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Abstract: To combat the COVID-19 pandemic, an assortment of vaccines has been developed. Nu-
cleic acid vaccines have the advantage of rapid production, as they only require a viral antigen se-
quence and can readily be modified to detected viral mutations. Doggybone™ DNA vaccines tar-
geting the spike protein of SARS-CoV-2 have been generated and compared with a traditionally
manufactured, bacterially derived plasmid DNA vaccine that utilizes the same spike sequence. Ad-
ministered to Syrian hamsters by jet injection at two dose levels, the immunogenicity of both DNA
vaccines was compared following two vaccinations. Inmunized hamsters were then immunosup-
pressed and exposed to SARS-CoV-2. Significant differences in body weight were observed during
acute infection, and lungs collected at the time of euthanasia had significantly reduced viral RNA,
infectious virus, and pathology compared with irrelevant DN A-vaccinated controls. Moreover, im-
mune serum from vaccinated animals was capable of neutralizing SARS-CoV-2 variants of interest
and importance in vitro. These data demonstrate the efficacy of a synthetic DNA vaccine approach
to protect hamsters from SARS-CoV-2.

Keywords: doggybone DNA vaccine; nucleic acid; vaccine; SARS-CoV-2; COVID-19; immunogenicity;
protection

1. Introduction

Nucleic acid-based vaccines, more specifically mRNA-based vaccines for the
COVID-19 pandemic, have recently gained notoriety. Strategies for overcoming the tech-
nical hurdles related to nucleic acid-based vaccines (i.e., low immunogenicity) are being
developed with advances in formulation and more effective vaccine delivery systems [1-
6]. Medical countermeasures, including vaccines and therapeutics, are proving impera-
tive for ending the pandemic, warranting the continual evaluation of COVID-19 vaccine
approaches.

Several DNA vaccines are under evaluation in clinical trials, such as the COVID-19
vaccine ZyCoV-D that is currently approved for emergency use in India [7-12]. Conven-
tional plasmid DNA vaccines, such as ZyCoV-D, are typically made in Escherichia coli bac-
teria using antibiotic resistance gene based selection [13]. An alternative approach to de-
veloping plasmid DNA vaccines is “Doggybone™ closed linear DNA’ (dbDNA™), which
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is a covalently closed linear DNA construct that is enzymatically manufactured, not in
bacteria [14-16]. This construct consists of the antigen-expressing cassette comprising reg-
ulatory sequences, such as a promoter and polyA tail, with closed and fully complemen-
tary ends. Relative to plasmid DNA, production of Doggybone DNA is cleaner, faster, and
more scalable. Comparative analyses have been performed for plasmid and dbDNA™
vaccines targeting HIV [16], influenza [15], and HPV [14], showing equivalent humoral
and cellular responses in small animal models, as well as in minipigs (unpublished data).

Here, we compared a conventional plasmid DNA vaccine (nCoV-S) to dbDNA™ vac-
cines containing the same spike protein sequence (dbDNAS) and a stabilized version
(dbDNAS(ST)) administered by jet injection (JET). A chemically immunosuppressed ani-
mal model of severe COVID-19 disease was used, and wild-type Syrian hamsters were
immunosuppressed with cyclophosphamide [17]. Additionally, the capacity of the vac-
cinated animal serum to neutralize SARS-CoV-2 or pseudotyped variants was assessed
using serum from vaccinated animals. We found the nCoV-2-S(JET) plasmid vaccine per-
formed similarly to the dbDNAS(ST-JET) vaccine, and all three vaccines had some level
of cross-neutralizing activity.

2. Materials and Methods

Plasmid Construction. The construction of pWRG/nCoV-5(opt) was previously de-
scribed. When administered via jet injection, this plasmid is called nCoV-S(JET). Addi-
tional plasmids for the PsVNA were constructed by the deletion of 21 amino acids from
the COOH terminus of the full-length plasmids synthesized at Genewiz (South Plainfield,
NJ, USA) for better incorporation into pseudovirions [5]. Those constructs are
PWRG/CoV-S(opt)A21 (WA-1), pWRG/CA-S(opt)A21(California, also known as Epsilon),
and pWRG/NY-S(opt)A21(New York, also known as Iota). These constructs were cloned
into the Notl-BglII site of the DNA vaccine vector pWRG. Additionally, a A21 truncated
Beta construct (CodexDNA, San Diego, CA, USA) was synthesized and directly cloned
into the pWRG backbone. For the Delta and Delta+ variants, a full-length spike plasmid
was acquired from GenScript (Piscataway, NJ, USA) and truncated by PCR to create the
A21 truncation, and it was then cloned into pWRG using Notl/BamHI.

dbDNA Construction. A sequence matching to the spike expression cassette from the
PWRG/nCoV-S(opt) plasmid (including CMV, intron A, SARS-CoV-2 Wuhan Spike open
reading frame, bovine growth hormone polyadenylation signal) [5] termed dbDNAS(JET)
was synthesized and inserted into the Touchlight template backbone proTLx-K D3F2 at
AflIl and Nhel. The resulting pPDNA template comprised the above- described expression
cassette flanked by two recognition/binding sites for the TelN protelomerase from E. coli
phage N15. The synthesized spike expression cassette for the stabilized dbDNA construct
was identical to the wild-type version except for 29562961 nucleotide bases of spike, re-
sulting in amino acid changes K986P, V987P [18-22]. The dbDNA with the spike expres-
sion cassette was manufactured as previously described [14,23,24].

Animal Vaccinations. Wild-type (female, aged 11-13 weeks) hamsters (Mesocricetus au-
ratus) were anesthetized by inhalation of vaporized isoflurane using an IMPAC6 veteri-
nary anesthesia machine (VetEquip, Livermore, USA). Fur over the semitendinosus and
biceps muscles (left leg) was removed using electric clippers. A PharmaJet® Tropis device
(PharmaJet, Golden, USA) was used to deliver either 0.2 or 0.05 mg of DNA diluted in
PBS in a 0.1 mL volume. Specifically, the disposable syringe of the Tropis device was
pressed against the skin, and the device was activated, resulting in the delivery of a liquid
jet into the muscle and overlying tissues.

