, the Th2 cytokine population in activated CD4+
T cells is comparable between DNA and mRNA, and below
the levels observed for the control group (Figure S3g). In
contrast, the levels of IFNy, TNFa, and IL-2 in the activated
CD8+ T cell population are significantly higher in the mRNA
group, compared with animals immunized with INO-4800
(Figure S3f). These findings are aligned with the IFNy cellular
responses observed in isolated CD4+ and CD8+ T cells from
whole splenocytes (Figure S3d,e).
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While different mechanisms may operate in the mouse
model’s T cell axis, the antibody profile in mice matched the
other species after nucleic acid vaccination. We proceeded to
compare the mechanisms involved in the induction of anti-
body responses. The Tth cells are a specialized population of
CD4+ T cells that have been shown to play a critical role in
helping B cells produce antibodies in germinal centers of
secondary lymphoid organs.”® We measured the Tth cell fre-
quency as a percentage of CD4+ splenocytes (Figure 4c). In
BNT162b2 vaccinated mice, the CXCR5+PD-1+ Tth cells
represented 2.9% of CD4+ T cells compared to 0.44% in
INO-4800-vaccinated animals (Figure 4c). We proceeded to
measure whether the upregulation of frequency of Tfh cells
was antigen-specific. Here, we measured the frequency of
activated Tth cells after stimulation with SARS-CoV-2 spike
antigen. We observed a higher level of upregulation in acti-
vated Tth cells in the BNT162b2-vaccinated compared to the
INO-4800 vaccinated animals (Figure 4d). Additionally, we
measured whether the increased level of Tth cells correlated
with an upregulation of antigen-specific germinal center (GC)
B cells. We observed an upregulation of GC B cells in
BNT162b2 vaccinated animals (Figure 4¢). Employing a SARS-
CoV-2 spike tetramer molecule, we measured the upregulation
of antigen-specific GC B cells (Figure 4f). These data indicate
that mRNA vaccines may more effectively target the Tth axis to
help GC B cell production of antibodies than the iteration of
DNA vaccine tested so far. Based on these findings we
explored whether components of the Tth cell GC B cell axis
could be exploited to induce stronger humoral responses by
a DNA vaccine formulation. We tested a SARS-CoV-2 spike
RBD nanoparticle construct encoded by pDNA, termed DNA-
launched nanoparticle (DLNP).*> After DNA vaccination, the
encoded DLNPs have been shown to traffic to the draining
lymph nodes where they can potentially engage the Tth B cell
GC axis.’® Additionally, we assessed whether IL-6 addition
may have an immunostimulatory role (Figure 5a). In mice,
IL-6 can be induced by the LNPs used in mRNA vaccine
formulations and has been shown to drive Tth cell and GC
B cell activation.”’ Using a DLNP encoding, the SARS-CoV-2
Spike RBD in combination with IL-6-expressing pDNA,
BALB/c mice were immunized, and the humoral response
compared against INO-4800 and mRNA-1273. We observed
an approximately 15-fold increase in neutralization titers (942
vs 14,372 IDsq) compared to standard INO-4800 DNA vacci-
nation (Figure 5b). In summary, the data support the Tth cell
GC axis as an important component of the induction of the
humoral response by mRNA vaccines and suggest that target-
ing of this axis may enhance the humoral response induced by
DNA vaccines.

Discussion

The data presented here highlight the distinct immune
response characteristics related to two different nucleic acid
vaccine modalities. In a variety of outbred animal models, we
have shown that intramuscular mRNA vaccination presented
a strong humoral response and weak T cell response, while the
reverse was true with intradermal DNA vaccination.
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Figure 4. Cellular and humoral mechanisms involved in mRNA and DNA vaccination in C57BL6 mice. (a) Neutralizing activity (IDsq values) against the WT pseudovirus
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The studies highlighted the differences using vaccines tar-  the initial spread of the virus. The high levels of antibodies
geting the SARS-CoV-2 Spike antigen and deployed as medical associated with the mRNA vaccines may prevent infection by
counter measures during the COVID-19 pandemic. The blocking the interaction of the SARS-Cov-2 spike antigen with
results support the utility of the mRNA vaccine platform as the human ACE-2 receptor, neutralizing the virus and pre-
immediate countermeasure in the protection and control of venting infection of the human host.”® This mechanism of
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protection was likely the main component mediating the high
efficacy initially reported for the mRNA vaccines and has been
predicted as an important correlate of protection.'®>*?’
However, the circulating levels of antibodies elicited by vacci-
nation wane over time and have been shown to be susceptible
to a loss of activity upon structural changes of the viral
target.”® For example, the Omicron SARS-CoV-2 VOC
demonstrated almost complete escape from neutralization by
serum antibodies in vaccinees receiving two doses of the ori-
ginal WT SARS-CoV-2 spike designed vaccines.®***° The
loss of neutralizing antibody activity was also observed in the
preclinical models employed here. In response, developers
have taken advantage of a strength of the nucleic acid vaccine
platform, which is the ability to rapidly design and manufac-
ture next-generation vaccines to target new variants of its
original viral strain.*' Although mRNA vaccines designed to
match SARS-CoV-2 Omicron spike antigen variants are cur-
rently being used, antigen imprinting from previous ancestral
spike-matched vaccines or infections may negatively impact
responses to these new VOCs.*>™**

