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Abstract: Neutralizing antibodies (nAbs) are a critical part of coronavirus disease 2019 (COVID-19)
research as they are used to gain insight into the immune response to severe acute respiratory
syndrome-related coronavirus 2 (SARS-CoV-2) infections. Among the technologies available for
generating nAbs, DNA-based immunization methods are an alternative to conventional protocols. In
this pilot study, we investigated whether DNA-based immunization by needle injection in rabbits
was a viable approach to produce a functional antibody response. We demonstrated that three
doses of DNA plasmid carrying the gene encoding the full-length spike protein (S) or the receptor
binding domain (RBD) of SARS-CoV-2 induced a time-dependent increase in IgG antibody avidity
maturation. Moreover, the IgG antibodies displayed high cross neutralization by live SARS-CoV-2
and pseudoviruses neutralization assays. Thus, we established a simple, low cost and feasible
DNA-based immunization protocol in rabbits that elicited high IgG avidity maturation and nAbs
production against SARS-CoV-2, highlighting the importance of DNA-based platforms for developing
new immunization strategies against SARS-CoV-2 and future emerging epidemics.

Keywords: SARS-CoV-2; COVID-19; DNA immunization; avidity; soroneutralization; antibody
response

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) has become a serious public health threat
worldwide since 2020, when the World Health Organization (WHO) declared a global
emergency [1–3]. The COVID-19 pandemic imposed new challenges to healthcare services,
including requirement for novel immunoassays, immunotherapeutics based on neutraliz-
ing antibodies (nAbs), and new vaccinal platforms to assist the public health system and to
reduce the increasing number of cases and deaths worldwide [4–8]. Since the onset of the
COVID-19 pandemic, several variants of concern (VOCs) have emerged, including Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and the super-spread Omicron
(B.1.1.529, BA.1, BA.2, BA.3, BA.4, and BA.5) [9,10]. The major concern about VOCs is
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related to their ability to increase transmission and/or virulence, and/or to escape cur-
rent vaccine-induced immunity. Additionally, SARS-CoV-2 Omicron displays significant
antigenic drift, and current evidence shows reduction in nAbs titers against Omicrons
in subjects who have had prior SARS-CoV-2 infection or in those who received primary
immunization [11]. Therefore, the advance of SARS-CoV-2 infections and re-infections
requires continuous surveillance studies to characterize important emerging mutations and
improve vaccine efficacy [2,8,12–17].

Currently, there are many approaches to developing vaccines to protect humans and
animals against infectious pathogens. Among the various existing technologies, genetic
vaccines (DNA or mRNA) have been formulated with the expectation that they would
be flexible, easy to produce, safe and effective [18,19]. mRNA vaccines have shown some
challenges, mainly because of RNA inefficiency in in vivo delivery, high instability, and
excessive stimulation of inflammatory responses. In addition, the cost of RNA production
is high, which may make vaccine development difficult [20].

A DNA-based vaccine platform stands out as a promising candidate for overcoming
the bottleneck associated with RNA immunization. DNA vaccination was discovered in
the 1990s, when the inoculation of antigen-expressing plasmids induced strong humoral
and cellular immune responses [21]. However, to induce these robust immune responses,
the gene encoding the antigen must be in the cytoplasmatic environment, where part is
processed in the nucleus, which resulting in the presentation of the most relevant peptides
on both molecules of major histocompatibility complex classes I and II [22,23]. The great
advantage of DNA-based technologies for immunization is the short time required from
vaccine design to clinical trials, since these vaccines can be produced at large-scale at low-
cost and have high storage stability over a wider temperature range when compared with
RNA or viral vector vaccines [21,24–27]. Thus, it may provide a simple and rapid platform
for large-scale production of SARS-CoV-2 nAbs without the need for time-consuming
procedures associated with viral isolation and/or production and purification of viral
antigens [21,28]. Several DNA and mRNA vaccines expressing mainly the spike protein
have been developed against SARS-CoV-2 and are being tested in clinical trials against
COVID-19, which have confirmed the strong protective humoral and cellular immune
responses in animal models [7,9,24,29,30].

In this pilot study, we establish a DNA-based immunization protocol in rabbits,
to evaluate the levels and quality of neutralizing IgG antibodies against SARS-CoV-2.
The analysis of immune responses in rabbits demonstrated that our DNA immunization
protocol induced high titers of anti-RBD and anti-spike antibodies, and cross protection
by neutralization assays. Thus, the DNA-based immunization technology represents a
potent tool for the rapid and low-cost production of neutralizing IgG antibodies against
SARS-CoV-2, paving the way for the development of new immunoassays and vaccines to
combat COVID-19.