Other Animal Procedures. In addition to vaccination, the following procedures were
conducted after anesthetizing the hamsters as described above: intranasal challenge of
virus, cyclophosphamide (CyP) intraperitoneal injections, and nonterminal blood collec-
tion. Intranasal instillation of SARS-CoV-2 USA-WA-1/2020, Genbank accession
#MT020880, was administered in a volume of 50 pL for the challenge dose of 1000 PFU.
CyP treatment (pharmaceutical grade) consisted of an initial loading dose of 140 mg/kg
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on Day 3, followed by maintenance doses of 100 mg/kg on Days 1 and 5. Vena cava blood
collection was limited to 7% of total blood volume per week. Terminal blood collection
was performed by cardiac injection at the time of euthanasia. All work involving infected
animals was performed in an animal biosafety level 3 (ABSL-3) laboratory.

SARS-CoV-2 challenge stock. An aliquot of the third passage of SARS-CoV-2 USA-WA-
1/2020 was received from the CDC and propagated in ATCC Vero 76 cells (ATCC, #CRL-
1587, 99% confluent) in EMEM containing 1% GlutaMAX, 1% NEAA, and 10% heat-inac-
tivated fetal bovine serum (FBS) at an MOI of 0.01. Supernatant was collected from cul-
tures exhibiting characteristic CPE and clarified by centrifugation (10,000x g 10 min). Clar-
ified virus was subjected to the following specifications: identification by SARS-CoV-2
RT-PCR assay, quantification by agarose-based plaque assay, free from contaminants by
growth of chocolate agar plates, endotoxin testing using Endosafe® nexgen-PTS (Charles
River, Wilmington, USA), and mycoplasma using MycoAlert test kit (Lonza, Muenchen-
steinerstrasse, Switzerland), and genomic sequencing. Passage 5 virus was used for the
hamster experiment.

SARS-CoV-2 D614G variant stock. SARS-CoV-2 virus isolate SPL20.017.30994 was iso-
lated from a swab from a symptomatic 25-year-old male stationed on a U.S. Naval vessel.
Upon genomic sequencing, the isolate was found to have 14 mutations (6 nonsynony-
mous) relative to the first case reported in Washington State (MT020880) and contained
the D614G mutation in the spike protein. Virus was added to Vero 76 cells at an MOI of
0.01. Cells were then incubated for 1 h for virus adsorption and maintained in EMEM with
10% FBS. The infected cells were harvested after 48 hrs. The flask underwent a single
freeze/thaw, and the supernatant was clarified at 1500x g for 10 min at 4 °C prior to vialing.
Vials were stored at 70 °C until use. All stocks were titrated via plaque assays.

Viral RNA assay. SARS-CoV-2 viral RNA was detected as previously described [17].
Briefly, approximately 200 mg of lung tissue was homogenized in Trizol and extracted,
and the RNA concentration was normalized before performing RT-PCR. Primer/probe se-
quences, assay controls and conditions, as well as assay limits were utilized as previously
reported.

Pseudovirion production and pseudovirion assay (PsVNA). Pseudovirions were produced
exactly as described [5]. The SARS-CoV-2 PsVNA was performed including the modifica-
tions previously described [5]. All assays utilized serum from blood collected at the
timepoints described in the Results section. An imputed value was calculated for samples
titers below the assay limit by dividing the assay limit by the square root of 2 [25].

Plaque assay. Quantification of infectious virus in lung homogenates was performed
as previously described [17]. Briefly, virus was diluted in EMEM with 10% FBS and anti-
biotics then placed onto ATCC Vero 76 cell monolayers in 6-well plates. After 1 h at 37 °C
in a 5% COz incubator, 3 mL of agarose (0.6% SeaKem ME agarose, EBME with HEPES,
10% heat-inactivated FBS, 100x NEAA, 1% pen/strep, 0.1% gentamycin, and 0.2% fungi-
zone) was overlaid, and the plates were incubated for two days at 37 °C in the 5% CO:
incubator. We then added 2 mL of neutral red stain (0.6% SeaKem ME agarose in EBME,
5% neutral red, 5% FBS), which we incubated overnight, and the plaques were visualized
and counted using a light box. Plaques were counted, and virus titers in plaque-forming
units per milliliter were calculated.

Plaque reduction neutralization test (PRNT). The PRNT was performed as previously
described [17]. Briefly, virus was combined with antibody and incubated 1 h at 37 °C and
then adsorbed onto ATCC Vero 76 cell monolayers in 6-well tissue culture plates. After 1
h at 37 °Cin a 5% COz incubator, the method of overlaying with agarose and staining with
neutral red was identical to the plaque assay method described above. PRNT50 titers are
the reciprocal of the highest dilution that results in a 50% reduction in the number of
plaques relative to the number of plaques visualized in the media alone (no antibody)
wells. An imputed value was calculated for samples titers below the assay limit by divid-
ing the assay limit by the square root of 2 [25].
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Hematology. A five-part CBC differential using whole EDTA was performed using
aVETSCAN HMS5 hematology analyzer. Sample species was set to DOG2 for analysis.

Preparation of tissues for histology. Tissues were fixed in 10% neutral buffered formalin,
trimmed, processed, embedded in paraffin, cut at 5 to 6 pm, and stained with hematoxylin
and eosin (H&E).

In situ hybridization. To detect SARS-CoV-2 genomic RNA in formalin-fixed, paraffin-
embedded (FFPE) tissues, in situ hybridization (ISH) was performed using an RNAscope
2.5 HD RED kit (Advanced Cell Diagnostics, Newark, CA, USA) as previously described
[26]. Briefly, forty ZZ ISH probes targeting SARS-CoV-2 genomic RNA fragment 21571-
25392 (GenBank #L.C528233.1) were designed and synthesized by Advanced Cell Diag-
nostics (#854841). Tissue sections were deparaffinized with xylene. The slides then under-
went a series of ethanol washes, followed by a peroxidase blocking step. Next, the slides
were heated in a kit-provided antigen retrieval buffer and digested by a kit-provided pro-
teinase. Sections were exposed to ISH target probe pairs, incubated at 40 °C in a hybridi-
zation oven for 2 h, and then rinsed. The ISH signal was amplified using kit-provided Pre-
amplifier and Amplifier conjugated to alkaline phosphatase and incubated with a Fast
Red substrate solution for 10 min at room temperature. Fixed tissue sections were stained
with hematoxylin, air-dried, and finally a coverslip was applied.

