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Abstract: COVID-19 is caused by severe acute respiratory syndrome virus type 2 (SARS-CoV-2),
which can infect both humans and animals. SARS-CoV-2 originated from bats and can affect various
species capable of crossing the species barrier due to active mutation. Although reports on reverse
zoonosis (human-to-animal transmission) of SARS-CoV-2 remain limited, reverse zoonosis has been
reported in many species such as cats, tigers, minks, etc. Therefore, transmission to more animals
cannot be ruled out. Moreover, the wide distribution of SARS-CoV-2 in the human population could
result in an increased risk of reverse zoonosis. To counteract reverse zoonosis, we developed the first
COVID-19 subunit vaccines for dogs, which are representative companion animals, and the vaccine
includes the SARS-CoV-2 recombinant protein of whole S1 protein and the receptor-binding domain
(RBD). A subunit vaccine is a vaccine developed by purifying only the protein region that induces an
immune response instead of the whole pathogen. This type of vaccine is safer than the whole virus
vaccine because there is no risk of infection and proliferation through back-mutation of the virus.
Vaccines were administered to beagles twice at an interval of 3 weeks subcutaneously and antibody
formation rates were assessed in serum. We identified a titer, comparable to that of vaccinated people,
shown to be sufficient to protect against SARS-CoV-2. Therefore, the vaccination of companion
animals, such as dogs, may prevent reverse zoonosis by protecting animals from SARS-CoV-2; thus,
reverse zoonosis of COVID-19 is preventable.

Keywords: SARS-CoV-2; COVID-19; Coronavirus; vaccine; subunit vaccine; canine; reverse zoonosis;
reverse transmission

1. Introduction

Since the outbreak of coronavirus in 2019, our lives have taken on a new phase.
According to the World Health Organization (WHO), as of 17 March 2022, there were
460,280,168 confirmed cases and 6,050,018 deaths. This phase has been predicted because
there was a similar situation with several viral zoonotic epidemics. In recent years, impor-
tant viral infectious diseases have provided clues suggesting that the COVID-19 pandemic
includes SARS in 2002-2004, MERS in 2015, which belongs to the same Coronavirus, and
pHINT1 influenza in 2009, a representative zoonotic viral infectious disease that does not
belong to Coronavirus. Those three diseases are common in the sense that they were caused
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by RNA viruses that frequently mutate and have a variety of susceptible animal species.
All these diseases infect non-human animals first and then spread to humans.

We should note the potential of reverse zoonosis because there were several reports
about animal confirmed cases. Coronavirus is a representative virus that has numerous
animal species as hosts. It can cause various types of diseases even within the same animal
species. The intensity and site of pathogenicity vary according to the cell tropism of the
viruses. In the case of dogs, there are some Coronaviruses that cause enteritis (canine coro-
navirus) or respiratory disease (canine respiratory coronavirus) [1,2]. Coronaviruses occur
in various species including feline coronavirus (FCoV), feline infectious peritonitis virus
(FIP), bovine coronavirus (BCoV), porcine epidemic diarrhea virus (PED), transmissible
gastroenteritis virus (TGE), infectious bronchitis virus (IBV), etc. [2-7]. These differences
between species and pathogenicity are derived from at least a few parts of sequences [8].
In the case of COVID-19, it is thought that the original host was a bat that passed it onto
humans. Moreover, there is about 96% identicality in gene sequences between the viruses
in humans and their natural host: the bat [9].

Since SARS-CoV-2 belongs to the RNA virus, it has a high possibility of mutation
and the ability to cross species barriers that could result in reverse zoonosis [10]. Reverse
zoonosis comprises transmission from humans to animals. Although rare, cases of reverse
zoonosis against SARS-CoV-2 have been reported in various animal species such as dogs,
cats, tigers, and minks [11-14].

If reverse zoonosis occurs, it is not only a matter of newly born susceptible species.
When viruses infect two or more animal species and move through various environments,
there is a possibility that the animal will act as a reservoir and increase the rate of mutations
as in the case of swine with influenza A virus, which acts as a mixing vessel [15-18].
SARS-CoV-2 transmits between species and could evoke a co-infection with other strains
of Coronaviruses in a specific host. This could increase the rate of mutation while the
virus tries to adapt to various new environments [19,20] and recombinants can occur in the
process of replication of two types of viruses in the same cell [21-23]. The Coronavirus is
well known as a virus that has a very high probability of recombination [24-28]. Even if
quarantine against COVID-19 in humans is successful, if infection through various species
occurs, it could open a new avenue for virus mutation and reinfection. Therefore, we need
to control transmissions not only between human-to-human transmission but also human-
to-animal transmission. Companion animals share lifestyles with humans while living
on the narrow interspecies surface. For these reasons, companion animals are exposed to
reverse zoonosis, and countermeasures are required, such as companion animal vaccines.

Coronaviruses use spike (S) proteins to enter cells binding with the cell’s ACE2
(angiotensin-converting enzyme 2) receptors [29-31]. Spike protein is composed of two
proteins: S1 and S2. Mainly, S1 protein helps in binding and attachment to host cell
receptors, and S2 protein mediates fusion to the cell membrane [32-35]. Spike proteins
induce spike-specific cellular response, and CD*8 T cell responses have been observed in
the early period [36]. In particular, the receptor-binding domain (RBD) in S1 protein plays
a crucial role in successful entry into the host cell, and it is the most dominant antigenic site
for inducing SARS-CoV-2-neutralizing antibodies containing the majority of neutralizing
epitopes [37]. Therefore, the S protein is a key part in the induction of T-cell responses, as
well as protective immunity.

