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Abstract: Children are at risk of infection from severe acute respiratory syndrome coronavirus-2
virus (SARS-CoV-2) resulting in coronavirus disease (COVID-19) and its more severe forms. New-
born infants are expected to receive short-term protection from passively transferred maternal anti-
bodies from their mothers who are immunized with first-generation COVID-19 vaccines. Passively
transferred antibodies are expected to wane within first 6 months of infant’s life, leaving them vul-
nerable to COVID-19. Live attenuated vaccines, unlike inactivated or viral-protein-based vaccines,
offer broader immune engagement. Given effectiveness of live attenuated vaccines in controlling
infectious diseases such as mumps, measles and rubella, we undertook development of a live atten-
uated COVID-19 vaccine with an aim to vaccinate children beyond 6 months of age. An attenuated
vaccine candidate (dCoV), engineered to express sub-optimal codons and deleted polybasic furin
cleavage sites in the spike protein of the SARS-CoV-2 WA/1 strain, was developed and tested in
hamsters. Hamsters immunized with dCoV via intranasal or intramuscular routes induced high
levels of neutralizing antibodies and exhibited complete protection against the SARS-CoV-2 wild-
type isolates, i.e., the Wuhan-like (USA-WA1/2020) and Delta variants (B.1.617.2) in a challenge
study. In addition, the dCoV formulated with the marketed measles-rubella (MR) vaccine, desig-
nated as MR-dCoV, administered to hamsters via intramuscular route, also protected against both
SARS-CoV-2 challenges, and dCoV did not interfere with the MR vaccine-mediated immune re-
sponse. The safety and efficacy of the dCoV and the MR-dCoV against both variants of SARS-CoV-
2 opens the possibility of early immunization in children without an additional injection.

Keywords: COVID-19 in children; vaccine efficacy; SARS-CoV-2; hamster challenge study; measles;
rubella; coronavirus combination vaccine; live-attenuated; codon de-optimized vaccine

1. Introduction

COVID-19 is a disease caused by severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2). As of December 2022, 641 million COVID-19 cases with nearly 6.6 million
deaths (~1% mortality) have been reported worldwide [1]. COVID-19 symptoms include
moderate to severe lung infection and pneumonia. COVID-19 incidences were reported
in children following relaxation in social and public health measures and emergence of
SARS-CoV-2 variants [2—4]. Of utmost concern is children having COVID-19 associated
complications such as neurological complications, multisystem inflammatory syndrome
in children (MIS-C) and long COVID and requiring intensive care [5-7]. However, few
vaccines are available to protect children, especially in the age group of 6 months to 2
years in selected regions, leaving unimmunized children vulnerable to COVID-19, along
with a risk of further transmission to others. Furthermore, currently available vaccines
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require frequent booster doses to maintain protection and may cause adverse events such
as headache, fever and mild to moderate reactions at the injection site [8,9]. As SARS-CoV-
2 variants continue to emerge and cause infections with varying pathogenicity, there is a
concern that currently available vaccines, which are mostly based on the spike protein of
SARS-CoV-2, may not confer continued protection against COVID-19.

SARS-CoV-2 is a single-stranded positive-sense RNA virus belonging to the family
Coronaviridae. The virus genome expresses 4 structural proteins (spike, membrane, enve-
lope and nucleocapsid) and at least 16 non-structural proteins. The virus utilizes the re-
ceptor binding domain (RBD) of the spike protein to bind to the human Angiotensin Con-
verting Enzyme-2 (ACE-2) receptor to infect human cells. Spike protein is implicated in
causing severe infections and is the main target for neutralizing antibodies. Hence, the
majority of COVID-19 vaccines, including vectored vaccines or novel-platform-based vac-
cines such as mRNA and DNA, utilize the SARS-CoV-2 spike protein and particularly the
RBD as a basis for vaccine development. However, many T-cell and B-cell epitopes have
been identified within the nucleoprotein and are spread over the entire proteome that play
an important role in virus clearance and immunological memory. Currently available vac-
cines remain effective for a short duration and require frequent boosters. This could po-
tentially lead to the resurgence of new variants [10,11]. Live attenuated vaccines (LAVs)
offer several advantages over other vaccine platforms, including inactivated or subunit
vaccines. LAVs contain a complete battery of viral antigens that induce both humoral and
cellular immunity and provide high level of protection. Hence, LAVs are the most appro-
priate alternative to the existing vaccines to achieve a broader and more durable protec-
tive immune response [12,13].

Development of an adequately attenuated LAV strain that is not only safe but also
immunogenic poses a major challenge. Furthermore, attenuation of traditional LAVs is
generally based on a few specific point mutations (amino acid changes) introduced into
the genome that may revert during replication. If the mutations are located in the region
covering neutralizing epitopes, the vaccines may be rendered ineffective. To overcome
these problems, a “Synthetic Attenuated Virus Engineering (SAVE)” technology platform
was developed [14]. SAVE utilizes a computer-algorithm-directed “de-optimization” of
the codon pairs of viral genes to introduce hundreds of silent mutations into the genome
such that the modified codons are underrepresented in human cells. The resultant viral
genome is de-optimized for protein translation in the human host cells. Using SAVE plat-
form vaccines against polio, Zika and respiratory syncytial viruses have been found to be
safe and effective in pre-clinical studies [14-17]. The SARS-CoV-2 live attenuated vaccine
candidate (dCoV) used in the present study was designed using the SAVE platform and
contains 283 silent mutations in the spike protein of the WA/1 strain and a 36-nucleotide
(12-amino acid) deletion corresponding to the polybasic furin cleavage site between the
S1 and S2 spike region for additional safety (Figure 1). We previously characterized the
dCoV under the name COVI-VAC for attenuation markers. The safety of dCoV delivered
through the intranasal (IN) route has been established in pre-clinical study in hamsters
[18]. Further, the dCoV administered via IN route was found safe and immunogenic and
demonstrated significant induction of T-cell response in the phase 1 clinical study con-
ducted in healthy adults between 18-30 years (NCT04619628, Manuscript in preparation).
The vaccine is being evaluated in a WHO sponsored phase 2/3 solidarity trial in multiple
countries.
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Figure 1. Schematic representation of the live attenuated SARS-CoV-2 vaccine strain (dCoV). (A)
Genome consists of 29,855 nucleotides. Spike gene (21,563-25,348 nucleotides) contains 36 nucleo-
tides deletion corresponding to 12 amino acids (A678 to 689) and 283 nucleotides mutation to
achieve codon pair de-optimization. (B) Spike protein region and the relative positions of deletion
of 12 amino acids at furin cleavage site and codon pair de-optimized region (CPD) after translation.

Given the high protective efficacy of the injectable live attenuated vaccines against
respiratory infections such as measles, mumps and rubella, we tested the dCoV and the
Measles-Rubella-dCoV (MR-dCoV) combination vaccine via the intramuscular (IM) route
in hamsters for safety, immunogenicity and protective efficacy against the homologous
(Wuhan) strain and heterologous (Delta) variant. The present schedule for the measles—
rubella (MR) vaccine under the universal immunization program in India involves a first
dose at 9-12 months of age and second at 16-24 months of age. Hence, the combination
vaccine would circumvent the need for an additional injection in an already crowded pe-
diatric vaccination schedule and would protect the children below the age of 2 years, an
age group presently not covered by existing COVID-19 vaccines.

To study the immunogenicity and efficacy of the dCoV, we designed a challenge
study in Syrian golden hamsters (Mesocricetus auratus). Hamster is a well-established
model for the pathogenesis of COVID-19 and has a homologous ACE2 receptor to that of
human [19,20]. SARS-CoV-2 infection in the hamsters peaked around 4-5 days. The infec-
tion was self-limiting and demonstrated mild to moderate disease, progressive weight
loss, lung pathology associated with inflammation, interstitial pneumonia, hemorrhages,
cellular infiltration and cytokine activation [19].