While antibodies have been shown to lose activity against
a constantly changing viral target, the T cell response has
demonstrated resilience.*>*® While neutralizing antibody tar-
gets are restricted to a limited number of structural domains
on the spike antigen whose changes are the focus of immune
escape mechanisms, T cells recognize a broad range of epitopes
across the whole SARS-CoV-2 viral genome.””*® In fact, in
mRNA-vaccinated recipients, T cell responses were preserved
across SARS-CoV-2 VOCs, from Alpha to Omicron. However,
recognition of Omicron RBD by memory B cells was signifi-
cantly reduced.*” This indicates the presence of preserved
T cell epitopes across a broad range of SARS-CoV-2 VOCs,
despite the constant change in viral landscape.*’ This is in line
with the findings reported in our study, where T cell responses
by both mRNA and DNA vaccine modalities were maintained
across a wide-breadth of SARS-CoV-2 VOCs spike antigens.
However, there was a significant difference in the magnitude of
the IFNy T cell response between the two nucleic acid plat-
forms. T cell responses elicited by mRNA were consistently
lower across the outbred preclinical models. A similar finding
has been reported in a study where non-human primates

boosted with mRNA-1273 following homologous primary ser-
ies showed low levels of spike-specific CD4+ and CD8+ T cells
in the blood following booster vaccination.>

Despite the in-depth characterization of the immune
responses in a variety of preclinical animal models, head-to-
head data does not exist in humans. The strong cellular profile
observed for the DNA vaccine may contribute to disease protec-
tion and prevention from severe SARS-CoV-2.°"*
Unfortunately, human efficacy data with INO-4800 are not
available, and a correlate between T cell responses and disease
protection has yet to be defined with this vaccine. Nevertheless,
in the absence or reduction of neutralizing antibodies, T cell
responses have been associated with COVID-19 disease
protection.”® > The waning of antibodies without T cell cover-
age limits the ability of vaccines to confer long-lasting immu-
nity. In turn, the ability of a vaccine to induce T cells may be
particularly important in the immunocompromised population
who have received B cell-depleting therapies.”® For instance, in
cancer patients with B cell deficiencies, CD8 T cell responses
were associated with milder COVID-19 disease.*

Limitations of the current study are associated with the lack
of analysis of the mechanisms associated with the differential
immune responses in the hamster, rabbit, and guinea pig
models. Unfortunately, there is a paucity of immunological
reagents available in these models to further explore the innate
and adaptive immune components associated with vaccine-
elicited humoral and cellular responses. Only in recent years
have standard T cell assays become available for these
models.°®* In this study, we employed the IFNy ELISpot to
measure T cell responses. More recently, novel technologies
with increased sensitivity at detecting antigen-specific CD4+
and CD8+ T cells have been developed, enabling the detection
of cellular responses from mRNA vaccination. Using
a spheromer technology, which is more sensitive compared
to tetramer staining, researchers found distinct CD8+ and
CD4+ T cell kinetics after mRNA vaccination.®®

To further investigate the mechanism associated with
the vaccines, we used two inbred mouse models, BALB/c
and C57BL6. Interestingly, while the differential antibody
response was replicated in these models, the IFNy T cell
response between the DNA and mRNA vaccines was
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similar. Thus, we focused our analysis on the mechanisms
involved in the generation of humoral immune responses.
Previous studies have reported the importance of induction
of Tth cells in mediating robust humoral immune
responses to vaccines. Here, we clearly show an upregu-
lated level of these cells in the recipients of the mRNA
vaccine. It is predicted that LNP-delivered mRNA may be
presented in the secondary lymphoid organs, such as
lymph nodes and spleen, to Tth cells where they interact
with B cells and help promote their differentiation into
plasma cells and memory B cells.®* Associated with an
increase in Tth, we measured an upregulation of antigen-
specific germinal B cells, thus identifying an immune axis
that may be targeted to enhance the humoral responses
driven by DNA vaccines. To this end, we examined
whether targeting the Ttfh cell population could enhance
the humoral response induced by a DNA vaccine. The
DNA vaccine constructs encoding an antigen scaffolded
to nanoparticle can traffic efficiently to the draining
lymph nodes, potentially targeting this axis. Furthermore,
IL-6 is an important cytokine component that can impact
the Tfth-B cell axis, which is enhanced by LNP-delivered
vaccines.”’ Initial study has shown that a formulation of
a SARS-CoV-2 RBD with a DNA-launched nanoparticle
(DLNP) and IL-6 is associated with a strongly augmented
humoral response (Figure 5b).

The data presented here clearly highlight the differences in
the quality and magnitude of the immune responses induced by
two different nucleic acid vaccine platforms. While DNA vac-
cines drive strong cellular immunity, mRNA vaccines drive
humoral responses. This potentially positions each platform as
a choice for different disease types: mRNA vaccines with their
robust humoral responses may be ideal as prophylactic vaccines
against acute infectious diseases, while therapeutic vaccines
targeting chronic viral diseases may require the strong cellular
immunity characteristic of DNA vaccines. The latter may also
play an important role in protecting individuals from severe
disease, particularly those immunocompromised.”” In fact,
Post-acute Sequelae of SARS-CoV-2 (PASC) infection, or long
COVID, resulting from long-term symptoms associated with
SARS-CoV-2 infection, is a significant medical concern that has
not yet been fully characterized.®>*® Individuals with under-
lying pulmonary conditions, and obesity and the elderly are at
increased risk for developing PASC.*> mRNA vaccination in the
immunocompromised population has been shown to elicit
lower cellular responses compared to healthy individuals.*®*”
The strong cellular response induced from our DNA vaccine
may be a critical component required for the prevention of
PASC. In summary, the findings presented herein demonstrate
the potential of each vaccine platform to preferentially engage
in specific arms of the immune system. Future studies may
further investigate how the different nucleic acid vaccine plat-
forms may be best matched to specific disease targets.
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