For these reasons, the spike protein is considered a major target protein for vaccine
and therapeutic drug development [38]. The World Health Organization (WHO) approved
the use of NVX-CoV2373, which is the subunit vaccine that is currently used in humans
worldwide. The vaccine uses the SARS-CoV-2 S protein antigen and shows 89.7% effective-
ness in participants [39]. The Pfizer-BioNTech (BNT162b2 vaccine) and Moderna vaccines
(mRNA-1273 vaccine), approved the use by US Food and Drug Administration (USFDA)
and show over 90% effectiveness in people 16 years of age and older, also encode the
SARS-CoV-2 S protein [40]. Therefore, we developed a subunit vaccine for companion
animals using spike proteins and evaluated its efficacy in the target animals.
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Additionally, we figured out that this subunit vaccine does not have a cross-protective
ability against other human coronaviruses. Coronaviruses that are prevalent as respiratory
diseases in humans include 229E and OC43 viruses [41,42]. Both 229E and OC43 viruses
are respiratory viruses in humans, but according to phylogenetic classifications, the 229E
virus is an alphacoronavirus and the OC43 virus is a betacoronavirus such as SARS-CoV-2.
In particular, the OC43 virus is reported as a virus that has a high S protein sequence
similarity with the Coronavirus detected in dogs infected with respiratory disease [43]. We
also tested the potential for cross-protection against OC43 and 229E viruses against the
COVID-19 vaccine.

2. Materials and Methods
2.1. Animals

Ten female beagles aged 4-6 months, who received all canine parvovirus, canine dis-
temper virus, canine adenovirus, canine parainfluenza virus, and rabies vaccines (Nobivac
Madison, WI. United States) were purchased from Saeronbio [44,45]. They were housed
in an isolated cage within the BSL-2 facility at Chonnam National University (Gwangju,
Korea) for the study. All animal experiments complied with the current laws of Korea.
Animal care and treatment were conducted in accordance with the guidelines established
by the Chonnam National University Institutional Animal Care and Use Committee (CNU
TACUC-YB-R-2021-98).

2.2. Antigen

S1 protein and RBD protein recombinant plasmids were prepared using the pcDNAT™3.3-
TOPO® vector (ThermoFisher, Waltham, MA. United States. Cat No. K8300-01). The vector
was injected into the Chinese Hamster Ovary (CHO) cell to express the protein. After culturing
the transformed CHO cells, the supernatant is collected, filtered, and purified by column
loading (GE healthcare, AKTA prime plus). After purification, the protein is identified by
SDS-PAGE and Western Blotting. The purified antigen is used as the vaccine antigen after
checking the concentration using Nanodrop (ThermoFisher, Waltham, MA. United States.
AZY2017596) (Figure 1).

RBD: 319-541 S1: 68 RBD: 319-541

pcDNA™3.3-TOPO®
5.4 kb

Figure 1. S1 protein and RBD protein recombinant plasmids were prepared using the pcDNA™3.3-
TOPO® vector (ThermoFisher, Waltham, MA. United States. Cat No. K8300-01). Chinese Hamster
Ovary(CHO) cells were used for protein expression. After culturing the transformed CHO cells, the
supernatant is collected, filtered, and puri-fied by column loading (GE healthcare, AKTA prime plus).

2.3. Vaccination

A vaccine antigen consists of SARS-CoV-2 spike 1 (S1) protein and the receptor-binding
domain (RBD) protein manufactured by CTCVAC Co., Ltd, Hongcheon, Korea. (CTCVAC
FCoV-19, lot# CCVa-2101), and the method is described in Figure 1. The vaccine contains
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an adjuvant of 10% Montanide gel (PR02, Seppic) or stimulant of monophosphoryl lipid
A (MPL, TLR4 agonist; Sigma-Aldrich, Darmstadt, Germany.). MPL mixed with DW
containing 0.2% trimethylamine was heated at 70 °C for 30 s, then sonicated for 30 s, and
these steps were repeated twice (Table 1).

Table 1. Materials used in the construction of vaccines are in the table. S1 protein and RBD protein
were used as antigens, Montanide gel as an adjuvant, and MPL as a stimulant in the ratio as above.

Per Dose
. S1 (Spike Protein 1) 60 ng
Antigen RBD (Receptor binding domain) 60 pug
Adjuvant Montanide gel (PR02) 10%(vol)
Stimulant MPL (Sigma) 50 ug

Test vaccine formulation and vaccination schedules are shown below in Tables 1 and 2
and Figure 2.

Table 2. Experimental design for immunization in beagle dogs offered by COVID-19 subunit vaccines.
Vaccines used for Group 1 were composed of SARS-CoV-2's S1, RBD protein, and adjuvants. Vaccines
used for Group 2 were composed of SARS-CoV-2's S1, RBD protein, and adjuvants and stimulants
were added. Vaccines or PBS were inoculated by subcutaneous route.