2. Materials and Methods
2.1. Production of Vaccine Strains and Challenge Viruses

To generate the dCoV vaccine, Vero cells (ATCC- CCL-81) were infected with the
dCoV working seed virus, harvested in the supernatant and purified. Downstream pro-
cessing involved clarification, nuclease treatment and tangential flow filtration to remove
process impurities. The virus was stabilized, filtered through a 0.2 pm filter and stored
below -60 °C.

To generate measles and rubella virus vaccines, the Edmonston Zagreb vaccine strain
of the measles virus and the Wistar RA27/3 vaccine strain of the rubella virus were grown
on MRC-5 cells; these components are part of the commercial measles—rubella (MR)
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vaccine produced by the Serum Institute of India Pvt Ltd (SIIPL). The combination vaccine
was formulated using > 3.0 Logio CCIDso of measles and rubella vaccine components along
with 5.0 Logi PFU of the dCoV (in a log proportion of 3:3:5), stabilized with gelatin and
sorbitol, lyophilized, and stored at 2-8 °C.

The MR vaccine used was from a commercial lot. The base medium containing gela-
tin and sorbitol stabilizer was used as a placebo. The wild-type SARS-CoV-2 isolates USA-
WA1/2020 (Wuhan-like, 105 TCIDso/animal) and hCoV-19/USA/PHC658/2021 (Delta
strain, lineage B.1.617.2, 1043 TCIDso/animal) obtained from Biodefense and Emerging In-
fections Research Resources Repository, Virginia, USA was used for the challenge in ham-
sters. All virus strains used in the study were thoroughly characterized and sequenced
using Sanger sequencing.

2.2. Determination of Vaccine Strains Titers via Plaque and CCIDso Assay

The dCoV vaccine strain was titrated using a standard plaque assay. Briefly, a Vero
cell monolayer was prepared in 6-well plates one day prior to virus titration. A ten-fold
serial dilution of the samples were prepared in Dulbecco’s Minimum Essential Medium
(DMEM) containing 2% fetal bovine serum (FBS). The cell monolayer was washed once
with DMEM and infected with serially diluted samples. After 1 h of incubation at 37 °C,
4.0 mL of overlay medium (1.25% carboxymethy]l cellulose in DMEM containing 2% FBS)
was added on the top of inoculums and further incubated at 37 °C undisturbed. After 3
days, the cells were washed with phosphate-buffered saline (PBS) and the plaques were
visualized via negative staining with 0.3% crystal violet in 5% formalin. Excess stain was
washed off using water. Distinctly countable plaques (between 20 to 120 plaques per well)
were counted and the virus titer was calculated per the method described by Darling et
al., 1998. Virus titers were expressed as Logiw plaque-forming units per 0.5 mL (Loguo
PFU/0.5 mL) or per dose as applicable.

Measles and rubella viruses were titrated using the standard CCIDso assay. Measles
virus was titrated using Vero cells plated on the day of test while rubella virus was titrated
in RK-13 cells plated one day prior to test in 96-well plates. After infection with 10-fold
serially diluted samples, the 96-well plates were incubated and observed microscopically
on day 7 through day 10 post-infection for the cytopathic effect (CPE) indicating the pres-
ence of virus. The 50% end point was calculated using the Spearman and Karber method
and the titers were represented as Logio CCIDso/dose.

2.3. Determination of Neutralization Titers by PRNT and MNT

The neutralizing antibodies titer against the dCoV was evaluated using the plaque
reduction neutralization test (PRNT). Sera samples were pre-diluted to 1:5, followed by 4-
fold dilutions in the diluent (DMEM containing 2% FBS). Each sera dilution was mixed
with equal volume of 500 PFU/mL of the dCoV. In parallel, virus control was diluted 1:2
with the diluent. The virus-sera/diluent mixture was incubated at 37 + 1 °C for 1 h for
neutralization, and after incubation, 200 puL of the mixture was added onto a Vero cell
monolayer in 24-well plates. After 1 h of incubation at 37 + 1 °C, 1 mL of overlay media
(1% carboxymethyl cellulose in diluent) was added in each well and the plates were incu-
bated for three days at 37 + 1 °C. The number of plaques was enumerated and 50% neu-
tralization of the challenge virus (PRNTs0) was calculated via probit analysis. Samples
showing no virus neutralization were reported as titers <10 and a value of 5 used for cal-
culation of the geometric mean titer (GMT).

The neutralizing antibodies titer against MR was evaluated using the microneutrali-
zation test (MNT). Sera samples were diluted 1:10 followed by two-fold serial dilutions in
Minimum Essential Medium (MEM). The sera dilutions were mixed with equal volume
of 100 CCIDso/mL of the measles virus or rubella virus and kept for neutralization at room
temperature for 1.5 h. The measles virus—sera dilution mixtures were added onto Vero cell
monolayers while rubella virus—sera dilution was added to RK-13 cells and incubated for
up to 10 days at 36 + 1 °C, after which the results were read via microscopic observations
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for CPE. The titers were calculated using the Spearman and Karber method and reported
as 50% neutralization. Samples showing no virus neutralization were reported as titers
<10 and 5 for calculating GMT.

2.4. Evaluation of Biodistribution of Vaccine Strains in Hamsters

Virus replication and virus dissemination to different organs were studied in ham-
sters. Hamsters 4-5 weeks old were quarantined for 1 week prior to experimentation. The
hamsters were divided into 4 treatment groups (n = 9/group): G1 (IN group), G2 (IM high-
dose group), G3 (IM low-dose group) and G4 (placebo group). The animals weighing be-
tween 80-120 g were inoculated with a single dose of the vaccine via the IN route in a
volume of 10 pL or IM route in a volume of 0.5 mL divided in two sites. In addition, ani-
mals were inoculated with normal saline (placebo) as the control group. Following IM
injections, the sites were cleaned using 70% isopropyl alcohol. Hamsters tend to groom
themselves by licking the site of inoculation. Therefore, to rule out the possibility of acci-
dental infection via IN route, additional uninoculated animals (n = 6/group) were co-
housed along with the IM groups (G2 and G3). Animal health and weight were taken
throughout the observation period. Three inoculated animals/group (and two co-housed
animals as applicable) per time point on day 3, day 6 and day 28 were sacrificed via over-
dose of isoflurane. Blood and vital organs including lungs, trachea, brain, heart, spleen
and kidney were collected and weighed. Half of each organ was processed for viral load
estimation while the other half was processed for histopathology. The organs were
weighed and triturated with bio masher, and tissue suspensions in DMEM with 2% FBS
were used for the detection of virus via standard plaque assay and real-time RT-PCR.

For real-time RT-PCR, viral RNA was extracted and detected using a very sensitive
real-time RT-PCR based diagnostic platform (Xpert® Xpress SARS-CoV-2) that detected
the viral nucleocapsid (N2) and envelope (E) genes of SARS-CoV-2. The E gene provides
good specificity while the N2 gene provides higher detection sensitivity. The assay detec-
tion limit was established using an internal reference virus of known titers. The cut-off Ct
value of 36 for the E gene was equivalent to 0.01 PFU while the cut-off Ct value of 43 for
the N2 gene was equivalent to 0.001 PFU. The assay failed to detect any virus beyond
these cut-off values. All the animal studies were approved by the institutional animal
ethical committee and institutional biosafety committee.

