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Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has already affected millions worldwide. The emergence of multiple SARS-CoV-2 variants may
pose a significant threat to our efforts in controlling the pandemic. The impact of SARS-CoV-2 variants
on the efficacy of available vaccines, therapeutics, and diagnostics is currently being investigated.
SARS-CoV-2 has been implicated to be originated from animals due to cross-species jumping and raises
zoonotic concerns due to the potential for reintroduction into the human populations via interspecies
transmission between humans and animals. Natural SARS-CoV-2 infections have been reported in
domestic animals (dog, cat, and ferret), captive animals (tiger, lion, snow leopard, puma, otter, and gor-
illa), and wild and farmed minks. Vaccination of domestic animals can prevent the possible introduction
of SARS-CoV-2 into the feral population and subsequent transmission to wildlife. Although the need to
vaccinate susceptible animal species, such as cats, minks, and great apes, might seem irrational from a
public health standpoint, the successful elimination of SARS-CoV-2 will only be possible by controlling
the transmission in all susceptible animal species. This is necessary to prevent the re-emergence of
SARS-CoV-2 in the future.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has already
affected more than 230 million1 individuals, causing over 4.7 mil-
lion1 deaths worldwide as of September 24, 2021. International tra-
vel via air transport played an important role in the initial spread of
COVID-19 across borders [1]. Although the initial preventive mea-
sures, such as lockdowns, travel restrictions, and the establishment
of active surveillance frameworks at airports and seaports, were able
to control the rapid rise in COVID-19 cases, these measures were not
considered to be a permanent solution [1]. The successful rollout of
several vaccine candidates worldwide following phase 3 clinical tri-
als has given great hope for controlling this pandemic. However, we
are far from achieving global vaccination coverage due to the lack of
equitable access to vaccines, especially in low-income countries [2].
Even under ideal conditions, it will take years to achieve a significant
level of global immunity through vaccination. The number of COVID-
19 vaccine doses administered per 100 people in different countries
is represented in Fig. 1. Countries like the United Arab Emirates,
China, the United Kingdom, Germany, and the United States of
America are at the top of this list.2

The emergence of multiple SARS-CoV-2 variants, including the
mink-associated variant, Delta (B.1.617.2), and Delta Plus (AY.1
or B.1.617.2.1) variants, may pose a significant threat to our efforts
in controlling the pandemic [3–6]. Preliminary findings indicate
that the mink-associated variant (Y453F mutation) has the poten-
tial to escape detection by four of the commercial neutralizing
monoclonal antibodies, partially due to weak recognition of the
spike glycoproteins [7]. In addition, these mink-associated SARS-
CoV-2 variants accounted for 40% of the total COVID-19 cases in
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Fig. 1. Total number of vaccination doses administered per 100 people in the total population. The total number of vaccination doses administered per 100 people vary
significantly across the world: United Arab Emirates (197.93), Israel (168.84), China (151.95), India (60.83), USA (115.53), Canada (146.31), and United Kingdom (136.86). The
values do not represent the number of people vaccinated since several available COVID-19 vaccines require multiple doses. Source: Official data collected by ‘‘Our World in
Data” - last updated on September 24, 2021. Available at: https://ourworldindata.org/covid-vaccinations.
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humans initially in the Netherlands. However, they were found to
be less lethal and infective compared to those identified in humans
[8]. The SARS-CoV-2 Delta variant caused a rapid surge of cases
during the second COVID-19 pandemic wave in India during
April-June 2021 [9]. The Delta variant has also been detected from
several countries across the globe, initiating a third wave [10]. The
recent reports of the emergence of Delta Plus variants further raise
concerns in terms of transmissibility and disease severity. Further-
more, the Delta Plus variant had a high prevalence of mutations in
Spike (G142D, A222V, and T95I) compared to the Delta variant.
Some of these mutations in the Spike (K417N, V70F, and W258L)
were exclusive for the Delta Plus variant [6]. The impact of SARS-
CoV-2 variants on the efficacy of available vaccines, therapeutics,
and diagnostics is currently being investigated. The emergence of
novel variants of concern (VOC) may warrant the need to update
COVID-19 vaccines in the future as few mutations could render
variants to be less optimally targeted by the presently available
vaccines. However, some of these vaccines have been found to pro-
tect from the emerging variants but with variable efficacies
[5,11,12].