Statistical analyses. Statistical analyses were completed using GraphPad Prism 8. An
ordinary one-way ANOV A with Tukey multiple comparisons was used to analyze immu-
nogenicity, viral RNA, and infectious virus. Weight was analyzed using a two-way
ANOVA with Dunnett’s multiple comparisons. In all analyses, p < 0.05 was considered
statistically significant.

3. Results

3.1. Immunogenicity of SARS-CoV-2 DNA Vaccines Administered by Jet Injection in
Syrian Hamsters

A plasmid DNA and a dbDNA vaccine were made using identical SARS-CoV-2 spike
sequences. These vaccines, nCoV-S(JET) and dbDNAS (JET), enabled a direct comparison
of the immunogenicity of plasmid versus linear DNA vaccines. Hamsters were vaccinated
with either 0.2 or 0.05 mg of vaccine by jet injection, and immunogenicity was determined
by a SARS-CoV-2 PsVNA following the first and second vaccinations. With the exception
of a single hamster in the dbDNAS (JET) group dosed at 0.05 mg, all hamsters had neu-
tralizing titers after the second vaccination. Overall, the highest neutralizing levels were
observed in the nCoV-S(JET) or dbDNAS(ST-JET) groups, regardless of number of vac-
cinations or dose administered (Figure 1). There were statistically significant increases in
PsVNA titer following the second nCoV-S(JET) relative to the mock-vaccinated control
(Figure 1). Similar PsVNAS50 neutralizing antibody titers were detected following each
vaccination by dose level.
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Figure 1. Immunogenicity of DNA vaccines administered by jet injection in Syrian hamsters. Ham-
sters were vaccinated with either 0.2 mg or 0.05 mg of either nCoV-S(JET), dbDNAS(JET),
dbDNAS(ST-JET), or 0.2 mg negative control DNA (n = 6 per group) on Weeks 0 and 3. Serum col-
lected three weeks following 1st vaccination (vacc) or two weeks after the 2nd vacc was analyzed
by WA-1 PsVNA, and is presented as PsVNADS50 titers. An imputed value [25] of 14.1 was used for
samples with titers below the assay limit of 20 (grey shade). Annotations within each bar indicate
geometric mean titers (GMTs). Individual symbols represent titers from a single hamster. Significant
results of comparisons between vaccinated group titers and the control (2N) group titers, as well as
comparisons between group titers generated from the same number of vaccinations (i.e., 1 vs. 1 and
2 vs. 2 (or 2N) are shown (** p <0.01).

3.2. Protective Efficacy of DNA Vaccines in Immunosuppressed SARS-CoV-2 Exposed Hamsters

The protective efficacy of nCoV-S(JET), dbDNAS(JET), and dbDNAS(ST-JET) vac-
cines was assessed using the immunosuppressed SARS-CoV-2 hamster model [17]. Alt-
hough hamsters have been shown to be adequate models of SARS-CoV-2 infection
[5,17,27,28], the immunosuppressed model was utilized because it is a more stringent dis-
ease model, as it exacerbates and prolongs clinical and pathological manifestations while
still using a low dose of inoculum [17]. Vaccinated hamsters were immunosuppressed
with cyclophosphamide and exposed to 1000 PFU SARS-CoV-2 by the intranasal route.
Statistically significant weight differences were observed for all groups vaccinated with
the 0.2 mg dose at Days 7-9 (AbDNAS(ST-JET) group), Day 8 and 9 (dbDNAS (JET) group)
or just Day 9 (nCoV-S(JET) group) post-injection (Figure 2A,B). Lung tissue collected at 9
dpi was assayed for viral RNA and infectious virus by real-time RT-PCR (Figure 2C) and
plaque assay (Figure 2D), respectively. Both viral RNA copies and infectious viral geo-
metric mean values from lung samples were (nonstatistically) decreased relative to the
negative DNA control. Hematology was assessed to confirm reduced lymphocyte counts
(Figure 2E). Together, these data indicate that 0.2 mg of either nCoV-S(JET) or
dbDNAS(ST-JET) has a protective effect in SARS-CoV-2-exposed hamsters, resulting in
significantly reduced weight loss, viral RNA, and infectious virus detected in the lungs.
The protective effect was markedly less in hamsters vaccinated with 0.05 mg of either
nCoV-S(JET) or dbDNAS(ST-JET) vaccines, or either administered dose of dbDNAS(JET).
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Figure 2. Protective efficacy of DNA vaccines in SARS-CoV-2 hamsters. Vaccinated hamsters from
Figure 1 were treated with cyclophosphamide and exposed to SARS-CoV-2. (A,B) Weights were
monitored daily. Individual hamster values are shown as symbols. Asterisks above and below in-
dicate statistical significance compared with negative DNA vaccine controls and are color coated
for weights to designate group. Lung tissue was analyzed by (C) real-time RT-PCR and (D) plaque
assay. (E) Lymphocyte counts were assessed from whole blood collected at 9 dpi and compared
with historical, untreated hamster controls (***, p < 0.001; **, p < 0.01; *, p < 0.05). The assay limit for
panels C and D is shaded grey.