2.5. Challenge Studies in Syrian Golden Hamsters
2.5.1. Immunization

Female hamsters of 8-10 weeks old (n = 8/group) weighing between 80-100 g were
inoculated with 2 doses of vaccines (dCoV, MR or MR-dCoV) or placebo on day 0 and day
60 through IM route. Each dose of MR or MR-dCoV contained > 3.0 Logio CCIDso/dose of
the measles and rubella virus in line with the existing commercial MR vaccine. The
amount of dCoV in the monovalent vaccine and the MR-dCoV vaccine was set at 5.0 Logo
PFU/dose (equivalent to the low dose in the biodistribution study) in the challenge study.
The animals were monitored for temperature, body weight and food intake regularly dur-
ing the immunization period. In life-bleeding (0.25 mL/animal) was performed via retro-
orbital bleeding under isoflurane anesthesia to collect blood. The serum was separated
from the collected blood by centrifuging at 4500 rpm for 10 min at 4 °C and stored below
—20 °C until being tested for neutralizing antibody response.
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2.5.2. SARS-CoV-2 Challenge

The hamsters were transferred to a biosafety level 3 facility for acclimatization for 7
days prior to the SARS-CoV-2 challenge. On day 90, the animals were anesthetized by
injecting 150 mg/kg ketamine and 10 mg/kg xylazine via the intraperitoneal route and
challenged with wild-type SARS-CoV-2 isolate USA-WA1/2020 (Wuhan-like, 10°
TCIDso/animal) and hCoV-19/USA/PHC658/2021 (Delta variant, lineage B.1.617.2, 1043
TCIDso/animal) via the IN route. Post-challenge, all the animals were monitored daily for
adverse clinical symptoms, body temperature, weight and feed intake.

Nasal swabs (from day 91 through day 94) were collected to assess virus shedding.
For nasal swab collection, the swab was moistened in 1.0 mL of serum-free media and
used to rub the outside of the hamster nose. The swab was placed into a vial containing
200 pL of medium, mixed and then pressed against the wall of the tube to drain the me-
dium from the swab. The nasal swab collections were stored at -80 °C for subsequent
virological analysis.

Blood was collected on day 94 (4 days post-challenge) via the retro-orbital route un-
der isoflurane anesthesia before euthanization. After euthanization, the lungs were asep-
tically removed from all animals to determine the viral load. Gross pathological examina-
tion was performed and the lungs were weighed. Representative lungs from each group
were photographed to document observations. Left lobes were perfused with 10% neutral
buffered formalin for histopathological examination while right lobes were homogenized
using Pro 200 homogenizer (Pro Scientific Inc., Monroe, CT, USA) in 1.0 mL sterile PBS.

The viral RNA was quantified via qRT-PCR assay. RNA was extracted from the nasal
swabs and lung homogenates using a QlAamp Viral RNA Mini Kit (Qiagen, Rrevised.
Germantown, MD, USA). gqRT-PCR assay was performed using a US-2019-nCoV assay kit
(Sigma, Cat No. CDAO00011), 2019-nCoV_N1 forward primer (5'-
GACCCCAAAATCAGCGAAAT-3), and 2019-nCoV_N1 reverse primer (5
TCTGGTTACTGCCAGTTGAATCTG-3") and probe (5-FAM-ACCCCGCATTACGTTT-
GGTGGACC-BHQI1-3"). The positive control RNA from heat-inactivated SARS-related
coronavirus 2, isolate USA-WA1/2020 (BEI resources, Cat No.: NR-52347) was used to
generate the standard curve. The SARS-CoV-2 gene copies per lung were calculated to
determine the log reduction of viral RNA in the immunized group compared to the infec-
tion control group.

For estimation of the live virus in lungs via TCIDso assay, approximately 30,000 Vero
E6 cells were plated in a volume of 200 pL/well in DMEM containing 10% FBS into 96-
well plates and incubated overnight (12-18 h) at 37 °C to achieve a cell monolayer. The
lung homogenate samples were serially diluted (10-fold) in DMEM and 50 uL of each
dilution was plated in quadruplicate wells of a 96-well plate containing a cell monolayer.
Plates were incubated at 37 °C with 5% CO:z for 1 h with shaking at every 15 min. Next,
the wells were supplemented with 150 uL. of DMEM and further incubated to detect CPE
on day 5 for the Wuhan strain and day 7 for the Delta variant. To visualize CPE, DMEM
was gently removed from the plates with a pipette and washed twice with PBS. Cells were
fixed with 200 uL of 4% formaldehyde per well for 30 min at room temperature and
stained with 0.05% (w/v) crystal violet for 30 min. Upon completion of staining, crystal
violet was removed with a pipette and washed twice with distilled water or until excess
crystal violet was removed and CPE was clearly visualized. The plates were scored for
positive wells showing CPE and the virus titer in each sample was calculated using the
Reed and Muench formula. The viral load per g of lung was calculated.

2.6. Statistical Analysis of the Data

Where applicable, results were plotted using GraphPad prism v 7.05 and GMT and
standard deviation was calculated. For comparison between two or more groups, stu-
dent’s t test or ANOVA at a level of significance of 0.05% was calculated. Where applica-
ble, animal weights were compared within each group using one- or two-way analysis of
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variance (ANOVA), followed by Tukey’s test to compare multiple groups or Dunnett’s
multiple comparisons test to compare each group with the control as applicable.

3. Results
3.1. Safety Evaluation and Bio-Distribution of dCoV in Hamsters

The safety and efficacy of LAVs is largely dependent on the route of administration,
virus replication and virus dissemination to different organs.

To elucidate the bio-distribution of the dCoV, the vaccine was inoculated in three
groups of hamsters (n = 9/group): IN route at 6.0 Logio PFU/animal (G1), IM route at 6.0
Logio PFU/animal (G2, high dose) and 5.0 Logio PFU/animal (G3, low dose). An additional
six un-inoculated hamsters were co-housed for both G2 and G3. Control group hamsters
were inoculated with normal saline through the IM route (G4, placebo, n =9) (Figure 2A).
None of these animals demonstrated disease symptoms or loss in body weight and re-
mained healthy for the observation period of 28 days (Figure 2B). Three animals from G1-
G4 and two co-housed animals from both G2 and G3 were sacrificed on each time point
of day 3, day 6 and day 28. Blood from all the animals was collected prior to sacrifice.
Trachea, lungs, brain, kidney, spleen and heart were collected from each hamster. Sera
samples and triturated tissue samples (approx. 200 mg of each organ suspended in 500 pL
of DMEM containing 2% FBS) were evaluated for viral load via detection of two viral
genes (E gene, N2 gene with high sensitivity of detection) of the dCoV using qRT-PCR
and infective virus particles via plaque assay.
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Figure 2. Safety and Biodistribution of CoV in Hamsters (A) Schematic representation of the exper-
imental design. Hamsters (n = 9) per group, 4 groups were administered dCoV either via IN route
(G1) or IM (G2—6.0 logi PFU/animal (high dose); G3—5.0 Logio PFU/animal (low dose)) (red color).
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Control animals (green) consist of co-housed animals (*), 2 hamsters per cage in IM groups G2 and
G3) or negative controls (G4) that received placebo. Three animals per group were sacrificed on day
3, day 6 and day 28 post administration to study viral load. (B) Animals” weights (gram) monitored
during experimental period. (C) Heat map from each group representing viral RNA (E and N2 gene)
detected using real time PCR. Grey cells represent no viral RNA detected (cut-off Ct value of E gene
having high specificity is equivalent to detection limit of 0.01 PFU and N2 gene with high sensitivity
had a detection limit equivalent 0.001 PFU). (D) Presence of live replicating virus in trachea detected
on day 3 post IN administration of dCoV represented as a dot per animal, bar with Mean and SD
(n=3) is shown.