Group Immunization Route Vaccine Number of Dogs

Group 1 S.C FCoV-19 4

Group 2 S.C FCoV-19+stl ! 3
Unvaccinated S.C PBS 3

1 FCoV-19 vaccines containing stimulants.

2" yaccine
Day 21 Day 35

|
Blood Blood
sampling sampling

Body temperature, Body weight, |

Clinical symptoms

Figure 2. Vaccination schedule for Beagles. Beagles were moored for a week before the experi-
ment. Vaccines were inoculated on day 0, 21, and 35. Blood samplings were performed before
vaccination. Body temperature, body weight, and clinical symptoms were measured. The red circles
mean the blood sampling date. The purple circles mean the date of checking body temperature,
weights, and symptoms for clinical monitoring. All experiments and monitoring were performed by

four veterinarians.

2.4. Cells and Viruses

Human colon adenocarcinoma cells (HCT-8, KCLB, KCLB No. 10,244), human lung
fibroblast cells (MRC-5, KCLB, KCLB No. 10,171), and African green monkey kidney
epithelial cells (VERO C1008, ATCC, CRL-1586) were obtained from the Korean Cell Line
Bank (KCLB) and American Type Culture Collection (ATCC), respectively. The cells were
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grown at 37 °C in air enriched with 5% COg(carbon dioxide) and Dulbecco’s modified
Eagle’s medium (DMEM, CORNING 10-013-CV) or Roswell Park memorial institute 1640
(RPMI, WELGENE LMO011-51) medium supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin (100 units/mL)-streptomycin (100 pg/mL)-2mM L-glutamine. OC43,
229E, and SARS-CoV-2 viruses were grown in HCT-8, MRC-5, and Vero cells respectively.

2.5. Groups

Beagles were divided into a negative control group and two experimental groups.
Experimental group 1 was administered with a vaccine-containing adjuvant. Experimental
group 2 was administered with a vaccine containing both the adjuvant and stimulant.
In the negative control group, PBS was used instead of the vaccines. Each vaccine was
injected through the subcutaneous (S.C) route on the first day, and the second injection was
performed 3 weeks later in the same manner (Table 2). Blood collection was performed
on the day of first and secondary vaccination and 2 weeks after secondary vaccination.
Bodyweight and body temperature were measured by four veterinarians observing general
clinical signs and local side effects during the experiment (Figure 2).

2.6. SN Test

For the serum neutralization test, fresh serum was collected from dogs. The serum
was stored at —70 °C. Cells were prepared in 96-well plates at a dilution of 1x10°/mL
with a cell culture medium. All test sera were heated at 56 °C for 30 min and were diluted
2-fold serially in flat-bottom 96-well microtiter plates using PBS as diluents. In each diluted
sera, viruses were added with a 1:1 ratio after dilution to 100TCIDsy/well. After mixing,
plates were incubated at 37 °C for 1 h. Moreover, the mixed sera were dispensed on the
prepared corresponding cells. Then, incubation was performed with 5% CO; and 33 °C
(OC43, 229E) or 37 °C (SARS-CoV-2) temperature in an incubator for 3-5 days. When the
virus titer reaches 100TCIDs/well, the neutralizing ability is measured by observing the
cytopathogenic effect (CPE) [46—49]. The experiment was performed in duplicates.

3. Results
3.1. Side Effects of Vaccination

There was no specific side effect after vaccination. No systemic side effects such as
fever, neurological symptoms, anorexia, and lethargy were observed. No local side effects
such as swelling, redness, itching, granuloma, and suppuration were observed. The normal
body temperature range for dogs is 38-39 °C, and in the cases of young dogs, the range
of body temperature could be slightly wider or higher [50]. No abnormal change in body
temperature was observed during this experiment (Figure 3a).

Beagle grows rapidly up to 4-6 months, and the growth rate gradually decreases,
reaching the size of an adult dog at 12 months old. During this experiment, the growth
rate was about 10-15% per month following the general growth curve and no abnormal
weight loss was observed [50]. No abnormal change in body weight was observed during
this experiment (Figure 3b).
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Figure 3. (a) Three groups’ temperatures of the day post-vaccination. Groupl1 (e), Group2 (W), and
Negative Group (A) showed the same patterns of body temperature. They were all within the normal
range. As a result of temperature measurements, there was no side effect of the vaccines. (b) Three
groups’ body weights of the day post-vaccination. Groupl (e), Group2 (M), and Negative Group
(A) showed the same patterns of growth rate. They were all within the normal range. As a result of
bodyweight measurements, there was no side effect of the vaccines.

3.2. SN Test

From the results of the serum neutralization test, significant antibody values began
to appear 2 weeks after the second vaccination for COVID-19. Much higher amounts
of neutralizing antibodies were found in Group 2 in which stimulants were added. We
identified a titer shown to be sufficient in protecting against SARS-CoV-2, comparable to
that of vaccinated people. According to the previous study, average serum neutralization
titers were 80 for paucisymptomatic patients, 160 for symptomatic patients, 40 for primary
vaccinees, and 160 for secondary vaccinees [51]. Group 2 was found to have higher titers
than the vaccinated people in both the first and second vaccinations. Both Groups 1
and 2 were found to have higher titers than the symptomatic patients when the second
vaccination was completed (Table 3, Figure 4).

Table 3. Comparison table of serum virus neutralization test titer between the tested group, commer-
cially available vaccine group, and paucisymptomatic or symptomatic patient group. Group 2 was
found to have higher titers than the vaccinated people in both the first and second vaccination. Both
Groups 1 and 2 were found to have higher titers than the symptomatic patients when the second
vaccination was completed.