2. Materials and Methods

2.1. Animals and Ethics Statements

Three male New Zealand white rabbits (Oryctolagus cuniculus) weighing 2.7 kg were
obtained from the Adolfo Lutz Institute (IAL). Rabbits were housed individually at 25 ◦C
and given antibiotic-free food and water ad libitum. All protocols were approved in ad-
vance by the Adolfo Lutz Institutional Animal Care and Use Committee (CEUA/IAL
no. 06-B/2021). All methods were performed in accordance with relevant guidelines and
regulations and the ethical principles in animal research adopted by the ARRIVE 2.0 guide-
lines [31]. We followed the three Rs (3Rs) guiding principles for the more ethical use of
animals in scientific research [32].

2.2. Production of RBD and Full-Length Spike SARS-CoV-2 Gene Plasmids

The plasmids coding the correspondent gene of the full-length spike protein or the recep-
tor binding domain (RBD) from SARS-CoV-2 were kindly donated by Dr. Florian Krammer,
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from Icahn School of Medicine, Mount Sinai, New York, NY, U.S.A. [4,33]. Briefly, the
sequences used for both proteins were based on the SARS-CoV-2 genomic sequence iso-
lated from Wuhan-Hu-1 (GenBank: MN908947.3) [4]. Sequences were codon-optimized
for mammalian cell expression. The full-length spike protein sequence was modified to
remove the polybasic cleavage site, which is recognized by furin, and to add a pair of
stabilizing mutations. The plasmids were transformed in E. coli to be replicated. The freshly
transformed colonies were cultured in Luria–Bertani (LB) medium supplemented with
ampicillin (100 µg/mL) for 18 h at 37 ◦C and 250 rpm. High-quality plasmids were obtained
using a commercially available PureLink™ Expi Endotoxin-Free Maxi Plasmid Purification
Kit (Thermo Fisher Scientific™, Waltham, MA, USA) with an endotoxin-removal step,
according to manufacturer’s recommendations.

2.3. DNA-Based Immunization by Needle Injection and Serum Samples

For DNA immunization, rabbits were inoculated with three doses by intramuscular
route with 0.5 mg, 1 mg, and 0.25 mg of DNA diluted in sterile PBS and 50% (v/v) of Com-
plete or Incomplete Freund’s Adjuvant for each dose, respectively. In these experiments,
plasmids containing either the full-length spike gene insert or the RBD gene insert, and
only Freund’s adjuvant as mock control, were used. The plasmid control group was not
used due to the limited number of animals available for the experiment. The immunization
doses were distributed at 21-day intervals. Blood samples were collected at five time points
with the 21-day intervals (day 0–84), and six weeks after the last dose, the rabbits were
euthanized. During this procedure, the rabbits were weighed and pre-anesthetic medi-
cation using acepromazine 1% at a dosage of 3 mg/kg was injected into the quadriceps
muscle. After 5 to 10 min, the anesthetic combination (xylazine at a dose of 7 mg/kg and
ketamine at a dose of 35 mg/kg) was injected in the quadriceps muscle. After 15 min, the
loss of sensitivity and pain reflexes were verified. Animals were placed in restraint in the
prone position and manual trichotomy and asepsis with alcohol were performed for the
introduction of the needle (40 × 16) at the thorax close to the xiphoid cartilage. The blood
was collected in a sterile bottle for further centrifugation and serum preparation.