3.3. Lung Pathology of SARS-CoV-2 DNA Vaccinated Hamsters following Virus Exposure

All hamsters were euthanized at 9 dpi, and lung tissue from necropsied animals was
formalin-fixed, paraffin-embedded, and evaluated by histopathology and in situ hybridi-
zation (ISH). The specific lesions observed in immunosuppressed hamsters exposed to
SARS-CoV-2 have been described previously [5,17]. The severity of histopathological
findings in the lungs (Figure 3) and extent of the ISH labeling (Figures 3 and 4) corrobo-
rated what we observed in RT-PCR and plaque assays from lung homogenates. Hamsters
vaccinated with 0.2 mg of either nCoV-S(JET), dbDNAS(JET), or dbDNAS(ST-JET) had
reduced SARS-CoV-2 genomic RNA by ISH (Figure 4) and reduced incidence and severity
of interstitial pneumonia, heterophilic and histiocytic inflammation, hyperplasia (type II
pneumocyte, bronchial, and/or bronchiolar epithelium), alveolar hemorrhage, and peri-
vascular edema (Figure 3).
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Figure 3. Heat map depicting degree of ISH labeling and severity of histopathological lesions ob-
served in DNA-vaccinated hamsters. ISH slides of lung sections were scored by degree of labeling:
0 = no labeling, 1 = rare or <10% of cells, 3 = multifocal dense labeling or 10-60% of cells, and 5 =
greater than 60% of cells labeled. H&E slides of lung sections were scored by severity: 0 =no detected
pathology, 1 = minimal, 2 = mild, 3 = moderate, 4 = marked, and 5 = severe.

0.2 mg 0.05 mg

™,

nCoV-S(JET) =

dbDNAS(JET)

dbDNAS(ST-JET)

Figure 4. SARS-CoV-2 ISH labeling of FFPE lung tissues from DNA-vaccinated hamsters. Lung sec-
tions from 0.2 and 0.05 mg DNA-vaccinated hamsters show SARS-CoV-2 genomic RNA in red. Ar-
rows in nCoV-S(JET) and dbDNAS(JET) 0.2 mg images indicate rare positive labeling within the
section, and arrowheads indicate labeling of intraluminal bronchiolar cellular debris. Arrows in
dbDNAS 0.05 mg indicate multifocal dense positive labeling within areas of inflammation and bron-
chiolar epithelium. Scale bars = 400 microns.
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3.4. Serum Neutralization Efficacy against Novel SARS-CoV-2 Variants

Mutations in the viral genome are arising with new variants being identified as the
pandemic progresses [29,30]. As SARS-CoV-2 variants are becoming more prevalent in
human infections, it is necessary to determine if the polyclonal antibody responses to
DNA vaccination (nCoV-S(JET), dbDNAS(JET), and dbDNAS(ST-JET)) have cross-neu-
tralizing efficacy. The D614G mutation in the spike protein was one of the first identified
substitutions [31,32]. A PRNT was performed using the Week 5 sera against the D614G
variant virus. Serum from animals vaccinated with nCoV-S(JET) had the highest group
neutralizing titers for both WA-1 and D614G variant viruses, but, with the exception of
nCoV-S(JET) and dbDNAS(ST-JET) neutralization of WA-1 (p = 0.0159), there were no
other statistical differences between variants within a vaccinated group or the same vari-
ant between groups (Figure 5A).

Additional variants Beta, Iota, and Epsilon, along with more current variants of con-
cern, Delta and Delta+ (Delta with K417N substitution), were also used to assess the neu-
tralizing capacity of sera from hamsters vaccinated with a high dose of either nCoV-
S(JET), dbDNAS(JET), or dbDNAS(ST-JET) vaccines using variant virus pseudovirion
neutralization assays (Figure 5B). All three vaccines elicited cross-neutralizing antibodies
against all variants tested. However, the response to Beta was noticeably, but not signifi-
cantly, reduced relative to WA-1, and the response to Iota was somewhat reduced. The
dbDNAS(JET) cohort response was lower than that of the other two cohorts, only one
animal was positive for anti-Iota antibodies, and only two were positive for anti-Beta an-
tibodies. The nCoV-S(JET) samples neutralized Delta and Delta+ variants statistically dif-
ferently than the Beta variant. Differences between the neutralization of Delta and Iota
variants were also significant within the nCoV-S(JET) group. The only statistical differ-
ence between vaccine groups was the ability of nCoV-2(JET) and dbDNAS(JET) samples
to neutralize the Delta variant. The responses against Epsilon, Delta, and Delta+ were sim-
ilar within a cohort (Figure 5B).



Vaccines 2022, 10, 1104 9 of 13

10004 |
o 100
©
[
4
74
& 104
1 T T T T T T
WA-1 D614G WA-1 D614G WA-1 D614G
0.2mg 0.2mg 0.2mg
nCoV-S(JET) dbDNAS(JET) dbDNAS(ST-JET)
10,000
Q 1,000
<
4
@
a 100

10-

NS L@@ N QAP B D X N > @ x
&Z;eé‘\o © Q""’o@oe\\ &ZQ:;\\" © ‘b°o°°e\‘ &Z/Qé\\o © 000"' )

0.2mg 0.2mg 0.2mg
nCoV-S(JET) dbDNAS(JET) dbDNAS(ST-JET)

Figure 5. Cross-variant neutralization of serum from hamsters vaccinated with plasmid or Dog-
gybone DNA vaccines. (A) Prechallenge serum from hamsters that received two 0.2 mg vaccinations
of nCoV-S(JET), dbDNAS(JET), or dbDNAS(ST-JET) was used to perform Washington-1 (WA-1) and
D614G variant live-virus PRNT. (B) Prechallenge sera were evaluated using Epsilon, Iota, Beta,
Delta, and Delta+ pseudovirion neutralization assays. Individual animal titers (symbols) as well as
geometric mean and standard deviations are shown for each group. Statistical significance (***p
<0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05) between variants and within vaccine groups, and same
variants between vaccine groups are also shown. An imputed value [25] of 14.1 was used for sam-
ples with titers below the assay limit of 20 (dotted line).