Paucisymptomatic Symptomatic Vaccinated

Patients

Patients People Group 1 Group 2 Negative

SN titer

1:80

SN titer (1st) 40 10 47 10

1:160 SN titer (2nd) 160 226 833 10
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Figure 4. SARS-CoV-2 neutralization antibody forming rates with each of the beagles. Both Group 1
(e) and Group 2 (M) had sufficient antibodies against SARS-CoV-2 infection in second vaccination.
According to previous studies, the antibody produced in vaccinated persons, asymptomatic, and

symptomatic patients had an SN titer of up to 160.

In the SN test, we judged the presence of virus in the wells with the presence of
CPE in the cells, and the micrographs are as follows (Figure 5). In the experiment to
observe the cross-protective ability against OC43 and 229E viruses, CPE was observed in
all experimental groups in which the antibody and viruses were reacted. Therefore, it was
judged that there was no cross-protective ability.

Figure 5. Cont.
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Figure 5. Micrographs of cells in normal state and cells with cytopathic effects due to viral infection.
There are micrographs of SARS-CoV-2/Vero (a—d), OC43/HCT-8 (e-h), and 229E/MRC-5 (i-1) in
order. There are high magnification micrographs (200 ) of normal state (a,e,i) and cytopathic effect
(c,g k) cells. There are low magnification micrographs (40x) of normal state (b,f,j) and cytopathic
effect (d,h,1) cells. In the SN test conducted additionally using OC43 and 229E viruses, cross-protection
was not shown.

4. Discussion

In both vaccinated groups, antibody-forming rates significantly increased after the
second vaccination over the level of neutralizing antibody expressed in the vaccinated
or infected person. The group containing the stimulant showed 6-times higher antibody-
forming rates than the group without the stimulant, because the stimulant induces the
immune responses of the monocytes and enhances innate immunity [52]. The induction of
antibody-forming rate in this vaccine that used S protein and RBD is consistent with the
results of previous studies showing that the S protein and especially RBD play a major role
in the induction of cellular immunity [53,54].

The RBD regions of SARS-CoV-2 and SARS-CoV share about 70% sequences [55],
so there is a report that cross-protection against SARS-CoV was successful with mRNA
vaccine using RBD of SARS-CoV-2 [54]. Therefore, we tested the possibility of cross-
protection against OC43 and 229E viruses, which infect humans generally and routinely
than compared to the pandemic virus-like SARS-CoV. As a result, the antibody induced
through the RBD and S1 proteins of SARS-CoV-2 had no cross-protective ability against
OC43 and 229E viruses, and it was consistent with the results of previous studies conducted
in humans [56].

Although no virus infection test was performed, the protective ability against infection
can be sufficiently predicted by measuring the neutralizing antibody value through the SN
test. If this animal subunit vaccine is vaccinated in companion animals, it is expected to
help reduce the possibility of reverse zoonosis. It is necessary to confirm these conjectures
by conducting additional experiments in various companion animals and livestock breeds
such as cats, minks, and pigs in the future.

Author Contributions: E.G. and W.N. design the study. Y.W. and J.H. (Jeonghee Han) developed
the vaccine. E.G., J.H. (Jachyun Hwang), S.M., and W.N. performed the animal experiments. M.Y.,
K.L., and D.S. performed the experiments in ABSL-3 facility. E.G. conceived the manuscript with
contributions from Y.W.,, ].H. (Jeonghee Han), and W.N. All authors have read and agreed to the
published version of the manuscript.



Vaccines 2022, 10, 676 10 of 12

Funding: This research was supported by the National Research Foundation of Korea (NRF)
grant funded by the Korea government (MEST) (grant number NRF-2020R1C1C1008347 and NRF-
2021M3E5E3083401) and Brain Korea 21 Program for Leading Universities and Students (BK21 FOUR).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Republic of Korea, and approved by the Ethics Committee of Chonnam National University(Yong-
bong campus) Institutional animal care and use Committee (Approval code: CNU IACUC-YB-2021-
153, Approval date: 29 November 2021).

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pratelli, A.; Tinelli, A.; Decaro, N.; Martella, V.; Camero, M.; Tempesta, M.; Martini, M.; Carmichael, L.; Buonavoglia, C. Safety
and efficacy of a modified-live canine coronavirus vaccine in dogs. Vet. Microbiol. 2004, 99, 43—49. [CrossRef] [PubMed]

2. Priestnall, S.L.; Brownlie, J.; Dubovi, E.J.; Erles, K. Serological prevalence of canine respiratory coronavirus. Vet. Microbiol. 2006,
115, 43-53. [CrossRef] [PubMed]

3.  Pedersen, N.C. A review of feline infectious peritonitis virus infection: 1963—-2008. |. Feline Med. Surg. 2009, 11, 225-258. [CrossRef]
[PubMed]

4.  Clark, M. Bovine coronavirus. Br. Vet. ]. 1993, 149, 51-70. [CrossRef]

5. Stevenson, G.W.; Hoang, H.; Schwartz, K.J.; Burrough, E.R.; Sun, D.; Madson, D.; Cooper, V.L.; Pillatzki, A.; Gauger, P.; Schmitt,
B.J. Emergence of porcine epidemic diarrhea virus in the United States: Clinical signs, lesions, and viral genomic sequences. J. Vet.
Diagn. Investig. 2013, 25, 649-654. [CrossRef] [PubMed]