2.4. Production of RBD and Spike Recombinant Proteins

Plasmids containing RBD and spike gene sequences were transfected in HEK 293F
cells (Thermo Fisher Scientific™, Waltham, MA, USA) using a ExpiFectamine 293 Trans-
fection Kit (Thermo Fisher Scientific™, Waltham, MA, USA) to overexpress recombinant
proteins. Briefly, 100 mL supernatants from transfected cells were harvested on day 3–5
post-transfection by centrifugation of the culture at 4000× g for 20 min, concentrated using
an Amicon Ultra Centrifugal Filter (Merck Millipore, Burlington, MA, USA) until the final
volume of 5 mL. After, 20 mL of buffer A (sodium phosphate 20 mM, NaCl 500 mM, pH 7.4)
was added in the supernatant, and the sample was clarified in a 0.22 µM syringe filter. First,
the recombinant proteins were purified by immobilized metal ion affinity chromatography
(IMAC) using HisTrap™ Excel columns (GE Healthcare Life Sciences, Chicago, IL, USA) on
a fast protein liquid chromatography system (FPLC) (ÄKTA™ Pure, Cytiva Life Sciences,
Marlborough, MA, USA). The supernatant was applied to the column, previously equili-
brated with buffer A, at a flow rate of 1 mL/min. Unbound proteins were washed away
with 10 column volumes (CV) of 20 mM imidazole. Bound fractions were eluted with 20 CV
of buffer B (sodium phosphate 20 mM, NaCl 500 mM, Imidazol 500 mM, pH 7.4) using a
gradient. The peak corresponding to the protein of interest was collected, concentrated
in Amicon centrifugal units (Merck Millipore, Burlington, MA, USA) and re-suspended
in 2 mL of phosphate-buffered saline (PBS) for size-exclusion chromatography using a
Superdex™ 75 column (Cytiva Life Sciences, Marlborough, MA, USA). The fractions were
collected and analyzed by SDS-PAGE 10% to check protein integrity.
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2.5. Immunoblotting Assay

For Western blot, the 10% SDS-PAGE was transferred overnight to a 0.22 µm nitro-
cellulose filter membrane (Bio-Rad, Hercules, CA, USA). The membranes were stained
with ponceau, divided into four strips, blocked by 5% skim milk (w/v) diluted in PBS and
further incubated with a rabbit anti-His-tag antibody (1:1000, Sigma-Aldrich, St. Louis,
MO, USA), the post-third dose rabbit anti-RBD (1:2500) or anti-spike serum (1:2500), or
mock group serum (1:2500) diluted in PBS supplemented with 2.5% skim milk (w/v) for
1 h at room temperature. The strips were washed three times with PBS supplemented
with 0.1% Tween 20 (v/v, PBST 0.1%) followed by incubation with horseradish peroxidase
(HRP) labeled goat anti-rabbit IgG (1:8000, Santa Cruz Biotechnology, Dallas, TX, USA) for
1 h at room temperature. After, the strips were washed three times with PBST 0.1% and
the membranes were revealed using SuperSignal™ West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific™, Waltham, MA, USA), following the manufacturer’s
instructions. Images were recorded using an iBright™ CL1500 Imaging System (Thermo
Fisher Scientific™, Waltham, MA, USA).

2.6. Pathological Examination and Histochemical Staining

Lung and spleen samples were collected from the necropsies of rabbits after immu-
nization. All specimens were fixed with 4% neutral buffered formaldehyde, processed with
alcohol and xylene, embedded in paraffin wax, and 3 µm sections were cut. Sections were
stained with hematoxylin and eosin (HE) according to the standard protocol. Histological
analysis of the immunized and control rabbits was performed using an optical microscope.

2.7. Indirect ELISA for Anti-RBD and Anti-Spike Specific IgG Antibodies Detection and Avidity
Maturation Evaluation

Rabbit anti-RBD and anti-spike IgG antibodies were detected by enzyme immunoassay
(ELISA) using an adapted protocol previously described by our group [8]. To ensure test
reproducibility and concordance, two ELISA using the same protocol were performed
on two different days. The average of all results from both days was used for plotting
the graphs. Briefly, high-binding 96-well plates (Nunc MaxiSorp™ flat-bottom, Thermo
Fisher Scientific™, Waltham, MA, USA) were coated with 50 µL per well of 2.5 µg/mL
of recombinant RBD or spike protein diluted in PBS and incubated at 4 ◦C overnight.
After, plates were washed six times with PBS supplemented with 0.5% Tween 20 (PBST
0.5%). All washing steps were performed using an ELISA plate washer (Washwell plate,
Robonik, Thane, India). After, 200 µL per well of 5% skim milk powder diluted in PBST
0.5% as a blocking solution was added to the plates and incubated for 2 h at 37 ◦C. After
blocking, plates were washed six times with PBST 0.5% and incubated with 100 µL per
well of rabbit-immunized serum samples, in duplicate, diluted 1:50 or 1:100, for RBD and
spike, respectively, in PBST 0.5% supplemented with 1% skim milk for 1 h at 37 ◦C. Next,
plates were washed six times with PBST 0.5% and then half of the plate was incubated in
the presence of potassium thiocyanate (KSCN) 1.5 M and half of the plate in the presence of
PBST 0.5% (100 µL/well) for 20 min at 37 ◦C. Plates were washed six times and incubated
with 50 µL of a 1:5000 dilution of goat anti-rabbit IgG−horseradish peroxidase (HRP)
conjugated antibody (Santa Cruz Biotechnology, Dallas, TX, USA) diluted in PBST 0.5%
supplemented with 1% skim milk for 1 h at 37 ◦C. Plates were washed again and incubated
for 10 min with 100 µL/well of One Step-TMB (3,3′,5,5′-tetramethylbenzidine) (Scienco,
Santa Catarina, Brazil). The reaction was stopped by the addition of 50 µL per well of 1 N
sulfuric acid. The absorbance at 450 nm, using 630 nm as a reference, was measured using
a Multiskan MS plate reader (Labsystems). The pre-immune serum absorbances were used
to calculate the cut-off, using the mean plus three standard deviation. The avidity index
(AI) was expressed as follows: absorbance mean value from KSCN treated sample divided
by the absorbance mean value from the nontreated samples and multiplied by 100%.
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2.8. Neutralization Assay against Live SARS-CoV-2 Viruses