4. Discussion

In this study, we compared a conventional plasmid vaccine, nCoV-S(JET), with a
doggybone linear DNA vaccine. One doggybone DNA vaccine, dbDNAS(JET), provides
a direct comparison to the plasmid DNA vaccine as the sequences used in these vaccines
are identical. No statistical differences in immunogenicity were observed at either the 0.05
or 0.2 mg dosage, making these vaccines comparable. However, once hamsters were ex-
posed to SARS-CoV-2, higher, but not statistically significant, levels of viral RNA and in-
fectious virus were detected in the lungs of dbDNAS hamsters, most prominently in the
dbDNAS 0.05 mg vaccination group. The stabilized version of the doggybone DNA vac-
cine, dbDNAS(ST-JET), had comparable immunogenicity and similar protective efficacy
to nCoV-S(JET) in cyclophosphamide-immunosuppressed hamsters, the 0.2 mg
dbDNAS(ST-JET) having a slight advantage based on changes in weight. That is, the
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dbDNAS(ST-JET) group had statistically significant differences in weight loss relative to
the control group on the last three days of the study, whereas nCoV-S(JET) was significant
on the last day alone. This difference did not translate into any other significant differ-
ences in other correlates, such as viral lung burden or pathology.

Although our animal efficacy are promising, there are limits to our modeling system.
More specifically, the model likely reflects disease in a subpopulation of people (e.g., im-
munosuppressed). In hamsters, there is little to no adaptive immune response that may
enhance or detract from the efficacy of a specific vaccine and paint an incomplete picture
of a vaccinated host’s response to infection. As with all vaccine testing, future studies
should include the use of multiple models.

Class I fusion proteins, such as the spike surface glycoprotein from betacoronaviruses
and F protein from RSV, are major vaccine targets for the induction of protective neutral-
izing antibodies. Antibodies raised against the prefusion conformations are more effica-
cious at neutralizing free virus, and the use of mutations to stabilize this conformation has
been shown to improve neutralizing antibody titers against multiple viruses. This is most
profoundly seen in RSV-F, which is highly unstable in its prefusion form without the sta-
bilizing double proline mutation [18-22,33,34]. In our study, the inclusion of the stabiliz-
ing mutations increased the immunogenicity and protective efficacy of the dbDNAS(ST-
JET) relative to the unmodified spike sequence in dbDNAS(JET) vaccine. Similar to
dbDNAS(JET), the plasmid DNA construct nCoV-S(JET) did not contain the mutations,
but still performed similarly to the stabilized doggybone construct (dbDNAS(ST-JET))
and was more immunogenic and protective than dbDNAS(JET), which contains the exact
sequence as nCoV-S(JET). This suggests that the vaccine may have some construct-related
advantages that would warrant further investigation, specifically using stabilized spike
pPDNA compared with dbDNAS(ST-JET).

The cross-variant neutralization study revealed the similar neutralizing capacity of
the sera from hamsters immunized with either nCoV-S(JET), dbDNAS(JET), or
dbDNAS(ST-JET) against WA-1, Epsilon, Delta and Delta+. However, the neutralizing ca-
pacity of the sera was noticeably lower against the Beta variant. The Beta variant was first
documented in South Africa in May 2020 and linked with increased risk of hospitalization
and death [35]. Abu-Raddad et al. reported that two doses of the Pfizer vaccine showed
less than 75% effectiveness against Beta-variant infection, compared with 89.5% effective-
ness against the Alpha variant [36]. Additionally, analysis of the phylogenetic relation-
ships between SARS-CoV-2 variants revealed that the Beta variant is evolutionarily dis-
tant from the U.S. WA-1 strain, unlike the Alpha and Delta variants [37]. Specifically, the
phylogenetic analysis using NJ/JC method revealed that the U.S. WA-1 and Delta variants
are branched under the same node, neighboring the Alpha and Omicron variants, whereas
the Beta and Gamma variants evolved and split earlier from the main node [37]. The phy-
logenetic analysis corroborates the neutralization data, demonstrating that increased di-
vergence of the spike protein within each variant correlates to reduced neutralization. Un-
fortunately, at the time of these studies, Omicron was not appreciably circulating, and we
were unable to include it in our assays.

DNA vaccines have several advantages, including stability (minimal cold-chain re-
quirements), safety, and increased immunogenicity with administration by needle-free
delivery devices [4,38—41]. However, traditional pDNA manufacture is a major bottleneck
[42]. Synthetic linear DNA overcomes the manufacturing bottlenecks, enabling produc-
tion of grams of GMP dbDNA within days using benchtop equipment. Furthermore, the
elimination of bacterial resistance genes provides an additional degree of safety, and also
makes the resulting dbDNA construct smaller than a matched pDNA sequence, offering
an additional copy number advantage. Thus, dbDNA is well-positioned to contribute to
rapid pandemic response efforts.

5. Conclusions
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The most effective way to end the pandemic is through the development of medical
countermeasures to combat SARS-CoV-2 infection and disease. The rise of the variants
has also illustrated the need for the rapid evolution of vaccines, a niche that is well-suited
for nucleic-acid-based vaccines. Herein, we compared two DNA vaccine approaches: a
conventional plasmid DNA vaccine and a novel, synthetic, linear DNA vaccine. Both vac-
cines were protective in a small animal model of severe disease. Moreover, serum from
animals vaccinated with SARS-CoV-2 DNA vaccines retained a level of neutralization
against multiple emerging variants.

6. Patents
J.W.H. is inventor on USG provisional SARS2 DNA vaccine patent application.

Author Contributions: Conceptualization, R.L.B. and J.W.H.; investigation, EM.M., RL.B.,, LM.P,,
J.M.S., and S.A K.; pathology, RK.K. and X.Z.; resources, ] W.H.; data curation, R.L.B.; writing—
original draft preparation, R.L.B. and E.M.M.; writing—review and editing, EM.M., RL.B.,, LM.P,,
RKK, X.Z,JMS,S.AK,SK, HH, L.C, and ].W.H.; supervision, funding acquisition ] W.H. All
authors have read and agreed to the published version of the manuscript.

Funding: Funding was provided through the Defense Health Program with programmatic over-
sight from the Military Infectious Diseases Research Program, project number 188155773. The opin-
ions, interpretations, conclusions, and recommendations contained herein are those of the authors
and not necessarily endorsed by the U.S. Department of Defense.