In the IN group (G1), dCoV RNA was detected on day 3 in the sera (N2 gene) and in
most of the organs (E and N2 gene) of all animals, with lower Ct in the trachea and lung
samples. Reduction in the viral RNA could be seen by day 6 and nearly complete clearance
by day 28 with trace amount of the viral RNA (only N2 gene) detected in the trachea of
two animals and the lung of one animal (Figure 2C). Further, sera and tissue samples were
subjected to plaque assay to detect live virus. No live virus was detected in the sera from
any animal. Live vaccine virus was detected only in trachea of all hamsters in the G1 group
on day 3 post-administration (viral load = 4.41, 2.52 and 3.97 Logi PFU/g) and subse-
quently, on day 6 (n = 3) and day 9 (1 = 3), no live virus was detected (Figure 2D). After
further virus amplification by blind passage of negative samples in cell culture, virus
could only be detected in lungs from the G1 group, indicating presence of a low level of
infective virus on day 3. All other organs were free of the live virus, despite a low level of
viral RNA being observed in the organs.

In the IM high-dose group (G2), only the N2 gene was detected in sera samples on
day 3 in all animals. In contrast, only one animal demonstrated the presence of viral RNA
(E and N2 gene) in most of the organs except the brain on day 3 and day 6. Viral RNA was
completely cleared by day 28 and no live virus was detected in sera or organs via plaque
assay.

In the IM low-dose group (G3), no viral RNA was detected in sera samples. Viral
RNA (N2 gene) was detected only in the trachea of one animal on day 3. No viral RNA or
live virus particles could be detected in the sera or organs on day 6 and day 28, indicating
lack of replicating virus in these samples (Figure 2C). Placebo (G4) and co-housed animals
(in G2 and G3 groups) were negative for the viral RNA and live virus in sera and all or-
gans.

Overall, the data indicate that active virus replication following vaccine administra-
tion via the IN route was restricted to the trachea, whereas no active virus replication
could be detected when the vaccine was administered via the IM route. The dCoV was
found safe via both routes and did not show any safety concerns when tested at the high-
dose level (6.0 Logio PFU), which was around 10 times higher of a dose than the intended
human dose. Histopathological examination of organs collected on day 6 and day 28 post-
inoculation during the safety study were similar to that of the placebo group. Sparse mon-
onuclear cell infiltrate in the trachea was observed in all animals. Similarly, polymorphs
were observed in the lungs, heart and kidney in all hamsters and could not be attributed
to any specific group (Supplementary data S1).

3.2. SARS-CoV-2 Challenge Study Demonstrated Protective Efficacy of Vaccines
3.2.1. Safety and Immunogenicity of the dCoV

The virus challenge studies were conducted in two sets— A. challenge with the Wu-
han-like strain and B. challenge with the Delta variant (Figure 3A). Hamsters (1 = 8/group)
were administered two doses of the vaccine/controls 60 days apart and then challenged
on day 90, and animals were monitored until day 94. Temperature monitoring throughout
the experimental period did not show rise in temperature in the vaccinated animals (Sup-
plementary data S2 and S3), and all animals demonstrated an increase in body weight
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during the immunization/pre-challenge phase (Figure 3B,C) indicating that the vaccine is
well tolerated through both IN and IM routes.
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Figure 3. Challenge with Wild-type SARS-CoV-2 Variants: (A) Schematic representation of the ex-
perimental design of challenge studies. (B) Weights of hamsters in grams throughout the observa-
tion period and inset showing % weight change after challenge with the Wuhan strain from day 90
to day 94 (14 days post challenge). Line graph with Mean and SD is shown for each group, dCoV
administered via IN routecircle) or via IM route (square), MR-dCoV (triangle), MR (inverted trian-
gle) and Placebo (diamond). (C) Weights of hamsters in the challenge study of the Delta strain and
inset showing % weight change after challenge with the Delta strain from day 90 to day 94 (1-4 days
post challenge). Line graph with Mean and SD is shown for each group, MR-dCoV (triangle), dCoV
(circle) and Placebo (inverted triangle). (D) Neutralizing antibody titers in hamster sera samples
collected from day 0 to day 90 in the pre-challenge phase and tested against the Wuhan strain (top)
or the Delta strain (bottom) estimated via PRNT assay. Rise in antibody titers was observed in the
hamsters vaccinated with MR-CoV and dCoV (IN) with respect to placebo. One-tailed, paired Stu-
dent’s t test, * <0.05, ns = no significant difference observed with respect to placebo controls. (E)
Neutralizing antibody titers against measles virus and rubella virus in hamster sera on day 90 tested
using MNT assay.

Pooled sera samples from each group of hamsters (1 = 8) collected on day 0, day 30,
day 60 and day 90 were evaluated for neutralizing antibody titers against the Wuhan-like
strain and the Delta variant using PRNT assay. Day 30 and day 60 post-one dose, animals
immunized with the MR-dCoV or the dCoV exhibited seroconversion against both the
Wuhan-like strain and the Delta variant. PRNT titers on day 60 remained similar to titers
obtained on day 30 (after one dose) and were boosted to around twofold on day 90. The
dCoV administered via the IN route demonstrated significantly elevated level of antibody
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response while titers in the placebo group remained at baseline (Figure 3D). In animals
inoculated via the IM route, slightly higher titers were observed in the MR-dCoV group
compared to the dCoV group. Considering the small number of animals, it cannot be sur-
mised whether a synergistic effect contributed to observed titers.

Further, evaluation of neutralizing antibody titers via MNT assay for measles and
rubella components in pooled sera samples collected on day 90 from animals immunized
with MR-dCoV, MR or placebo via the IM route exhibited similar titers in both vaccine
groups (Figure 3F). This suggests no interference among viral components of the MR-
dCoV combination vaccine in inducing antibody response against individual virus com-
ponents.

Following IN challenge with the wild-type virus, transient declines in body weights
were observed in all groups, which was consistent with the historical lab data (Figure
3B,C). This could be attributed to transient decline in feed consumption observed during
challenge phase in all groups (Supplementary data S4 and S5).

3.2.2. Protection against Wuhan Challenge

After challenge with wild-type SARS-CoV-2 Wuhan-like strain, peak viral RNA in
nasal swabs of the infection control group (placebo) was between 7.08-7.77 Logio cop-
ies/mL from 1 day post-infection (dpi) to 4 dpi. The animals immunized with the dCoV
via IN route exhibited significant reduction in viral RNA on all four days, ranging from
2.96-3.75 Logu copies/mL. Animals immunized via the IM route with the dCoV or the
MR-dCoV vaccines demonstrated reduced RNA copies (1.0 Logio copies/mL), which were
statistically significant only on day 3 and day 4 post-challenge. In contrast, MR vaccinated
hamsters demonstrated the presence of viral RNA in nasal swabs on all four days post-
challenge and the copy number ranged from 7.08-7.77 Log1 copies/mL, similar to the pla-
cebo group (Supplementary data S6).

The lungs of animals immunized with the MR vaccine or the placebo (infection con-
trols) demonstrated an average RNA copy number of 8.53 Logio copies/lung and an aver-
age infectious virus titer of 6.78 Logio TCIDso/lung. Significant reduction in the viral RNA
of 3.14 and 2.65 Loguo copies/lung were observed in the animals immunized with the MR-
dCoV and the dCoV, respectively (Figure 4B). Since RNA detection using qRT-PCR is
known to detect live as well as dead/defective virus particles, these samples were also
subjected to detection of infectious virus in lung suspensions via TCIDso assay. Complete
protection from the replicating Wuhan-like challenge strain was observed in the lungs of
hamsters immunized with the MR-dCoV and the dCoV (Figure 4C).
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Figure 4. Protection in hamsters post-challenge with wild-type SARS-CoV-2 variants: (A—C) Chal-
lenge with Wuhan strain, (A) gross pathology of lungs from vaccinated (MR-dCoV or control dCoV)
and unvaccinated (placebo). Multifocal hemorrhages (white arrows) are evident in the lungs from
unvaccinated control groups. (B) Viral RNA detected via qRT-PCR. (C) Live virus detected via
TCIDso assay. (B—C) Placebo-infection control (square), MR (circle), MR-dCoV (triangle), and dCoV
administered via IM route (inverted triangle) and via IN route (diamond). (D-F) Challenge with
Wuhan strain, (D) multifocal hemorrhages (white arrows) are evident in the lungs from unvac-
cinated control groups. (E) Viral load detected in the lungs on day 94. (F) Live virus detected in
lungs via TCIDso assay. (E-F) Placebo-infection control (square), MR-dCoV (circle) and dCoV (tri-
angle). Error bars = mean + SD, n = 8, one-way ANOVA —Dunnett’'s multiple comparison test, ****
= p <0.0001, ns = no significant difference observed with respect to infection control groups.