SARS-CoV-2 isolate was provided by the Adolfo Lutz Institute to determine the
neutralizing titer and propagate in Vero cells [34]. Briefly, twofold serially diluted serum
solutions (from 1:20 to 1:80) were incubated with 1000 PFU of SARS-CoV-2 B8 strain for
one hour at 37 ◦C. Antibody-virus complexes were added to Vero cell monolayers in
24-well plates and incubated for 24 h. The positive control was Vero cells’ infection with
1000 PFU of SARS-CoV-2 B8 in the absence of serum. After incubation, the total RNA of
the monolayer containing Vero cells and SARS-CoV-2 was extracted by PureLink™ RNA
Mini Kit (Ambion® Carlsbad, CA, USA). The neutralizing activity of the antibodies against
SARS-CoV-2 was determined by qRT–PCR using a standard curve of the amplicon ESobecco
primers [35] in a SYBRGreen detection system (Promega, Madison, WI, USA). The copy
number was determined as described previously [34].

2.9. SARS-CoV-2 Pseudotyped Virus Neutralization Assays

The plasmids were kindly provided by Dr. Gary R. Whittaker from the Department
of Microbiology and Immunology, College of Veterinary Medicine, Cornell University.
The system contained the following plasmids: pCMV-MLVgagpol plasmid (MLV gag and
pol-encoding), pTG-Luc transfer vector with luciferase reporter, pCAGGS-VSVG plasmid,
pCAGGS plasmid (deltaEnv) and pcDNA-SARS-CoV-2-S [36]. Briefly, pseudoviruses
carrying the Wuhan variant spike glycoprotein and a firefly luciferase (FLuc) reporter
gene were produced in HEK 293 T cells. Pseudovirus supernatants were collected 48 h
after transfection, filtered through a 0.45 µm filter and used immediately. Pseudovirus
neutralization titers were measured by infecting Vero cells for 48 h. Briefly, pseudoviruses
with titers of approximately 104 of Relative Luminescence Units per milliliter of pseudovirus
supernatant (RLU/mL) of luciferase activity were incubated with anti-RBD and anti-
spike serum for 1 h at 37 ◦C. Mixtures of pseudoviruses and two-fold serially diluted
serum solutions (from 1:10 to 1:40), in duplicate, were then inoculated into 96-well plates
containing 3 × 104 Vero cells per well. Pseudovirus infectivity was assessed after 48 h using
the Luciferase Assay System kit (Promega, Madison, WI, USA). Pseudovirus neutralization
titers were expressed as RLU/mL.

2.10. Statistical and Data Analysis

Statistical analyses and graphics were performed using the GraphPad Prism v. 8.0.1
(GraphPad Software, San Diego, CA, USA). The values of RNA copy number from
SARS-CoV-2 in the neutralizing test were evaluated for normal distribution by Shapiro–
Wilk normality test. The antibody dilutions were compared with the control and evalu-
ated by Brown–Forsythe and Welch ANOVA test with Dunnett’s multiple comparation.
p values < 0.05 were considered statistically significant.