6. Kim, S\Y,; Song, D.S,; Park, B.K. Differential detection of transmissible gastroenteritis virus and porcine epidemic diarrhea virus
by duplex RT-PCR. J. Vet. Diagn. Investig. 2001, 13, 516-520. [CrossRef] [PubMed]

7. Jackwood, M.W. Review of infectious bronchitis virus around the world. Avian Dis. 2012, 56, 634-641. [CrossRef] [PubMed]

8. Zhang, G.; Li, B.; Yoo, D.; Qin, T.; Zhang, X.; Jia, Y.; Cui, S. Animal coronaviruses and SARS-CoV-2. Transbound. Emerg. Dis. 2021,
68,1097-1110. [CrossRef] [PubMed]

9.  Burki, T. The origin of SARS-CoV-2. Lancet Infect. Dis. 2020, 20, 1018-1019. [CrossRef]

10. Domingo, E.; Holland, J. RNA virus mutations and fitness for survival. Annu. Rev. Microbiol. 1997, 51, 151-178. [CrossRef]
[PubMed]

11.  Sit, TH.; Brackman, C.J; Ip, S.M.; Tam, K.W,; Law, PY.; To, E.M.; Veronica, Y.; Sims, L.D.; Tsang, D.N.; Chu, D.K. Infection of dogs
with SARS-CoV-2. Nature 2020, 586, 776-778. [CrossRef] [PubMed]

12. Halfmann, PJ.; Hatta, M.; Chiba, S.; Maemura, T.; Fan, S.; Takeda, M.; Kinoshita, N.; Hattori, S.-i.; Sakai-Tagawa, Y.; Iwatsuki-
Horimoto, K. Transmission of SARS-CoV-2 in domestic cats. N. Engl. ]. Med. 2020, 383, 592-594. [CrossRef]

13. Oreshkova, N.; Molenaar, R.J.; Vreman, S.; Harders, F.; Munnink, B.B.O.; Hakze-van Der Honing, R.W.; Gerhards, N.; Tolsma,
P; Bouwstra, R.; Sikkema, R.S. SARS-CoV-2 infection in farmed minks, the Netherlands, April and 20. Eurosurveillance 2020,
25,2001005. [CrossRef] [PubMed]

14. McAloose, D.; Laverack, M.; Wang, L.; Killian, M.L.; Caserta, L.C.; Yuan, F.; Mitchell, PK.; Queen, K.; Mauldin, M.R.; Cronk,
B.D. From people to Panthera: Natural SARS-CoV-2 infection in tigers and lions at the Bronx Zoo. MBio 2020, 11, €02220-20.
[CrossRef] [PubMed]

15.  Bush, R.M. Influenza as a model system for studying the cross—species transfer and evolution of the SARS coronavirus. Philos.
Trans. Royal Soc. London Series B Biol. Sci. 2004, 359, 1067-1073. [CrossRef]

16. Ma, W,; Kahn, R.E.; Richt, J.A. The pig as a mixing vessel for influenza viruses: Human and veterinary implications. J. Mol. Genet.
Med. Int. ]. Biomed. Res. 2009, 3, 158. [CrossRef]

17.  McLean, A.R.; May, R.M.; Pattison, J.; Weiss, R.A. SARS: A Case Study in Emerging Infections; Oxford University Press: Oxford,
UK, 2005.

18. Wong, G.; Liu, W,; Liu, Y.; Zhou, B.; Bi, Y.; Gao, G.F. MERS, SARS, and Ebola: The role of super-spreaders in infectious disease.
Cell Host Microbe 2015, 18, 398-401. [CrossRef] [PubMed]

19. Graham, R.L.; Baric, R.S. Recombination, reservoirs, and the modular spike: Mechanisms of coronavirus cross-species transmis-
sion. J. Virol. 2010, 84, 3134-3146. [CrossRef]

20. Niu, Z.;; Zhang, Z.; Gao, X,; Du, P; Lu, J.; Yan, B.; Wang, C.; Zheng, Y.; Huang, H.; Sun, Q. N501Y mutation imparts cross-species
transmission of SARS-CoV-2 to mice by enhancing receptor binding. Signal Trans. Targ. Ther. 2021, 6, 1-3. [CrossRef]

21. Yuan, S; Nelsen, C.J.; Murtaugh, M.P.; Schmitt, B.J.; Faaberg, K.S. Recombination between North American strains of porcine
reproductive and respiratory syndrome virus. Virus Res. 1999, 61, 87-98. [CrossRef]

22. Tolou, H.; Couissinier-Paris, P.; Durand, J.-P.; Mercier, V.; de Pina, J.-J.; De Micco, P,; Billoir, F.; Charrel, R.; De Lamballerie, X.