Institutional Review Board Statement: Animal research was conducted under an IACUC-ap
proved protocol at USAMRIID (USDA Registration Number 51-F-00211728 & OLAW Assurance
Number A3473-01) in compliance with the Animal Welfare Act and other federal statutes and reg-
ulations relating to animals and experiments involving animals. The facility where this research was
conducted is fully accredited by the Association for Assessment and Accreditation of Laboratory
Animal Care, International and adheres to principles stated in the Guide for the Care and Use of
Laboratory Animals, National Research Council, 2011.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available upon request. Unique materials used in this
study are available from the corresponding author by Material Transfer Agreement.

Acknowledgments: We would like to acknowledge the Veterinary Medicine Division, Histology
Lab and Aerobiological Sciences technicians at USAMRIID. We thank Joshua Moore, Jimmy Fiallos,
Steven Stephens, Jua Liu, April Babka, Neil Davis, and Dave Dyer for assistance with veterinary
care, histology and molecular assays, and hematology.

Conflicts of Interest: ]. W.H. is an inventor on USGA divisional patent. S.K., H.H., and L.C. are em-
ployed by Touchlight Genetics Ltd. (Hampton, UK) The other authors declare no conflict of interest.

Disclaimer: Opinions, interpretations, conclusions, and recommendations are those of the authors
and are not necessarily endorsed by the US Army. The US Army does not endorse any products or
commercial services mentioned in this publication.

1. Mucker, EM,; Karmali, P.P.; Vega, ].; Kwilas, S.A.; Wu, H.; Joselyn, M.; Ballantyne, J.; Sampey, D.; Mukthavaram, R.; Sullivan,
E.; et al. Lipid Nanoparticle Formulation Increases Efficiency of DNA-Vectored Vaccines/Immunoprophylaxis in Animals In-
cluding Transchromosomic Bovines. Sci Rep 2020, 10, 8764. https://doi.org/10.1038/s41598-020-65059-0.

2. Morrow, M.P.; Weiner, D.B. DNA drugs come of age. Sci. Am. 2010, 303, 48-53. https://doi.org/10.1038/scientificamerican0710-

48.

3. Mallapaty, S.

India’s DNA COVID vaccine is a world first—More are coming. Nature 2021, 597, 161-162.

https://doi.org/10.1038/d41586-021-02385-x.

4. Brocato, R.L.; Kwilas, S.A.; Josleyn, M.D.; Long, S.; Zeng, X.; Perley, C.C.; Principe, L.M.; Somerville, B.; Cohen, M.V.; Hooper,
J.W. Small animal jet injection technique results in enhanced immunogenicity of hantavirus DNA vaccines. Vaccine 2021, 39,
1101-1110. https://doi.org/10.1016/j.vaccine.2021.01.002.



Vaccines 2022, 10, 1104 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Brocato, R.L.; Kwilas, S.A.; Kim, RK.; Zeng, X.; Principe, L.M.; Smith, ].M.; Hooper, ].W. Protective efficacy of a SARS-CoV-2
DNA vaccine in wild-type and immunosuppressed Syrian hamsters. NPJ Vaccines 2021, 6, 16. https://doi.org/10.1038/s41541-
020-00279-z.

Muthumani, K.; Block, P.; Flingai, S.; Muruganantham, N.; Chaaithanya, L.K.; Tingey, C.; Wise, M.; Reuschel, E.L.; Chung, C.;
Muthumani, A.; et al. Rapid and Long-Term Immunity Elicited by DNA-Encoded Antibody Prophylaxis and DNA Vaccination
Against Chikungunya Virus. J. Infect. Dis. 2016, 214, 369-378. https://doi.org/10.1093/infdis/jiw111.

Organization, W.H. DRAFT Landscape of COVID-19 Vaccine Candidates—10 August 2020;
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines (08 July 2022).

Gaudinski, M.R.; Houser, K.V.; Morabito, K.M.; Hu, Z.; Yamshchikov, G.; Rothwell, R.S.; Berkowitz, N.; Mendoza, F.; Saunders,
J.G.; Novik, L.; et al. Safety, tolerability, and immunogenicity of two Zika virus DNA vaccine candidates in healthy adults:
Randomised, open-label, phase 1 clinical trials. Lancet 2018, 391, 552-562. https://doi.org/10.1016/S0140-6736(17)33105-7.
Graham, B.S.; Koup, R.A.; Roederer, M.; Bailer, R.T.; Enama, M.E.; Moodie, Z.; Martin, ].E.; McCluskey, M.M.; Chakrabarti, B.K.;
Lamoreaux, L.; et al. Phase 1 safety and immunogenicity evaluation of a multiclade HIV-1 DNA candidate vaccine. J. Infect. Dis.
2006, 194, 1650-1660. https://doi.org/10.1086/509259.

Hannaman, D.; Dupuy, L.C.; Ellefsen, B.; Schmaljohn, C.S. A Phase 1 clinical trial of a DNA vaccine for Venezuelan equine
encephalitis  delivered by intramuscular or intradermal electroporation. Vaccine 2016, 34, 3607-3612.
https://doi.org/10.1016/j.vaccine.2016.04.077.

Martin, J.E.; Sullivan, N.J.; Enama, M.E.; Gordon, L].; Roederer, M.; Koup, R.A.; Bailer, R.T.; Chakrabarti, B.K.; Bailey, M.A.;
Gomez, P.L.; et al. A DNA vaccine for Ebola virus is safe and immunogenic in a phase I clinical trial. Clin. Vaccine Immunol. 2006,
13, 1267-1277. https://doi.org/10.1128/CVI1.00162-06.

Tebas, P.; Yang, S.; Boyer, ].D.; Reuschel, E.L.; Patel, A.; Christensen-Quick, A.; Andrade, V.M.; Morrow, M.P.; Kraynyak, K,;
Agnes, |.; et al. Safety and immunogenicity of INO-4800 DNA vaccine against SARS-CoV-2: A preliminary report of an open-
label, Phase 1 clinical trial. EClinicalMedicine 2020, 31, 100689. https://doi.org/10.1016/j.eclinm.2020.100689.