3. Results

3.1. Plasmid Purification and Antigen Production

The SARS-CoV-2 DNA constructs were generated by introducing human codon-
optimized sequences encoding the full-length spike (S) and receptor binding domain
(RBD) proteins from the Wuhan strain into a pCAGGS mammalian expression vector.
Plasmids were amplified in E. coli and purified. Additionally, using the same plasmids,
we expressed RBD and spike proteins in human embryonic kidney (HEK) Expi293F cells
and purified the protein using a two-step protocol. Purified soluble proteins were resolved
by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under
denaturing conditions that showed a ~32 kDa protein corresponding to RBD and a 190 kDa
corresponding to full spike (Figure 1A). Western blot using a commercial rabbit anti-His-tag
antibody at 1:1000 confirmed the presence of recombinant proteins at approximately 32 kDa
and 190 kDa for RBD and spike, respectively (Figure 1B).
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Figure 1. RBD and full-length spike recombinant proteins purification. (A) 10% SDS-PAGE in
denaturing conditions showing the RBD and full-length spike purification. (B) Western blot of RBD
and spike purified fractions, using commercial rabbit anti-His-tag antibody (1:1000, M: TrueColor
High Range Protein Marker); The images from SDS-PAGE and blot were adjusted for brightness and
contrast and were recorded.

3.2. Vaccination with a DNA Plasmid by Needle Injection Elicits Robust Lymphoid Proliferation in
the Spleen and Lung-Associated Tissues and High Titers of Anti-RBD and Anti-Spike IgG in Rabbits

Three DNA plasmid doses (0.5 mg, 1 mg, 0.25 mg) and five bleeding points were estab-
lished accordingly to an immunization schedule (Figure 2A). After the animals’ euthanasia,
a histopathological analysis was performed on the spleen and lung tissue sections, stained
with hematoxylin and eosin (HE). Immunized animals showed pronounced lymphoid
tissues hyperplasia in the spleen white pulp (Figure 2B–D) and in the bronchus-associated
lymphoid tissue (BALT) in the lungs (Figure 2E–G). The mock animal showed lymphoid
tissue without germinative centers. Animals did not show acute lung injury or eosinophilic
inflammatory infiltrates in organs after the DNA-based immunization protocol.

Figure 2. Rabbit RBD and spike DNA-based immunization. (A) Rabbit immunization schedule.
(B–G) Histopathology of spleen and lungs. The immunized rabbits showed lymphoid hyperplasia in
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the spleen white pulp and in the bronchus-associated lymphoid tissue (BALT) (black arrows).
(B,E): spleen and lung from RBD immunized rabbit, respectively. (C,F): spleen and lung from spike
immunized rabbit, respectively. (D,G): spleen and lung from control animal, respectively. Mock
animal did not show germinative centers in the spleen white pulp and the BALT was minimal in the
lungs. Scale bars: (B–D) = 50 µm, (E–G) = 100 µm.

3.3. Vaccination with a DNA Plasmid Elicits High Titers of Anti-RBD and Anti-Spike IgG in Rabbits

To assess the immunoreactivity of animal’s sera after the immunization schedule, we
first performed a Western blot using the post-third dose of anti-RBD and anti-spike rabbit
serum and purified RBD and spike proteins. Anti-RBD serum showed reactivity against
both RBD and spike, whereas the anti-spike serum showed the reactivity only against the
spike protein. The mock animal immunized with Freund’s adjuvants showed no reactivity
against both RBD and spike proteins (Figure 3).

Figure 3. Western blot of recombinant RBD and spike purified fractions using post-third dose rabbit
anti-RBD or anti-spike antibody (1:2500) to assess immunoreactivity to the recombinant proteins. The
mock group received only the Freund’s adjuvants in the immunization. M: Rainbow Marker—Full
range; blot images were adjusted for brightness and contrast and were recorded.

Moreover, an in-house ELISA using RBD and spike proteins as coat antigens was
performed to detect RBD- and/or spike-specific IgG in serum post-immunization. The
mock group immunized serum showed no reactivity against RBD and spike proteins.
When using the RBD as a coat antigen, a positive IgG reaction was observed in the rabbit
immunized with DNA encoding RBD just after the first dose. The immunoreactivity of anti-
RBD IgG increased over the weeks after the second dose, reaching the highest reactivity
21 days after the third dose and maintaining this level for 42 days after the last dose
(Figure 4A). In contrast, the animal immunized with the DNA encoding the full-length
spike protein showed no reactivity against the RBD protein as coat antigen after any dose
(Figure 4B).