Animals might have played a crucial role in the COVID-19 pan-
demic. In addition, SARS-CoV-2 has been implicated to be origi-
nated from animals, animal spillover events, cross-species
jumping, zooanthroponotic transmission, and raises zoonotic con-
cerns due to the potential for reintroduction into the human pop-
ulations via interspecies transmission between humans and
animals [4,13–15]. Therefore, it is necessary to perform in-depth
investigations to explore the interrelationships between animals
and humans for disease transmission, spread, and adopt appropri-
ate prevention and control strategies following interdisciplinary
and holistic approaches [13–18]. In addition, the key binding sites
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on the human ACE2 receptor are most conserved in the primates
(especially Cercopithecoidae and Hominidae families) [19]. Further-
more, the ACE2 sites are highly conserved in some species belong-
ing to Carnivora, Lagomorpha, Proboscidea, Artiodactyla,
Chiroptera, Rodentia, Sirenia, and Perissodactyla orders indicating
a potential for spillover SARS-CoV-2 infection from humans [19].

According to the World Organisation for Animal Health (OIE)
database, natural SARS-CoV-2 infections have been reported in
domestic animals (dog, cat, and ferret), captive animals (tiger, lion,
snow leopard, puma, otter, and gorilla), and wild and farmedminks
(Supplementary Table 1) [20,21]. The increasing reports of SARS-
CoV-2 infection in domestic and captive wild animals can be linked
to the human-to-animal transmission of the virus [18,21–24].
However, infected domestic animals could transmit the virus to
susceptible wild animal species, thereby establishing a reservoir
of SARS-CoV-2 (Fig. 2) [18,25]. Circulation of SARS-CoV-2 in wild
animal populations could contribute to the occasional re-
emergence of COVID-19 in humans at the human-animal interface.

Although cats and dogs do not play a major role in the mainte-
nance and/or transmission of SARS-CoV-2 to humans, experimen-
tal studies have confirmed the potential of cat-to-cat viral
transmission [26,27]. Therefore, vaccination of domestic cats can
prevent the possible introduction of SARS-CoV-2 into the feral
cat population and subsequent transmission to wildlife. The Lin-
earDNATM COVID-19 vaccine candidate is currently being developed
through a joint effort between Applied DNA Sciences (United
States) and EvviVax (Italy) for use in cats. The vaccine received reg-
ulatory approval from the United States Department of Agriculture
(USDA) to advance to clinical trials for evaluating the safety and
immunogenicity of the vaccine in domestic felines [28]. The
preliminary analysis indicates that the vaccine candidate is well
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Fig. 2. Illustrates the potential route for establishing a viral reservoir host of SARS-CoV-2 in wildlife and the strategies to counter it. There is a need to establish active and
passive surveillance systems to identify interspecies transmission of SARS-CoV-2 among wild animal species and feral animals. This will ensure the early identification and
control of possible re-emergence of SARS-CoV-2 at the human-animal interface. In addition, the implementation of mandatory SARS-CoV-2 vaccination and transport
restriction will further help prevent infection in susceptible animal species (domestic/pet/captive animals). Created with BioRender.com.
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tolerated and effective in adult domestic felines. In addition, a sin-
gle dose of vaccine induced high titers of SARS-CoV-2 neutralizing
antibodies in cats [29]. Thus, the successful immunization of feli-
nes with this vaccine should help prevent feline SARS-CoV-2 infec-
tions and prevent onward transmission to their human owners,
although cat-to-human transmission is unlikely to occur.