Evidence for recombination in natural populations of dengue virus type 1 based on the analysis of complete genome sequences. J.
Gen. Virol. 2001, 82, 1283-1290. [CrossRef] [PubMed]


http://doi.org/10.1016/j.vetmic.2003.07.009
http://www.ncbi.nlm.nih.gov/pubmed/15019110
http://doi.org/10.1016/j.vetmic.2006.02.008
http://www.ncbi.nlm.nih.gov/pubmed/16551493
http://doi.org/10.1016/j.jfms.2008.09.008
http://www.ncbi.nlm.nih.gov/pubmed/19254859
http://doi.org/10.1016/S0007-1935(05)80210-6
http://doi.org/10.1177/1040638713501675
http://www.ncbi.nlm.nih.gov/pubmed/23963154
http://doi.org/10.1177/104063870101300611
http://www.ncbi.nlm.nih.gov/pubmed/11724144
http://doi.org/10.1637/10227-043012-Review.1
http://www.ncbi.nlm.nih.gov/pubmed/23397833
http://doi.org/10.1111/tbed.13791
http://www.ncbi.nlm.nih.gov/pubmed/32799433
http://doi.org/10.1016/S1473-3099(20)30641-1
http://doi.org/10.1146/annurev.micro.51.1.151
http://www.ncbi.nlm.nih.gov/pubmed/9343347
http://doi.org/10.1038/s41586-020-2334-5
http://www.ncbi.nlm.nih.gov/pubmed/32408337
http://doi.org/10.1056/NEJMc2013400
http://doi.org/10.2807/1560-7917.ES.2020.25.23.2001005
http://www.ncbi.nlm.nih.gov/pubmed/32553059
http://doi.org/10.1128/mBio.02220-20
http://www.ncbi.nlm.nih.gov/pubmed/33051368
http://doi.org/10.1098/rstb.2004.1481
http://doi.org/10.4172/1747-0862.1000028
http://doi.org/10.1016/j.chom.2015.09.013
http://www.ncbi.nlm.nih.gov/pubmed/26468744
http://doi.org/10.1128/JVI.01394-09
http://doi.org/10.1038/s41392-021-00704-2
http://doi.org/10.1016/S0168-1702(99)00029-5
http://doi.org/10.1099/0022-1317-82-6-1283
http://www.ncbi.nlm.nih.gov/pubmed/11369871

Vaccines 2022, 10, 676 11 of 12

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Morel, V.; Descamps, V.; Frangois, C.; Fournier, C.; Brochot, E.; Capron, D.; Duverlie, G.; Castelain, S. Emergence of a genomic
variant of the recombinant 2k/1b strain during a mixed hepatitis C infection: A case report. J. Clin. Virol. 2010, 47, 382-386.
[CrossRef]

Lai, M,; Baric, R.; Makino, S.; Keck, J.; Egbert, J.; Leibowitz, J.; Stohlman, S. Recombination between nonsegmented RNA genomes
of murine coronaviruses. J. Virol. 1985, 56, 449-456. [CrossRef] [PubMed]

Keck, J.; Matsushima, G.; Makino, S.; Fleming, J.; Vannier, D.; Stohlman, S.; Lai, M. In vivo RNA-RNA recombination of
coronavirus in mouse brain. J. Virol. 1988, 62, 1810-1813. [CrossRef] [PubMed]

Masters, P.S.; Koetzner, C.A.; Kerr, C.A.; Heo, Y. Optimization of targeted RNA recombination and mapping of a novel
nucleocapsid gene mutation in the coronavirus mouse hepatitis virus. J. Virol. 1994, 68, 328-337. [CrossRef]

Jia, W,; Karaca, K; Parrish, C.; Naqi, S. A novel variant of avian infectious bronchitis virus resulting from recombination among
three different strains. Arch. Virol. 1995, 140, 259-271. [CrossRef]

Lai, M.M. Recombination in large RNA viruses: Coronaviruses. In Seminars in Virology; Academic Press: Cambridge, MA,
USA, 1996.

Wu, Y. Strong evolutionary convergence of receptor-binding protein spike between COVID-19 and SARS-related coronaviruses.
bioRxiv 2020. preprint. [CrossRef]

Ortega, ].T.; Serrano, M.L.; Pujol, EH.; Rangel, H.R. Role of changes in SARS-CoV-2 spike protein in the interaction with the
human ACE2 receptor: An in silico analysis. EXCLI J. 2020, 19, 410.

Liu, Z; Xiao, X.; Wei, X.; Li, J.; Yang, J.; Tan, H.; Zhu, ]J.; Zhang, Q.; W, J.; Liu, L. Composition and divergence of coronavirus
spike proteins and host ACE2 receptors predict potential intermediate hosts of SARS-CoV-2. |. Med. Virol. 2020, 92, 595-601.
[CrossRef] [PubMed]

Gui, M,; Song, W.; Zhou, H.; Xu, J.; Chen, S.; Xiang, Y.; Wang, X. Cryo-electron microscopy structures of the SARS-CoV spike
glycoprotein reveal a prerequisite conformational state for receptor binding. Cell Res. 2017, 27, 119-129. [CrossRef] [PubMed]
Song, W.; Gui, M.; Wang, X.; Xiang, Y. Cryo-EM structure of the SARS coronavirus spike glycoprotein in complex with its host cell
receptor ACE2. PLoS Pathog. 2018, 14, €1007236. [CrossRef] [PubMed]

Kirchdoerfer, R.N.; Wang, N.; Pallesen, J.; Wrapp, D.; Turner, H.L.; Cottrell, C.A.; Corbett, K.S.; Graham, B.S.; McLellan, J.S.; Ward,
A.B. Stabilized coronavirus spikes are resistant to conformational changes induced by receptor recognition or proteolysis. Sci.
Rep. 2018, 8, 1-11. [CrossRef] [PubMed]