The anti-RBD and anti-spike IgG antibodies were also evaluated for the binding
strength of antibodies to the RBD protein as a coat antigen, measured as avidity index
(AI). The rabbit immunized with DNA encoding RBD showed increasing levels of avidity
21 days after the first dose, reaching 52.5% at this point and continuing to increase over the
next weeks, reaching AI = 92.74% in the last week (Figure 4A). When anti-spike IgG was
evaluated in ELISA using the RBD as coat antigen, no avidity measurement was detected,
since serum from animals immunized with spike did not display reactivity to the RBD
molecule (Figure 4B). Interestingly, when the avidity assay was performed with anti-RBD
serum using the spike protein as a coat antigen, a similar RBD avidity profile was obtained
(AI = 92.56% against spike) (Figure 4C). However, serum from rabbit immunized with
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DNA encoding the full-length spike showed reactivity to spike protein after the first dose
and maintaining the antibody levels after further doses. The avidity of anti-spike serum
reached 59.1% on the day of euthanasia (Figure 4D). The ELISA results were in concordance
with Western blotting analysis using the same serum sample.

Figure 4. RBD- and spike-specific IgG antibody levels and avidity index against SARS-CoV-2.
Evaluation of: (A) anti-RBD and (B) anti-spike specific-IgG and avidity against RBD as a coating
protein; and (C) anti-RBD and (D) anti-spike specific-IgG and avidity against spike as coating protein.
Levels of anti-RBD and anti-spike IgG (continuous black lines and dots), anti-RBD and anti-spike IgG
after KSCN treatment (discontinuous black lines and circles), and mock group IgG (continuous black
line and triangle). The avidity index is shown in discontinuous red lines and dots. The ELISA data
are expressed as the absorbance at 450 nm and the dotted red line shows the cut-off value.
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3.4. Neutralization Potential of Anti-RBD and Anti-Spike IgG Antibodies against Live and
Pseudotyped SARS-CoV-2 Particles

To evaluate the neutralization potential of anti-RBD and anti-spike IgG antibodies,
both pseudovirus assay and live viral neutralization assay were performed. The SARS-
CoV-2 B8 strain was used to evaluate the presence of neutralizing IgG antibodies. Serial
dilutions of anti-RBD rabbit serum (1:20; 1:40 and 1:80) showed a significant reduction in
live virus infection, of up to ~83% inhibition at 1:20 dilution (p < 0.0001), ~70% inhibition at
1:40 dilution (p < 0.0001), and ~66% inhibition at 1:80 dilution (p < 0.0001), when compared
with the positive control (Figure 5A). When using the anti-spike rabbit serum, we observed
a slightly higher reduction in virus infection, up to ~88.5% inhibition at 1:20 dilution
(p < 0.0001), ~79% inhibition at 1:40 dilution (p < 0.0001), and ~65% inhibition at 1:80
dilution (p < 0.0001), when compared with the positive control (Figure 5B).

Figure 5. Serum neutralization expressed in copy number of SARS-CoV-2 B8 strain particles detected
in a total amount of 1 µg of RNA. Twofold serially diluted (from 1:20 to 1:80) solutions of (A) anti-RBD
or (B) anti-spike antibodies were incubated with 1000 PFU of SARS-CoV-2 B8 strain for one hour at
37 ◦C. Asterisks represent significant comparisons between positive control and serum treated cells
(**** p < 0.0001).

When using pseudotyped SARS-CoV-2 particles, serial dilutions of anti-RBD rabbit
serum (1:10; 1:20 and 1:40) showed a significant reduction in virus infection, up to ~99%
inhibition at 1:10 dilution, ~93% inhibition at 1:20 dilution, and ~42.5% inhibition at 1:40
dilution, when compared with the positive control (Figure 6A). When using the anti-spike
rabbit serum, we observed a reduction in virus infection of up to ~99% inhibition at 1:10
dilution, ~97% inhibition at 1:20 dilution, and ~58% inhibition at 1:40 dilution, when
compared with the positive control (Figure 6B).
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Figure 6. Serum neutralization of SARS-CoV-2 pseudoviruses particles. Two-fold serially diluted
(from 1:10 to 1:40) solutions of (A) anti-RBD or (B) anti-spike serum were incubated with pseu-
doviruses with titers of approximately 104 RLU/mL of luciferase activity for one hour at 37 ◦C.
Pseudovirus infectivity was assessed using the Luciferase Assay. Pseudovirus neutralization titers
are expressed as RLU/mL.

4. Discussion

SARS-CoV-2 exhibits high infectivity capacity and has reached millions of cases world-
wide, with millions of deaths observed [16,37,38]. Brazil has faced a rapid escalation of
COVID-19 cases and almost seven hundred thousand registered deaths. Despite the re-
duction in the number of cases and deaths in Brazil, new waves could emerge at any time,
considering the emergence of new SARS-CoV-2 super spreading variants that may escape
from the immune response or the available vaccines or drugs [10,37–40]. Several studies
have reported the antibody response profile to SARS-CoV-2, which includes the broad
clinical and vaccinology spectrum of COVID-19, however, many aspects of the humoral
immune response in COVID-19 remain obscure in both situations [17,21,29,37,41].