3.2.3. Protection against Delta Challenge

The animals immunized with the MR-dCoV/placebo through the IM route and the
dCoV through the IN route were challenged with the Delta variant. The peak viral RNA
of the Delta variant ranged from 6.18-8.21 Log1o copies/mL in nasal swabs from 1 dpi to 4
dpi (Supplementary data S6). Though animals immunized with the MR-dCoV via IM
route did not show significant reduction in viral RNA copies in nasal swabs, significant
reduction was observed in the animals immunized with dCoV via the IN route.

The average RNA copy number in the lungs of the infection control with placebo
group was 9.15 Loguo copies/lung. The log reduction of viral RNA was found to be 2.11
Logio copies/lung and 5.40 Logio copies/lung in the animals immunized with the MR-
dCoV (IM) and dCoV (IN) vaccines, respectively (Figure 4E). Infectious virus particles
estimated via TCIDso assay demonstrated an average viral load of 5.13 Logi TCIDso/lung
in the placebo. However, no infectious virus particles could be detected in the lungs of
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animals immunized with the dCoV (IN) and the MR-dCoV (IM), indicating complete pro-
tection from lung infection in vaccinated groups (Figure 4F).

Overall, immunization with the dCoV as a monovalent vaccine or in the MR-dCoV
combination vaccine was able to protect hamsters from lung damage and virus spread
following challenge with the homologous strain (Wuhan) and the heterologous strain
(Delta).

3.2.4. Histopathology Evaluation

Animals challenged with Wuhan strain: The gross pathological examination of lungs
found that animals immunized with the MR vaccine alone or placebo (infection control)
challenged with the Wuhan-like strain had moderate inflammation and edema along with
multifocal hemorrhages. In contrast, lungs collected from challenged animals immunized
with the MR-dCoV through the IM route and dCoV through both IM and IN routes ap-
peared healthy (Figure 4A). The histopathology of lungs from infection control animals
demonstrated mild to moderate multifocal broncho-interstitial pneumonia with alveolar
infiltration of inflammatory cells such as lymphocytes and macrophages, occasional neu-
trophils and heterophils, and focal hemorrhages. Furthermore, moderate and multifocal
bronchial epithelial degeneration, hyperplasia endotheliaitis with perivascular edema,
cuffing with mononuclear cells, and proliferation of type-II pneumocytes was also ob-
served. However, no lesions were observed in 50% of animals immunized with the MR-
dCoV (IM route) and the dCoV (IM and IN routes), while the remaining 50% exhibited
signs of minimal broncho-interstitial pneumonia and inflammatory changes. In contrast,
mild to moderate inflammatory changes were observed in challenged animals previously
immunized with the MR vaccine (Figure 5).
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Figure 5. Histopathological observations of the lung challenged with SARS-CoV-2: (A-H) Challenge
with SARS-CoV-2 Wuhan strain—(A-D) infection control (placebo), (A) moderate broncho-
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interstitial pneumonia with hemorrhages. (B) Moderate and multifocal alveolar damage and infil-
tration of lymphocytes (yellow arrow), macrophages (black arrow), occasional neutrophils (blue ar-
row) and heterophils (red arrow). (C) Bronchial epithelial degeneration (thin arrow) and necrosis
(black star) with inflammatory cells, and hyperplasia of bronchial epithelial cells (rectangular area).
(D) Perivascular edema (red star) and cuffing with mononuclear cells (green arrow). Endotheliaitis
(thin black arrow). (E-H) Vaccinated group animal challenged with the Wuhan strain virus: (E) MR-
dCoV immunized via IM route. Lungs appear normal. (F) dCoV immunized via IM route. Lungs
are within normal limits, with bronchi showing epithelial hyperplasia. (G) dCoV immunized via IN
route. Lungs appear normal (H) MR immunized via IM route. Lungs show mild focal inflammatory
changes with hyperplasia of bronchial epithelial cells (black rectangle). (I-L) Challenge with the
SARS-CoV-2 Delta variant: (I-]J) Infection control (placebo), (I) broncho-interstitial pneumonia, min-
imal and multifocal. (J) Bronchial epithelial degeneration, minimal (thin black arrow); alveolar in-
filtration of inflammatory cells: lymphocytes (yellow arrow), macrophages (black arrow), occasional
neutrophils (blue arrow) and heterophils (red arrow), as well as proliferation of type II pneumocytes
(thin blue arrow), minimal. (K) MR-dCoV immunized via IM route. In lung, bronchial epithelial
degeneration, minimal (thin black arrow). (L) dCoV immunized via IN route. Lungs appear normal.

Animals challenged with Delta variant: The gross pathology of lungs from animals
(infection control group) challenged with the Delta variant exhibited mild generalized
edema with areas of focal congestion at 4 dpi (Figure 4D). However, the MR-dCoV (IM)
and the dCoV (IN) group exhibited apparently normal lungs (Figure 4D). The histopathol-
ogy study found mild multifocal broncho-interstitial pneumonia and bronchial epithelial
changes such as degeneration, hyperplasia, alveolar and bronchial infiltration of inflam-
matory cells along with alveolar edema and hyperplasia of type II pneumocytes in the
infection control group. However, the group immunized with the dCoV (IN) exhibited no
lesions, while the MR-dCoV (IM) group exhibited no lesions to minimal inflammatory
changes (Figure 5).

4. Discussion

Our primary objective is to develop a vaccine to immunize and protect children be-
low 2 years of age. Considering a large-scale vaccine uptake globally, it is expected that
the majority of women of child-bearing age have a considerable amount of anti-SARS-
CoV-2 antibodies. These antibodies are transferred to infants as passive immunity like
other vaccines [21-23]. These passively transferred antibodies will wane within the first 6
months of life of the infant. We, therefore, propose to immunize infants beyond 6 months
of age and children using LAVs.

COVID-19 was rare among children due to closure of schools, home quarantines and
less testing in earlier days of the pandemic [4]. During initial waves of the COVID-19 pan-
demic, children were not covered in vaccination campaigns. Moreover, the virus is rapidly
evolving to new SARS-CoV-2 variants with uncertainty regarding morbidity and trans-
missibility. Therefore, children must be covered in vaccination efforts with a sustainable
vaccine that would provide a broader immune response to counter the strain variation.
Currently, licensed vaccines rely on the immune response against only the spike protein
on SARS-CoV-2, which results in reduced efficacy and waning of antibody levels over
time, requiring repeated booster doses [7,24-26]. In contrast, immunity generated by the
whole virus would be evidenced to be more robust and long-lasting. In support of this
argument, a recent study from Singapore reported a long-lasting antibody response with
at least 13 months of longevity following mild COVID-19 disease [27]. This indicates that
a LAV that induces the immune system like a wild-type infection would also provide
long-lasting immunity to COVID-19.