The captive orangutans and bonobos at the San Diego Zoo in the
United States of America became the first non-human primates to
receive an experimental COVID-19 vaccine developed specifically
for animals by the veterinary pharmaceutical company Zoetis
[20]. This move was triggered by the confirmation of SARS-CoV-2
infection in a troop of eight gorillas. Although this experimental
vaccine was specifically developed for dogs and cats, minks were
also included at the later stage because of their higher susceptibil-
ity and transmission potential for SARS-CoV-2. Its efficacy in dogs
and cats has been demonstrated in preliminary studies [30]. The
vaccine serology study was conducted in five animals from each
group (placebo and vaccine formulated with two different adju-
vants). The vaccinated animals mounted a robust antibody
response against the SARS-CoV-2 Spike antigen [31]. Zoetis is cur-
rently discussing with the USDA for obtaining conditional approval
for using the vaccine in animals [30]. They are also donating more
than 11,000 doses of SARS-CoV-2 vaccines to immunize the captive
mammals of several zoos, conservatories, and sanctuaries. The cap-
tive animals like hyenas, chimpanzees, and mountain lions have
already received the first dose of the experimental vaccine devel-
oped by Zoetis [32]. In addition, several COVID-19 vaccine candi-
dates already being used in humans underwent in vivo studies in
animal models, such as rhesus macaques, ferrets, and hamsters
[26]. The translation of the findings from these in vivo studies to
other animal species will be easy, as the fundamentals of the vac-
cine platforms will remain the same, and mainly the antigen dose
will need to be changed. Russia has recently registered the world’s
first SARS-CoV-2 vaccine for animals, Carnivac-Cov (inactivated
vaccine). The vaccine has undergone clinical trials in dogs, cats,
foxes, and minks, following which it was given regulatory approval
for mass production [33]. Based on the findings of clinical trials,
vaccination with Carnivac-Cov induced immunity that lasted for
at least six months after the vaccination [34]. Such a vaccine will
protect the susceptible animals and help prevent the emergence
of novel SARS-CoV-2 variants as a result of viral mutations [35].
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The concept of ‘‘vaccination passport” is now becoming a hot
topic of debate [36]. A vaccination passport provides proof of
immunization and enables an individual to travel freely. This is
entirely different from an ‘‘immunity passport,” which documents
past infection [37]. The vaccination passport would be a more prac-
tical substitute for an immunity passport, as vaccination is a better
correlate of protection. Several countries have already imple-
mented vaccination passports to exempt travelers from testing
and quarantine requirements [36]. A similar strategy should be
implemented to transport susceptible animal species across inter-
national borders, especially domestic and captive felines and
endangered species. In addition to the COVID-19 vaccine rollout
in humans, developing specific SARS-CoV-2 vaccines for animals
along with strengthening of one health approaches should be con-
sidered as a vital part of pandemic recovery and future prepared-
ness plans for countering pandemics of human-animal interface
involvement [4,18,25,35].

Although the need to vaccinate susceptible animal species, such
as cats, minks, and great apes, might seem irrational from a public
health standpoint, the successful elimination of SARS-CoV-2 will
only be possible by controlling the transmission in all susceptible
animal species. This is necessary to prevent the re-emergence of
SARS-CoV-2 in the future. Furthermore, the current circumstances
warrant the need to implement a mandatory vaccine passport to
transport domestic and captive/wild animals across international
borders. Such a move will further strengthen our efforts to prevent
the introduction of SARS-CoV-2 into regional domestic/wild animal
populations and its subsequent re-emergence. In addition to
implementing stringent transport restrictions across international
borders, active or passive surveillance frameworks must be estab-
lished for domestic, captive, and wild animals while adopting the
one health approach at a wider level to limit the circulation of
SARS-CoV-2 in domestic and wild animal species. This will also
prevent the possible emergence of novel variants such as the
SARS-CoV-2 mink variant at the human-animal interface, facilitat-
ing the successful prevention and control of this pandemic.
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