Vaccines tailored using integrated approaches are urgently needed to address existing
and new challenges in the combat against human infectious diseases. Multiple vaccine
candidates are still under development and approval by regulatory agencies. In an attempt
to understand the potential use of the DNA-based strategy to produce high quality neutral-
izing antibodies, we proposed a pilot immunization scheme by needle injection of rabbits
based on plasmids encoding the full-length spike or the receptor binding domain (RBD)
genes. This type of immunization allowed the generation of high-quality neutralizing IgG
antibodies and provided several advantages over other approaches, such as their biosafety
because there is no infection by pathogens, since attenuated or inactivated SARS-CoV-2
viruses are not necessary. In addition, the antigens maintain their native conformation
since not undergoing in vitro protein production and purification [21,28]. Additionally, the
versatility of DNA vaccines as a multivalent vaccine development platform is a plus that
makes them excellent to test in vaccine candidates for several diseases, mainly for ongoing
emerging infectious diseases [24–26].

Naked plasmid DNA is the most straightforward, consisting of circular double-
stranded DNA that is simple to manipulate and can easily be produced in large quantities
from bacterial culture [21]. Additionally, rabbits are a useful model to study the immuno-
genicity of DNA-based vaccines, particularly for the study of antibody responses once
they display a strong immune response to various vaccines producing high affinity anti-
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bodies [21,42–44]. The histopathology of the immunized rabbit organs showed lymphoid
hyperplasia with formation of germinative centers in the spleen, indicating a strong im-
mune cellular activation (Figure 2B–G). Germinal centers where mature B cells are activated
are responsible for affinity maturation and consist of antigen-specific B cells that undergo
proliferation, somatic hypermutation and subsequent selection [45].

Additionally, our results showed that DNA-based immunization elicited a similar
immunoreactivity of anti-RBD profile both using RBD and spike as antigen in ELISA
(Figure 4A,C). In contrast, the animal immunized with DNA encoding the full-length spike
gene showed no reactivity against the RBD coating protein after any dose, but showed
reactivity against the spike protein after the first dose and maintained the antibody levels
after the next doses (Figure 4B,D). The Western blot results using the post-immunization
rabbit serum corroborated the ELISA results, in which only the RBD-DNA immunization
raised an immune response to both proteins, whereas the spike-DNA immunization only
elicited an immune response to the spike full protein (Figure 3).

The spike protein is divided into two subunits, S1 and S2. The RBD on the S1 subunit
displays an essential role in binding to the receptor on the surface of host cell. Previous
works have demonstrated that RBD protein is immunodominant in rabbits when com-
pared with other spike immunogen domains (S1, S2, or S1 + S2), eliciting a higher titer
of high affinity antibodies. However, there was no detection of RBD in the Western blot
assay, suggesting that RBD may form a complicated conformation under both native and
denaturing conditions, as previous reports [46,47]. Allosteric propensities of SARS-CoV-2
allow for the efficient modulation of complex phenotypic responses to the host receptor
and antibodies [48].

Moreover, the lack of RBD recognition by the rabbit anti-spike serum might be related
to a specific antigenic presentation effect of the full-length spike in its complete form
allowing the hidden RBD region to not be properly recognized by the immune system. It
has been described that RBD protein suffers spontaneous structural fluctuation between
an ‘up’ and a ‘down’ conformation, but only the up conformation enables the exposure of
the RBD binding motif (RBM), which can become accessible to bind in the host receptor
ACE2 or for recognition by the immune system [15,37,49]. Changes can be undertaken by
the design of the complete full-length spike gene in order to improve the RBD antigenic
presentation, and also favor the accessibility of RBD epitopes to increase the specificity of B
cell immune responses or binding to the ACE2 receptor [50–53].

Additionally, the rabbit anti-spike serum was able to generate a strong neutralizing
effect, similar to the effect generated by immunization with the RBD gene which also
suggested that immune response was focused to a region other than RBD, such as the
N-terminal domain (NTD). The NTD has been described as an important region for neutral-
ization of SARS-CoV-2 or other CoVs, where antibodies may cause conformational changes
in the spike protein, that are required for fusion or interactions with cell receptors, in both
live virus and pseudovirus assays [54–57]. If this proves to be true, a focus away from
the RBD may be highly desirable for protection against multiple VOCs. However, further
studies are needed, such as epitope mapping or heterologous immunization, to address
these questions [21,29,58,59].