Belakova, J.; Horynova, M.; Krupka, M.; Weigl, E.; Raska, M. DNA vaccines: Are they still just a powerful tool for the future?
Arch. Immunol. Ther. Exp. 2007, 55, 387-398. https://doi.org/10.1007/s00005-007-0044-4.

Allen, A; Wang, C.; Caproni, L.J.; Sugiyarto, G.; Harden, E.; Douglas, L.R.; Duriez, P.J.; Karbowniczek, K.; Extance, J.; Rothwell,
P.J.; et al. Linear doggybone DNA vaccine induces similar immunological responses to conventional plasmid DNA inde-
pendently of immune recognition by TLRY in a pre-clinical model. Cancer Immunol. Immunother. 2018, 67, 627-638.
https://doi.org/10.1007/s00262-017-2111-y.

Scott, V.L.; Patel, A.; Villarreal, D.O.; Hensley, S.E.; Ragwan, E.; Yan, ].; Sardesai, N.Y.; Rothwell, P.J.; Extance, ].P.; Caproni, L.J.;
et al. Novel synthetic plasmid and Doggybone DNA vaccines induce neutralizing antibodies and provide protection from lethal
influenza challenge in mice. Hum. Vaccine Immunother. 2015, 11, 1972-1982. https://doi.org/10.1080/21645515.2015.1022008.
Walters, A.A.; Kinnear, E.; Shattock, R.J.; McDonald, J.U.; Caproni, L.J.; Porter, N.; Tregoning, J.S. Comparative analysis of
enzymatically produced novel linear DNA constructs with plasmids for use as DNA vaccines. Gene Ther. 2014, 21, 645-652.
https://doi.org/10.1038/gt.2014.37.

Brocato, R.L.; Principe, L.M.; Kim, RK.; Zeng, X.; Williams, J.A.; Liu, Y.; Li, R.; Smith, ].M.; Golden, ].W.; Gangemi, D.; et al.
Disruption of Adaptive Immunity Enhances Disease in SARS-CoV-2 Infected Syrian Hamsters. J. Virol. 2020, 94, e01683-20.
https://doi.org/10.1128/jvi.01683-20.

Liang, B.; Surman, S.; Amaro-Carambot, E.; Kabatova, B.; Mackow, N.; Lingemann, M.; Yang, L.; McLellan, J.S.; Graham, B.S,;
Kwong, P.D.; et al. Enhanced Neutralizing Antibody Response Induced by Respiratory Syncytial Virus Prefusion F Protein
Expressed by a Vaccine Candidate. J. Virol. 2015, 89, 9499-9510. https://doi.org/10.1128/JV1.01373-15.

McLellan, J.S.; Chen, M.; Joyce, M.G.; Sastry, M.; Stewart-Jones, G.B.; Yang, Y.; Zhang, B.; Chen, L.; Srivatsan, S.; Zheng, A_; et
al. Structure-based design of a fusion glycoprotein vaccine for respiratory syncytial virus. Science 2013, 342, 592-598.
https://doi.org/10.1126/science.1243283.

Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.L.; Abiona, O.; Graham, B.S.; McLellan, ].S. Cryo-EM structure of
the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260-1263. https://doi.org/10.1126/science.abb2507.

Niu, L.; Wittrock, K.N.; Clabaugh, G.C; Srivastava, V.; Cho, M.W. A Structural Landscape of Neutralizing Antibodies against
SARS-CoV-2 Receptor Binding Domain. Front. Immunol. 2021, 12, 647934. https://doi.org/10.3389/fimmu.2021.647934.

Krarup, A.; Truan, D.; Furmanova-Hollenstein, P.; Bogaert, L.; Bouchier, P.; Bisschop, 1.].M.; Widjojoatmodjo, M.N.; Zahn, R.;
Schuitemaker, H.; McLellan, J.S.; et al. A highly stable prefusion RSV F vaccine derived from structural analysis of the fusion
mechanism. Nat. Commun. 2015, 6, 8143. https://doi.org/10.1038/ncomms9143.

Karda, R.; Counsell, J.R.; Karbowniczek, K.; Caproni, L.J.; Tite, ].P.; Waddington, S.N. Production of lentiviral vectors using
novel, enzymatically produced, linear DNA. Gene Ther. 2019, 26, 86-92. https://doi.org/10.1038/s41434-018-0056-1.

Thornton, C.D.; Fielding, S.; Karbowniczek, K.; Roig-Merino, A.; Burrows, A.E.; FitzPatrick, L.M.; Sharaireh, A.; Tite, ].P.; Mole,
S.E.; Harbottle, R.P.; et al. Safe and stable generation of induced pluripotent stem cells using doggybone DNA vectors. Mol.
Ther. Methods Clin. Dev. 2021, 23, 348-358. https://doi.org/10.1016/j.omtm.2021.09.018.

Hornung, R.W.; Reed, L.D. Estimation of average concentration in the presence of non-detectable values. Appl. Occup. Environ.
Hyg. 1990, 5, 46-51.

Liu, J.; Babka, A.M.; Kearney, B.].; Radoshitzky, S.R.; Kuhn, ].H.; Zeng, X. Molecular detection of SARS-CoV-2 in formalin fixed
paraffin embedded specimens. JCI Insight 2020, 5, €139042. https://doi.org/10.1172/jci.insight.139042.



Vaccines 2022, 10, 1104 13 of 13

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Sia, S.F.; Yan, L.M.; Chin, AAW.H,; Fung, K.; Choy, K.T.; Wong, A.Y.L.; Kaewpreedee, P.; Perera, R.; Poon, L.L.M.; Nicholls, ] M.;
et al. Pathogenesis and transmission of SARS-CoV-2 in golden hamsters. Nature 2020, 583, 834-838.
https://doi.org/10.1038/s41586-020-2342-5.