Yuan, Y.; Cao, D.; Zhang, Y,; Ma, J.; Qi, ]J.; Wang, Q.; Lu, G.; Wu, Y,; Yan, ].; Shi, Y. Cryo-EM structures of MERS-CoV and
SARS-CoV spike glycoproteins reveal the dynamic receptor binding domains. Nat. Commun. 2017, 8, 1-9. [CrossRef] [PubMed]
Moss, P. The T cell immune response against SARS-CoV-2. Nat. Immunol. 2022, 23, 186-193. [CrossRef] [PubMed]

Yu, F; Xiang, R.; Deng, X.; Wang, L.; Yu, Z,; Tian, S.; Liang, R.; Li, Y,; Ying, T.; Jiang, S. Receptor-binding domain-specific human
neutralizing monoclonal antibodies against SARS-CoV and SARS-CoV-2. Signal Transd. Targ. Ther. 2020, 5, 1-12. [CrossRef]
[PubMed]

Du, L.; He, Y;; Zhou, Y,; Liu, S.; Zheng, B.-J.; Jiang, S. The spike protein of SARS-CoV—a target for vaccine and therapeutic
development. Nat. Rev. Microbiol. 2009, 7, 226-236. [CrossRef] [PubMed]

Heath, PT.; Galiza, E.P.; Baxter, D.N.; Boffito, M.; Browne, D.; Burns, F; Chadwick, D.R.; Clark, R.; Cosgrove, C.; Galloway, J.
Safety and efficacy of NVX-CoV2373 Covid-19 vaccine. N. Engl. J. Med. 2021, 385, 1172-1183. [CrossRef] [PubMed]

Noor, R. Developmental Status of the Potential Vaccines for the Mitigation of the COVID-19 Pandemic and a Focus on the
Effectiveness of the Pfizer-BioNTech and Moderna mRNA Vaccines. Curr. Clin. Microbiol. Rep. 2021, 8, 178-185. [CrossRef]

Liu, D.X,; Liang, J.Q.; Fung, T.S. Human coronavirus-229E,-OC43,-NL63, and-HKU1. Encyclopedia Virol. 2020, 428-440. [CrossRef]
Zeng, 7.-Q.; Chen, D.-H.; Tan, W.-P; Qiu, S.-Y.; Xu, D.; Liang, H.-X.; Chen, M.-X; Li, X,; Lin, Z.-S.; Liu, W.-K. Epidemiology
and clinical characteristics of human coronaviruses OC43, 229E, NL63, and HKU1: A study of hospitalized children with acute
respiratory tract infection in Guangzhou, China. Eur. ]. Clin. Microbiol. Infect. Dis. 2018, 37, 363-369. [CrossRef] [PubMed]
Erles, K.; Toomey, C.; Brooks, H.W.; Brownlie, J. Detection of a group 2 coronavirus in dogs with canine infectious respiratory
disease. Virology 2003, 310, 216-223. [CrossRef]

Jin, H.; Xu, Y.; Shi, F; Hu, S. Vaccination at different anatomic sites induces different levels of the immune responses. Res. Vet. Sci.
2019, 122, 50-55. [CrossRef] [PubMed]

Minke, J.; Bouvet, ].; Cliquet, F.; Wasniewski, M.; Guiot, A.; Lemaitre, L.; Cariou, C.; Cozette, V.; Vergne, L.; Guigal, P. Comparison
of antibody responses after vaccination with two inactivated rabies vaccines. Vet. Microbiol. 2009, 133, 283-286. [CrossRef]
[PubMed]

Lindsey, H.S.; Calisher, C.H.; Mathews, ].H. Serum dilution neutralization test for California group virus identification and
serology. J. Clin. Microbiol. 1976, 4, 503-510. [CrossRef]

Yoon, ].; Joo, H.S.; Goyal, S.M.; Molitor, TW. A modified serum neutralization test for the detection of antibody to porcine
reproductive and respiratory syndrome virus in swine sera. J. Vet. Diagn. Investig. 1994, 6, 289-292. [CrossRef] [PubMed]

Nie, J.; Li, Q.; Wu, J.; Zhao, C.; Hao, H; Liu, H.; Zhang, L.; Nie, L.; Qin, H.; Wang, M. Quantification of SARS-CoV-2 neutralizing
antibody by a pseudotyped virus-based assay. Nat. Prot. 2020, 15, 3699-3715. [CrossRef] [PubMed]

Matusali, G.; Colavita, F; Lapa, D.; Meschi, S.; Bordi, L.; Piselli, P.; Gagliardini, R.; Corpolongo, A.; Nicastri, E.; Antinori, A.
SARS-CoV-2 Serum neutralization assay: A traditional tool for a brand-new virus. Viruses 2021, 13, 655. [CrossRef]

Nelson, R.W.; Couto, C.G. Small Animal Internal Medicine, E-Book; Elsevier Health Sciences: Amsterdam, The Netherlands, 2019.