Historically, LAVs have been evidenced to be effective compared with inactivated or
subunit vaccines because LAVs elicit a broader immune response. The LAV used in this
study (dCoV) is based on codon pair de-optimization. The vaccine strain was attenuated
synthetically by incorporating two features to ensure a high level of safety without com-
promising the efficacy: 1. introduction of computationally identified multiple silent
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mutations in the spike gene to achieve optimal attenuation, and 2. deletion of 36 nucleo-
tides that encode 12 amino acids in the furin cleavage site between the S1 and S2 domains
of the spike protein. Therefore, sub-optimal translation resulted in limited virus replica-
tion [14,18]. Using this codon pair de-optimized strain, we developed two dCoV vaccine
formulations, one suitable for administration via the IN route and other via the IM route.
The third formulation, developed as a Measles-Rubella-dCoV combination vaccine (MR-
dCoV), is intended for administration via the IM route as an alternative to the existing MR
vaccine. The safety and protective efficacy of the injectable MR vaccine against measles
and rubella that spread through the aerosol route has been well established in infants,
children, adolescents and adults [28,29]. The MR-dCoV combination vaccine would not
require an additional prick or an additional visit to the clinic and render effective protec-
tion against emerging variants of the SARS-CoV-2 in the younger age group within the
routine childhood vaccination schedule. Therefore, vaccination with the MR-dCoV com-
bination vaccine would lead to vaccine compliance without introducing an additional vac-
cine in the already crowded vaccination schedule for children. In India, MR vaccination is
given under the Universal Immunisation Programme at 9-12 months of age and the sec-
ond dose at 16-24 months of age. Hence, a longer interval of 60 days between two doses
followed by a challenge on day 90 was explored in our hamster study. A mumps vectored
vaccine has been demonstrated to work well in animal models [30]. However, use of a
vaccine strain with established safety and efficacy would be relatively quicker to deploy
for routine immunization compared to new vectored vaccines.

Transient virus replication is a hallmark of LAVs and is required for efficient immune
activation. We conducted bio-distribution and challenge studies in hamsters since these
animals are a reliable model to study pathogenesis [31,32]. In hamsters, the peak infectious
virus load of wild-type coronavirus in lungs is reported between day 2 to day 7 at around
7.0 Log1 TCIDso/mL (or 8-10 Logio TCIDso/lung) [32,33]. Our bio-distribution data in the
hamsters show that the dCoV administration via the IN route was infectious since the
dCoV could be detected locally in the trachea on day 3, with low levels of viral RNA.
Transient virus replication was restricted in the lower respiratory tract, as a very low level
of the live virus was detectable in the lungs. In contrast, control group hamsters chal-
lenged with 6.0 Logi PFU wild-type Wuhan-like demonstrated high levels of live virus in
lungs on day 3 post-challenge (6.78 Logio TCIDso/mL), attesting to the attenuated pheno-
type of the vaccine strain (see Figure 4C for wild-type comparison). We did not detect
infective dCoV in subsequent sampling performed on day 6 and day 28, though a low
level of RNA was detected in a few samples on subsequent days, indicating limited virus
replication in the lungs and trachea that did not spread to other organs. Further, animals
administered with the vaccine via the IM route did not show active virus replication (live
virus) in any of the vital organs. This observation was supported by the low level of RNA
detected in animals administered with the high dose (10 times the intended human dose)
[34]. Similarly, no live virus was detected in the group receiving the low dose.

Our study design also included co-housed animals alongside the IM groups as a pre-
cautionary control. Since hamsters tend to sniff and groom the inoculated sites, hence,
when the animals were given the dCoV vaccine via the IM routes, there was a theoretical
possibility of cross-infection via the IN route. None of the co-housed animals exhibited
presence of virus in any of organs, indicating no cross-infection via the IN route. We did
not find any effect on the animal weights, health or histopathology. No infectious virus
could be detected in any of the organs when the vaccine was administered via the IM
route, thus making it a safer alternative for adults and children. The dCoV was previously
tested as a booster vaccine both via the IM and IN route (manuscript in preparation). In
the booster study, two placebo groups were included as controls for both IM and IN
routes. No safety concern in the vaccinated or placebo groups was observed and the neu-
tralizing antibody titers in the placebo groups remained at a baseline.

In our challenge studies, we immunized hamsters with the MR-dCoV and the dCoV
along with MR and placebo as controls. In this study, protective efficacy was established
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at a 10 times lower dose level of the dCoV component than the level at which safety was
established in bio-distribution studies. In view of the available data on the IN route [18] a
direct comparison of the IN and IM routes was incorporated in the study design. We ob-
served that a single dose of the dCoV vaccine administered through both routes resulted
in the production of neutralizing antibodies, which were further boosted after the second
dose. We did not find any vaccine-induced adverse events throughout 90 days of obser-
vation period. We studied the virus dissemination by quantifying viral RNA in nasal
swabs collected from 1 dpi to 4 dpi with the wild-type viruses (Wuhan-like strain or Delta
variant). We observed significant reduction in the viral RNA levels in animals immunized
with either the MR-dCoV or monovalent dCoV vaccine on day 3 and day 4 post challenge
with the Wuhan-like strain, though the results were relatively less prominent with the
Delta variant. As expected, significant reduction in the viral RNA was observed through-
out 1 dpi to 4 dpi in animals immunized through IN route. Further, significant reduction
in the viral RNA (Wuhan-like and Delta) was found in the lungs of animals immunized
with the MR-dCoV or dCoV vaccine when compared with the infection controls (placebo
or MR). In support, no infectious virus could be detected in the immunized animals. Thus,
our study results strongly indicate that the vaccine could effectively inhibit virus dissem-
ination and offer complete protection against both the Wuhan-like and Delta strains.

For challenge, we used the SARS-CoV-2 Wuhan-like strain and Delta variant since
these variants are often associated with serious disease and enhanced transmissibility. A
recently circulating SARS-CoV-2 Omicron variant has been reported to exhibit reduced
replication and fusion activity, causing mild symptoms in humans and in the animal
model [35]. Nevertheless, effectiveness against the Omicron strain and newly emerging
variants needs to be studied, considering the significant antigenic changes compared to
the Wuhan strain. The present study shows that the candidate vaccine dCoV attenuated
by codon pair de-optimization technology administered either via IN or IM routes was
safe and effective against virulent SARS-CoV-2 challenge in hamsters. The protective effi-
cacy from the MR-dCoV vaccine is evidenced by immunized hamsters appearing healthy
with no pathological changes, while placebo controls challenged with the Wuhan-like
strain or delta variant exhibited mild to moderate inflammation and edema along with
multifocal hemorrhages.

In conclusion, the dCoV vaccine induced a sufficient level of neutralizing antibodies
against the SARS-CoV-2 variants Wuhan-like SARS-CoV-2 isolate (USA-WA1/2020) and
Delta variant (B.1.617.2). Hamsters immunized via both IN and IM routes with the dCoV
vaccine exhibited complete protection against both variants of SARS-CoV-2 in the virus
challenge study. In addition, a combination of dCoV with the presently available MR vac-
cine through the IM route also protected hamsters after exposure to a challenge virus.
There was no interference of the additional dCoV to the existing measles and rubella vac-
cine. The injectable (IM) vaccine formulations are currently being evaluated in pre-clinical
studies while the safety of the dCoV vaccine via IN route was established in a Phase 1
clinical trial in healthy adults between 18-30 years of age. Being a live, attenuated vaccine,
this is an ideal candidate for a prime-boost strategy or simultaneous immunization
wherein a vaccine can be primed through one route and boosted via an alternate route,
providing protection against emerging SARS-CoV-2 variants.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/vaccines11020255/s1, Supplementary data S1: Histopatho-
logical observations; Supplementary data S2: Temperature monitoring in hamsters — Wuhan chal-
lenge study; Supplementary data S3: Temperature monitoring in hamsters — Delta challenge study;
Supplementary data S4: Feed consumption — Wuhan challenge study; Supplementary data S5: Feed
consumption — Delta challenge study; Supplementary data S6: RNA copy numbers in nasal swabs
of challenged animals.

Author Contributions: R.M.D. conceptualized the study, provided directions and oversaw the pro-
ject; RM. and L.R.Y. designed the study, analyzed data and wrote the paper; P.K. and S.R.B.