Tostanoski, L.H.; Wegmann, F.; Martinot, A.J.; Loos, C.; McMahan, K.; Mercado, N.B.; Yu, J.; Chan, C.N.; Bondoc, S.; Starke,
C.E,; et al. Ad26 vaccine protects against SARS-CoV-2 severe clinical disease in hamsters. Nat. Med. 2020, 26, 1694-1700.
https://doi.org/10.1038/s41591-020-1070-6.

Korber, B.; Fischer, W.M.; Gnanakaran, S.; Yoon, H.; Theiler, ].; Abfalterer, W.; Hengartner, N.; Giorgi, E.E.; Bhattacharya, T;
Foley, B.; et al. Tracking Changes in SARS-CoV-2 Spike: Evidence that D614G Increases Infectivity of the COVID-19 Virus. Cell
2020, 182, 812-827.e819. https://doi.org/10.1016/j.cell.2020.06.043.

Wise, J. COVID-19: New coronavirus variant is identified in UK. BM] 2020, 371, m4857. https://doi.org/10.1136/bmj.m4857.
Plante, J.A.; Liu, Y.; Liu, J.; Xia, H.; Johnson, B.A.; Lokugamage, K.G.; Zhang, X.; Muruato, A.E.; Zou, J.; Fontes-Garfias, C.R.; et
al. Spike mutation D614G alters SARS-CoV-2 fitness. Nature 2021, 592, 116-121. https://doi.org/10.1038/s41586-020-2895-3.
Yurkovetskiy, L.; Wang, X.; Pascal, K.E.; Tomkins-Tinch, C.; Nyalile, T.P.; Wang, Y.; Baum, A.; Diehl, W.E.; Dauphin, A.; Car-
bone, C.; et al. Structural and Functional Analysis of the D614G SARS-CoV-2 Spike Protein Variant. Cell 2020, 183, 739-751.e738.
https://doi.org/10.1016/j.cell.2020.09.032.

Pallesen, J.; Wang, N.; Corbett, K.S.; Wrapp, D.; Kirchdoerfer, R.N.; Turner, H.L.; Cottrell, C.A.; Becker, M.M.; Wang, L.; Shi, W.;
et al. Immunogenicity and structures of a rationally designed prefusion MERS-CoV spike antigen. Proc. Natl. Acad. Sci. USA
2017, 114, E7348-E7357. https://doi.org/10.1073/pnas.1707304114.

Kirchdoerfer, R.N.; Wang, N.; Pallesen, J.; Wrapp, D.; Turner, H.L.; Cottrell, C.A.; Corbett, K.S.; Graham, B.S.; McLellan, J.S.;
Ward, A.B. Stabilized coronavirus spikes are resistant to conformational changes induced by receptor recognition or proteolysis.
Sci. Rep. 2018, 8, 15701. https://doi.org/10.1038/s41598-018-34171-7.

Jassat, W.; Mudara, C.; Ozougwu, L.; Tempia, S.; Blumberg, L.; Davies, M.A; Pillay, Y.; Carter, T.; Morewane, R.; Wolmarans,
M.; et al. Difference in mortality among individuals admitted to hospital with COVID-19 during the first and second waves in
South Africa: A cohort study. Lancet Glob. Health 2021, 9, e1216—e1225. https://doi.org/10.1016/52214-109X(21)00289-8.
Abu-Raddad, L.J.; Chemaitelly, H.; Butt, A.A.; National Study Group for COVID-19 Vaccination. Effectiveness of the BNT162b2
COVID-19 Vaccine against the B.1.1.7 and B.1.351 Variants. N. Engl. ] Med. 2021, 385 187-189.
https://doi.org/10.1056/NEJMc2104974.

Kandeel, M.; Mohamed, M.E.M.; Abd El-Lateef, H.M.; Venugopala, K.N.; El-Beltagi, H.S. Omicron variant genome evolution
and phylogenetics. |. Med. Virol. 2022, 94, 1627-1632. https://doi.org/10.1002/jmv.27515.

Momin, T.; Kansagra, K.; Patel, H.; Sharma, S.; Sharma, B.; Patel, J.; Mittal, R.; Sanmukhani, J.; Maithal, K.; Dey, A.; et al. Safety
and Immunogenicity of a DNA SARS-CoV-2 vaccine (ZyCoV-D): Results of an open-label, non-randomized phase I part of
phase I/Il clinical study by intradermal route in healthy subjects in India. EClinicalMedicine 2021, 38, 101020.
https://doi.org/10.1016/j.eclinm.2021.101020.

Kwilas, S.; Kishimori, ].M.; Josleyn, M.; Jerke, K.; Ballantyne, J.; Royals, M.; Hooper, ].W. A hantavirus pulmonary syndrome
(HPS) DNA vaccine delivered using a spring-powered jet injector elicits a potent neutralizing antibody response in rabbits and
nonhuman primates. Curr. Gene Ther. 2014, 14, 200-210.

Lassauniere, R.; Polacek, C.; Gram, G.J.; Frische, A.; Tingstedt, J.L.; Kruger, M.; Dorner, B.G.; Cook, A.; Brown, R.; Orekov, T.;
et al. Preclinical evaluation of a candidate naked plasmid DNA vaccine against SARS-CoV-2. NPJ Vaccines 2021, 6, 156.
https://doi.org/10.1038/s41541-021-00419-z.

Alamri, S.S.; Alluhaybi, K.A.; Alhabbab, R.Y.; Basabrain, M.; Algaissi, A.; Almahboub, S.; Alfaleh, M.A.; Abujamel, T.S.; Ab-
dulaal, W.H.; ElAssouli, M.Z.; et al. Synthetic SARS-CoV-2 Spike-Based DNA Vaccine Elicits Robust and Long-Lasting Th1
Humoral and Cellular Immunity in Mice. Front. Microbiol. 2021, 12, 727455. https://doi.org/10.3389/fmicb.2021.727455.

Ohlson, ]J. Plasmid manufacture is the bottleneck of the genetic medicine revolution. Drug Discov. Today 2020, 25, 1891-1893.
https://doi.org/10.1016/j.drudis.2020.09.040.