Furthermore, our vaccination protocol showed a time and dose-dependent increase in
the avidity antibody maturation (Figure 4) and, interestingly, there was a possible associa-
tion between SARS-CoV-2 antibody avidity with the high nAbs titers for RBD and spike
(Figures 4–6). Avidity indices below 40% are considered as low levels, between 40% and
55% is considered to represent an intermediate phase or “maturation zone”, and above 55%
is considered high avidity, in which the correlation between avidity and soroneutralization
activity suggests protection [30,41,60]. Most cases of SARS-CoV-2 natural infections usually
lead to incomplete avidity maturation, characterized by low or intermediate avidity. In
contrast, it was reported that two vaccination steps with BioNTech mRNA vaccine allowed
complete avidity maturation, leading to high avidity in most cases [30,61]. High-avidity
antibodies are capable of blocking SARS-CoV-2 receptor binding, protecting and promoting
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virus neutralization, which indicates that avidity antibodies maturation might be associated
with the production of protective nAbs in viral infections [41,60,62,63].

Our previous study comparing mild and severe symptomatic patients concluded that
severe patients had higher levels of anti-RBD IgG antibodies than mild patients. Moreover,
IgG antibody avidity was low (AI up to 30%) during the initial infection and increased
during time after the onset of the illness, mainly in the severe patients who survived the
disease compared with those who died, which may lead to the hypothesis that a severe
COVID-19 illness may enhance avidity maturation, but the failure to reach higher avidity
levels increases the risk of death [8,61]. Therefore, it is extremely necessary that novel
vaccines can elicit a long-lasting immunity activity with high avidity levels and nAbs titers,
and, thus, elicit a stronger immune response than natural infections [30,60,64]. Thus, the
monitoring of IgG avidity may contribute to vaccination success since it is well established
that affinity/avidity maturation depends on the persistence and availability of the antigen
throughout the maturation process [30,65]. Efficient neutralization of SARS-CoV-2 would re-
quire antibodies of high avidity, adding to our classic concept of neutralizing antibodies, the
additional requirement for high affinity/avidity [30,66,67], as new SARS-CoV-2 VOC seem
to bind to ACE2 with higher affinity than the original isolate of SARS-CoV-2 [30,39,68–70].

In the end, the serum obtained from vaccinated rabbit was able to neutralize SARS-
CoV-2 in vitro, determined similarly by both soroneutralization and pseudovirus assays.
However, live SARS-CoV-2 neutralization assays demonstrated that rabbit serum was able
to reduce about three times the quantity of SARS-CoV-2 genome production in Vero cells
in comparison with our previous work [34], in which vaccinated OMV/ZIKV mice serum
reduced about six times the Zika virus infection in Vero cells. In addition, in the pseudovirus
assay, the titers of 104 RLU/mL of luciferase activity in Vero cells were comparable to those
described by Millet et al. (2019) [36], which exhibited consistent data about the pseudovirus
infectivity, in which the inhibition of luciferase entry in cells were similar to the live virus
inhibition. The success of the antibodies production and the soroneutralization indicated
an efficient RBD and spike DNA-based vaccine for virus described in this work.

One of the limitations of this study was the use of a small number of animals in the
immunizations because of the scope of this initial research project. This study will be a
starting point for other studies in the future as we successfully demonstrate the feasibility
of DNA-based immunizations. Based on this, we hope to undertake a continuity of this
study covering a larger number of animals and testing different immunization conditions,
and improve soroneutralization assays, including the new VOCs, in the improvement of
formulations for more efficient delivery of plasmids in the cell precisely with the modulation
of the desirable immune response for protection.

5. Conclusions

In summary, the results reported here demonstrated that DNA-based immunization
in rabbits elicited high nAb responses and increased IgG avidity maturation over time
against SARS-CoV-2. These results addressed an important question in COVID-19 vaccine
research by offering a simple, cheap and effective method to produce neutralizing IgG
antibodies specific to SARS-CoV-2. Additionally, it provided a novel and simple approach
for monitoring the high IgG affinity/avidity, which may contribute to the success of
immunization. Additionally, this approach will provide the production of polyclonal
antibodies as diagnostic reagents for immunoassays. Moreover, we might conclude that
DNA-based immunization in rabbits is a viable approach to produce functional antibody
responses and highlights this platform for developing new vaccine strategies against
SARS-CoV-2 and variants of concern (VOCs) in the near future.
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