http://doi.org/10.1016/j.jcv.2010.01.011
http://doi.org/10.1128/jvi.56.2.449-456.1985
http://www.ncbi.nlm.nih.gov/pubmed/2997467
http://doi.org/10.1128/jvi.62.5.1810-1813.1988
http://www.ncbi.nlm.nih.gov/pubmed/2833625
http://doi.org/10.1128/jvi.68.1.328-337.1994
http://doi.org/10.1007/BF01309861
http://doi.org/10.1101/2020.03.04.975995
http://doi.org/10.1002/jmv.25726
http://www.ncbi.nlm.nih.gov/pubmed/32100877
http://doi.org/10.1038/cr.2016.152
http://www.ncbi.nlm.nih.gov/pubmed/28008928
http://doi.org/10.1371/journal.ppat.1007236
http://www.ncbi.nlm.nih.gov/pubmed/30102747
http://doi.org/10.1038/s41598-018-34171-7
http://www.ncbi.nlm.nih.gov/pubmed/30356097
http://doi.org/10.1038/ncomms15092
http://www.ncbi.nlm.nih.gov/pubmed/28393837
http://doi.org/10.1038/s41590-021-01122-w
http://www.ncbi.nlm.nih.gov/pubmed/35105982
http://doi.org/10.1038/s41392-020-00318-0
http://www.ncbi.nlm.nih.gov/pubmed/32963228
http://doi.org/10.1038/nrmicro2090
http://www.ncbi.nlm.nih.gov/pubmed/19198616
http://doi.org/10.1056/NEJMoa2107659
http://www.ncbi.nlm.nih.gov/pubmed/34192426
http://doi.org/10.1007/s40588-021-00162-y
http://doi.org/10.1016/B978-0-12-809633-8.21501-X
http://doi.org/10.1007/s10096-017-3144-z
http://www.ncbi.nlm.nih.gov/pubmed/29214503
http://doi.org/10.1016/S0042-6822(03)00160-0
http://doi.org/10.1016/j.rvsc.2018.11.005
http://www.ncbi.nlm.nih.gov/pubmed/30453180
http://doi.org/10.1016/j.vetmic.2008.06.024
http://www.ncbi.nlm.nih.gov/pubmed/18757142
http://doi.org/10.1128/jcm.4.6.503-510.1976
http://doi.org/10.1177/104063879400600326
http://www.ncbi.nlm.nih.gov/pubmed/7948196
http://doi.org/10.1038/s41596-020-0394-5
http://www.ncbi.nlm.nih.gov/pubmed/32978602
http://doi.org/10.3390/v13040655

Vaccines 2022, 10, 676 12 of 12

51.

52.

53.

54.

55.

56.

Cristiano, A.; Nuccetelli, M.; Pieri, M.; Sarubbi, S.; Pelagalli, M.; Calugi, G.; Tomassetti, F.; Bernardini, S. Serological anti-SARS-
CoV-2 neutralizing antibodies association to live virus neutralizing test titers in COVID-19 paucisymptomatic/symptomatic
patients and vaccinated subjects. Int. Immunopharmacol. 2021, 101, 108215. [CrossRef] [PubMed]

Martin, M.; Michalek, S.M.; Katz, J. Role of innate immune factors in the adjuvant activity of monophosphoryl lipid A. Infect.
Immun. 2003, 71, 2498-2507. [CrossRef]

Chen, W.-H.; Hotez, PJ.; Bottazzi, M.E. Potential for developing a SARS-CoV receptor-binding domain (RBD) recombinant
protein as a heterologous human vaccine against coronavirus infectious disease (COVID)-19. Human Vacc. Immunother. 2020, 16,
1239-1242. [CrossRef] [PubMed]

Tai, W.; Zhang, X.; Drelich, A.; Shi, J.; Hsu, J.C.; Luchsinger, L.; Hillyer, C.D.; Tseng, C.-T.K,; Jiang, S.; Du, L. A novel receptor-
binding domain (RBD)-based mRNA vaccine against SARS-CoV-2. Cell Res. 2020, 30, 932-935. [CrossRef] [PubMed]

Tai, W,; He, L.; Zhang, X.; Pu, J.; Voronin, D.; Jiang, S.; Zhou, Y.; Du, L. Characterization of the receptor-binding domain (RBD)
of 2019 novel coronavirus: Implication for development of RBD protein as a viral attachment inhibitor and vaccine. Cell. Mol.
Immunol. 2020, 17, 613-620. [CrossRef]

Anderson, E.M.; Goodwin, E.C.; Verma, A.; Arevalo, C.P; Bolton, M.].; Weirick, M.E.; Gouma, S.; McAllister, C.M.; Christensen,
S.R.; Weaver, J. Seasonal human coronavirus antibodies are boosted upon SARS-CoV-2 infection but not associated with protection.
Cell 2021, 184, 1858-1864.€10. [CrossRef] [PubMed]


http://doi.org/10.1016/j.intimp.2021.108215
http://www.ncbi.nlm.nih.gov/pubmed/34649115
http://doi.org/10.1128/IAI.71.5.2498-2507.2003
http://doi.org/10.1080/21645515.2020.1740560
http://www.ncbi.nlm.nih.gov/pubmed/32298218
http://doi.org/10.1038/s41422-020-0387-5
http://www.ncbi.nlm.nih.gov/pubmed/32759966
http://doi.org/10.1038/s41423-020-0400-4
http://doi.org/10.1016/j.cell.2021.02.010
http://www.ncbi.nlm.nih.gov/pubmed/33631096

	Introduction 
	Materials and Methods 
	Animals 
	Antigen 
	Vaccination 
	Cells and Viruses 
	Groups 
	SN Test 

	Results 
	Side Effects of Vaccination 
	SN Test 

	Discussion 
	References