Vaccines 2023, 11, 255 17 of 19

investigated safety and biodistribution studies; G.R.R., C.N.N. and K.B. investigated challenge stud-
ies; S.N., RK.S. and M.S. supervised and administrated the challenge studies; V.V. provided MR
vaccine; and R.C. and S.M. reviewed and provided critical inputs. All authors agreed to the final
draft. All authors have read and agreed to the published version of the manuscript.

Funding: The work was supported by internal funding from the Serum Institute of India Pvt. Ltd.

Institutional Review Board Statement: The animal study protocol was approved by the Institu-
tional Animal Ethics Committee of Serum Institute of India (proposal number 07/22-12/2021-R, on
22 December 2021) and Foundation for Neglected Disease Research (proposal number FNDR-FB-071-
PD-2020-21, on 22 June 2021).” for studies involving animals.

Informed Consent Statement: Not applicable
Data Availability Statement: Data is contained within the article and Supplementary Materials.

Acknowledgments: We thank Shashank Udmale, Shashikant Ghodekar, Sunil Godase and the ani-
mal house of SIIPL for their technical assistance and support. For challenge studies, SARS-CoV-2
isolates USA-WA1/2020 (Wuhan-like) and hCoV-19/USA/PHC658/2021 (Delta variant, Lineage
B.1.617.2, were obtained from Biodefense and Emerging Infections Research Resources Repository,
Virginia, USA.

Conlflicts of Interest: RM.D., R M., L.R.Y,, P.K,, S.R.B. are employees of the Serum Institute of India
Pvt. Ltd; G.RR.,, CN.N,, K.B,, SN, RK.S,, and M.S. are employees of FNDR. R.C. and S.M. are
employees of Codagenix Inc.

References

1.

10.

11.

12.

13.

14.

World Health Organization. Coronavirus (COVID-19) Dashboard. Available online: https://covid19.who.int (accessed on 6 De-
cember 2022).

Ladhani, S.N.; Amin-Chowdhury, Z.; Davies, H.G.; Aiano, F.; Hayden, I.; Lacy, J.; Sinnathamby, M.; de Lusignan, S.; Demirjian,
A.; Whittaker, H.; et al. COVID-19 in Children: Analysis of the First Pandemic Peak in England. Arch. Dis. Child. 2020, 105, 1180—
1185. https://doi.org/10.1136/archdischild-2020-320042.

Cui, X.; Zhao, Z.; Zhang, T.; Guo, W.; Guo, W.; Zheng, ]J.; Zhang, J.; Dong, C.; Na, R.; Zheng, L.; et al. A Systematic Review and
Meta-Analysis of Children with Coronavirus Disease 2019 (COVID-19). |. Med. Virol. 2021, 93, 1057-1069.
https://doi.org/10.1002/jmv.26398.

Nikolopoulou, G.B.; Maltezou, H.C. COVID-19 in Children: Where Do We Stand? Arch. Med. Res. 2022, 53, 1-8.
https://doi.org/10.1016/j.arcmed.2021.07.002.

Amarin, J.Z.; Hayek, H.; Halasa, N.B. COVID-19 Vaccines Protect Children of All Ages. J. Clin. Invest. 2022, 132, e164102.
https://doi.org/10.1172/JCI164102.

Gonzalez-Dambrauskas, S.; Vasquez-Hoyos, P.; Camporesi, A.; Cantillano, E.M.; Dallefeld, S.; Dominguez-Rojas, J.; Francoeur,
C.; Gurbanov, A.; Mazzillo-Vega, L.; Shein, S.L.; et al. Paediatric Critical COVID-19 and Mortality in a Multinational Prospective
Cohort. Lancet Reg. Health—-Am. 2022, 12, 100272. https://doi.org/10.1016/j.]1ana.2022.100272.

Lu, L.; Mok, BW.-Y,; Chen, L.-L.; Chan, ].M.-C.; Tsang, O.T.-Y.; Lam, B.H.-S.; Chuang, V.W.-M.; Chu, A.W.-H.; Chan, W.-M,;
Ip, ].D.; et al. Neutralization of SARS-CoV-2 Omicron Variant by Sera from BNT162b2 or Coronavac Vaccine Recipients. Clin
Infect Dis 2022, 75, e822. https://doi.org/10.1093/cid/ciab1041.

Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, ]J.L.; Pérez Marc, G.; Moreira, E.D.; Zerbini,
C.; et al. C4591001 Clinical Trial Group. Safety and Efficacy of the BNT162b2 MRNA Covid-19 Vaccine. N. Engl. ]. Med. 2020,
383, 2603-2615. https://doi.org/10.1056/NEJMoa2034577.

Tian, F.; Yang, R.; Chen, Z. Safety and Efficacy of COVID-19 Vaccines in Children and Adolescents: A Systematic Review of
Randomized Controlled Trials. J. Med. Virol. 2022, 94, 4644-4653. https://doi.org/10.1002/jmv.27940.

Goldberg, Y.; Mandel, M.; Bar-On, Y.M.; Bodenheimer, O.; Freedman, L.; Haas, E.J.; Milo, R.; Alroy-Preis, S.; Ash, N.; Huppert,
A. Waning Immunity after the BNT162b2 Vaccine in Israel. N. Engl. J. Med. 2021, 385  e85.
https://doi.org/10.1056/NEJMo0a2114228.

Levin, E.G,; Lustig, Y.; Cohen, C.; Fluss, R.; Indenbaum, V.; Amit, S.; Doolman, R.; Asraf, K.; Mendelson, E.; Ziv, A_; et al. Waning
Immune Humoral Response to BNT162b2 Covid-19 Vaccine over 6 Months. N. Engl. |. Med. 2021, 385, e84.
https://doi.org/10.1056/NEJMo0a2114583.

Tang, P.C.H.; Ng, W.H.; King, N.J.C.; Mahalingam, S. Can Live-Attenuated SARS-CoV-2 Vaccine Contribute to Stopping the
Pandemic? PLoS Pathogens 2022, 18, €1010821. https://doi.org/10.1371/journal.ppat.1010821.

Pollard, A.J.; Bijker, EM. A Guide to Vaccinology: From Basic Principles to New Developments. Nat. Rev. Immunol. 2021, 21,
83-100. https://doi.org/10.1038/s41577-020-00479-7.

Coleman, J.R.; Papamichail, D.; Skiena, S.; Futcher, B.; Wimmer, E.; Mueller, S. Virus Attenuation by Genome-Scale Changes in
Codon Pair Bias. Science 2008, 320, 1784-1787. https://doi.org/10.1126/science.1155761.



Vaccines 2023, 11, 255 18 of 19

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Mueller, S.; Coleman, J.R.; Papamichail, D.; Ward, C.B.; Nimnual, A.; Futcher, B.; Skiena, S.; Wimmer, E. Live Attenuated Influ-
enza Virus Vaccines by Computer-Aided Rational Design. Nat. Biotechnol. 2010, 28, 723-726. https://doi.org/10.1038/nbt.1636.
Mueller, S.; Stauft, C.B.; Kalkeri, R.; Koidei, F.; Kushnir, A.; Tasker, S.; Coleman, J.R. A Codon-Pair Deoptimized Live-Attenu-
ated Vaccine against Respiratory Syncytial Virus Is Immunogenic and Efficacious in Non-Human Primates. Vaccine 2020, 38,
2943-2948. https://doi.org/10.1016/j.vaccine.2020.02.056.

Li, P.; Ke, X,; Wang, T.; Tan, Z.; Luo, D.; Miao, Y.; Sun, J.; Zhang, Y.; Liu, Y.; Hu, Q.; et al. Zika Virus Attenuation by Codon Pair
Deoptimization Induces Sterilizing Immunity in Mouse Models. J. Virol. 2018, 92, e00701-e00718.
https://doi.org/10.1128/JV1.00701-18.

Wang, Y.; Yang, C.; Song, Y.; Coleman, J.R.; Stawowczyk, M.; Tafrova, ].; Tasker, S.; Boltz, D.; Baker, R.; Garcia, L.; et al. Scalable
Live-Attenuated SARS-CoV-2 Vaccine Candidate Demonstrates Preclinical Safety and Efficacy. Proc. Natl. Acad. Sci. USA 2021,
118, €2102775118. https://doi.org/10.1073/pnas.2102775118.

Dhama, K.; Sharun, K,; Tiwari, R.; Dadar, M.; Malik, Y.S.; Singh, K.P.; Chaicumpa, W. COVID-19, an Emerging Coronavirus
Infection: Advances and Prospects in Designing and Developing Vaccines, Immunotherapeutics, and Therapeutics. Hum. Vac-
cines Immunother. 2020, 16, 1232-1238. https://doi.org/10.1080/21645515.2020.1735227.

Chan, ].F.-W_; Zhang, A.J.; Yuan, S.; Poon, V.K.-M.; Chan, C.C.-S.; Lee, A.C.-Y.; Chan, W.-M.; Fan, Z.; Tsoi, H.-W.; Wen, L.; et al.
Simulation of the Clinical and Pathological Manifestations of Coronavirus Disease 2019 (COVID-19) in a Golden Syrian Hamster
Model: Implications for Disease Pathogenesis and Transmissibility. Clin. Infect. Dis. 2020, 71, 2428-2446.
https://doi.org/10.1093/cid/ciaa325.

Lebrao, CW.; Cruz, M.N,; Silva, M.H.d.; Dutra, L.V; Cristiani, C.; Affonso Fonseca, F.L.; Suano-Souza, F.I. Early Identification
of IgA Anti-SARSCoV-2 in Milk of Mother With COVID-19 Infection. J. Hum. Lact. 2020, 36, 609-613.
https://doi.org/10.1177/0890334420960433.

Pace, RM.; Williams, J.E.; Jarvinen, K.M.; Belfort, M.B.; Pace, C.D.W.; Lackey, K.A.; Gogel, A.C.; Nguyen-Contant, P.; Kana-
gaiah, P.; Fitzgerald, T.; et al. Characterization of SARS-CoV-2 RNA, Antibodies, and Neutralizing Capacity in Milk Produced
by Women with COVID-19. Mbio 2021, 12, e03192—e20. https://doi.org/10.1128/mBio.03192-20.

Sebghati, M.; Khalil, A. Uptake of Vaccination in Pregnancy. Best Pract. Res. Clin. Obstet. Gynaecol. 2021, 76, 53-65.
https://doi.org/10.1016/j.bpobgyn.2021.03.007.

Chen, R.E.; Winkler, E.S,; Case, ].B.; Aziati, I.D.; Bricker, T.L.; Joshi, A.; Darling, T.L.; Ying, B.; Errico, ].M.; Shrihari, S.; et al. In
Vivo Monoclonal Antibody Efficacy against SARS-CoV-2 Variant Strains. Nature 2021, 596, 103-108.
https://doi.org/10.1038/s41586-021-03720-y.

Lu, L.; Chen, L.-L.; Zhang, R.R.-Q.; Tsang, O.T.-Y.; Chan, ] M.-C,; Tam, A.R;; Leung, W.-S; Chik, T.S.-H.; Lau, D.P.-L.; Choi,
C.Y.-C,; et al. Boosting of Serum Neutralizing Activity against the Omicron Variant among Recovered COVID-19 Patients by
BNT162b2 and CoronaVac Vaccines. EBioMedicine 2022, 79, 103986. https://doi.org/10.1016/j.ebiom.2022.103986.

Ying, B.; Whitener, B.; VanBlargan, L.A.; Hassan, A.O.; Shrihari, S.; Liang, C.-Y.; Karl, C.E.; Mackin, S.; Chen, R.E.; Kafai, N.M.;
et al. Protective Activity of MRNA Vaccines against Ancestral and Variant SARS-CoV-2 Strains. Sci. Transl.Med. 2022, 14, eabm
3302. https://doi.org/10.1101/2021.08.25.457693.

Yung, C.F,; Saffari, S.E.; Mah, S.Y.Y.; Tan, N\W.H.; Chia, W.-N.; Thoon, K.C.; Wang, L.-F. Analysis of Neutralizing Antibody
Levels in Children and Adolescents Up to 16 Months After SARS-CoV-2 Infection. JAMA Pediatr. 2022, 176, 1142-1143.
https://doi.org/10.1001/jamapediatrics.2022.3072.

Demicheli, V.; Rivetti, A.; Debalini, M.G.; Di Pietrantonj, C. Vaccines for Measles, Mumps and Rubella in Children. Cochrane
Database Syst. Rev. 2012, 2, CD004407. https://doi.org/10.1002/14651858.CD004407.pub3.

Di Pietrantonj, C.; Rivetti, A.; Marchione, P.; Debalini, M.G.; Demicheli, V. Vaccines for Measles, Mumps, Rubella, and Varicella
in Children. Cochrane Database Syst. Rev. 2020, 4, CD004407. https://doi.org/10.1002/14651858.CD004407.pub4.

Zhang, Y.; Lu, M.; Mahesh, K.C.; Kim, E.; Shamseldin, M.M.; Ye, C.; Dravid, P.; Chamblee, M.; Park, J.-G.; Hall, ].M.; et al. A
Highly Efficacious Live Attenuated Mumps Virus-Based SARS-CoV-2 Vaccine Candidate Expressing a Six-Proline Stabilized
Prefusion Spike. Proc. Natl. Acad. Sci. USA 2022, 119, e2201616119. https://doi.org/10.1073/pnas.2201616119.

Imai, M.; Iwatsuki-Horimoto, K.; Hatta, M.; Loeber, S.; Halfmann, P.J.; Nakajima, N.; Watanabe, T.; Ujie, M.; Takahashi, K; Ito,
M.; et al. Syrian Hamsters as a Small Animal Model for SARS-CoV-2 Infection and Countermeasure Development. Proc. Natl.
Acad. Sci. USA 2020, 117, 16587-16595. https://doi.org/10.1073/pnas.2009799117.

Sia, S.F.; Yan, L.-M.; Chin, AW.H.; Fung, K,; Choy, K.-T.; Wong, A.Y.L.; Kaewpreedee, P.; Perera, R.A.P.M.; Poon, L.L.M.;
Nicholls, J.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.

Yang, S.-J.; Wei, T.-C.; Hsu, C.-H.; Ho, S.-N.; Lai, C.-Y.; Huang, S.-F.; Chen, Y.-Y.; Liu, S5.-].; Yu, G.-Y.; Dou, H.-Y. Characterization
of Virus Replication, Pathogenesis, and Cytokine Responses in Syrian Hamsters Inoculated with SARS-CoV-2. |. Inflamm. Res.
2021, 14, 3781-3795. https://doi.org/10.2147/JIR.S323026.



Vaccines 2023, 11, 255 19 of 19

34. Nair, A.B.; Jacob, S. A Simple Practice Guide for Dose Conversion between Animals and Human. . Basic Clin. Pharm. 2016, 7,
27-31. https://doi.org/10.4103/0976-0105.177703.

35. Yuan, S; Ye, Z.-W,; Liang, R.; Tang, K.; Zhang, A.].; Lu, G.; Ong, C.P.; Man Poon, V.K,; Chan, C.C.-S.; Mok, BW.-Y; et al.
Pathogenicity, Transmissibility, and Fitness of SARS-CoV-2 Omicron in Syrian Hamsters. Science 2022, 377, 428-433.
https://doi.org/10.1126/science.abn8939.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



