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A B S T R A C T   

SARS-CoV-2 has exhibited varying pathogenesis in a variety of Mammalia family’s including Canidae, Mustelidae, 
Hominidae, Cervidae, Hyaenidae, and Felidae. Novel SARS-CoV-2 variants characterized by spike protein muta-
tions have recently resulted in clinical and epidemiological concerns, as they potentially have increased infec-
tious rates, increased transmission, or reduced neutralization by antibodies produced via vaccination. Many 
variants have been identified at this time, but the variant of continuing concern has been the Delta variant 
(B.1.617.2), due to its increased transmissibility and infectious rate. Felines vaccinated using an experimental 
SARS-CoV-2 spike protein-based veterinary vaccine mounted a robust immune response to the SARS-CoV-2 spike 
protein. Using a reporter virus particle system and feline serum, we have verified that vaccinated felines produce 
antibodies that neutralize the SARS-CoV-2 Wuhan strain and variant B.1.617.2 at comparable levels.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is 
the etiologic agent of coronavirus disease (COVID-19) and has been 
spreading globally, infecting both humans and diverse species of ani-
mals (Rabalski et al., 2021). One theory suggests the initial host of 
SARS-CoV-2 to be bats (Zhou et al., 2020); but cats, dogs, white-tailed 
deer, and mink have been proposed as other intermediate hosts or po-
tential reservoirs (Mallapaty, 2021; Rabalski et al., 2021). Human to cat, 
and cat to cat transmission has been confirmed in a lab setting and in 
households where individuals have contracted COVID-19 (Jara et al., 
2021). Since cats have been shown to infect other cats, there may be 
some risk of human transmission (McAloose et al., 2020). Human to dog 
transmission is well documented, but they often display mild symptoms, 
possibly accompanied with mild viral shedding (Hamer et al., 2020) 

when infected with the Wuhan strain. Animals belonging to the Mustelid 
family, specifically mink, have been shown to transmit SARS-CoV-2 to 
cats, dogs, and humans (Konishi, 2021; van Aart et al., 2021). All these 
species, and others, have shown typical symptomology and tested pos-
itive for SARS-CoV-2 RNA (Bonilla-Aldana et al., 2021). Infection with 
the SARS-CoV-2 variant viruses appear to induce typical symptomology 
which include neural and diabetic symptoms similar to what is observed 
in humans but increased severity (Ferasin et al., 2021; Yilmaz Celebi 
et al., 2022). The existence of reservoirs and cross-species transmission 
poses great epidemiological concern as this can result in higher rates of 
mutation leading to novel variants which could contribute to vaccine 
breakthrough infections. 

Serum neutralization assays using a pseudovirus represent an in vitro 
standard for evaluating antibody protection in vaccinated individuals, 
as they measure a functional host immune response in a laboratory 
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setting without the need for Biosafety level 3 facilities when using live 
wildtype viruses (Matusali et al., 2021; Nie et al., 2020). Recently, novel 
SARS-CoV-2 variants that can spread more quickly have emerged. There 
is evidence that some of these variants are less sensitive to antibody 
neutralization in Vitro, but it is not clear if it is significant enough to 
determine whether they can evade vaccine induced protection (Law 
et al., 2021). Most antibodies generated in response to infection from 
one variant are at least partially protective against other variants. An-
tibodies generated against B.1.1.7 (Alpha) show significant 
cross-neutralization of variant B.1.351 (Beta) and to a lesser extent, 
SARS-CoV-1 (Law et al., 2021). However, in vitro testing indicates that 
sera from vaccinated patients exhibit reduced neutralization activity 
against variants, particularly the variant B.1.351 originally from South 
Africa (Muik et al., 2021; Planas et al., 2021; Xie et al., 2021). Although 
the exact neutralizing antibody titers can vary depending on the pseu-
dovirus infection, the fixed doses allow the direct comparison between 
viral variants and are predictors of protection. Neutralizing antibodies in 
convalescent patients correlate with their ability to bind the receptor 
binding domain (RBD) of the spike protein (Hall et al., 2021), although 
cellular immune responses are also likely to contribute to protection. 

First detected in India, SARS-CoV-2 variant B.1.617.2 (Delta) has 
become the predominant circulating variant reported in over 100 
countries drawing concern of breakthrough infections (Brown et al., 
2021; Herlihy et al., 2021; Organization, 2021). Early studies have 
described longer persistence of genomic and subgenomic RNA in the 
upper respiratory tract, more severe gross lung lesions, and prolonged 
viral shedding when compared to other variants, which implies greater 
severity and transmissibility (Mohandas et al., 2021). Its increased 
transmissibility and severity of disease raises concerns about potential 
decreased vaccine efficacy in humans (Davis et al., 2021). Although it is 
not the only circulating variant, the ability for current vaccine protocols 
to prevent or mitigate infection with the Delta variant in humans or 
animals has become a focus of current research. 

SARS-CoV-2 neutralizing antibodies have been shown to predict 
disease severity and survival (Garcia-Beltran et al., 2021) while dis-
playing clear evidence of their protective capacity in preventing infec-
tion in animal models and humans (Addetia et al., 2020; Hassan et al., 
2020; Yu et al., 2020). To date, there is limited data monitoring the level 
of neutralizing antibodies pre- and post-vaccination or how results 
compare with vaccine efficacy and protection (Kanji et al., 2021). This 
study tracks neutralizing antibodies in cats after first and second vac-
cinations with a recombinantly produced stabilized spike trimer based 
on the original Wuhan sequence, which has been formulated for use in 
animals. We report that neutralization titers against pseudovirus parti-
cles expressing the spike protein from either the original Wuhan virus or 
the Delta variant are very similar. These results suggest that vaccines 
based on the original spike sequence can induce a robust immune 
response that can neutralize the currently circulating Delta variant, if it 
becomes problematic in animals. 

2. Materials and methods 

2.1. Study design 

Serum from seven SPF (Specific Pathogen Free) Domestic short hair 
cats approximately 19 months of age from Marshall Bioresources 
vaccinated with an adjuvanted recombinant stabilized spike trimer 
protein followed by a booster 21 days later and a single unvaccinated cat 
(0.9% Sodium Chloride) were evaluated. Serum was collected pre- 
inoculation, 20-, and 42-days post inoculation. Two viral spike pro-
teins expressed in lentivirus particles were tested, the Wuhan-Hu-1 
(GenBank QHD43416.1) and Indian variant B.1.617.2 (Delta). A pre- 
titered dose of pseudotyped reporter virus particles (RVPs) (Integral 
Molecular, Inc Cat#RVP-701 G/RVP-764 G) was incubated with serial 
dilutions (eight dilutions in a 2.5-fold step-wise method) of test serum 
samples in triplicate, in a final volume of 100 µL. The RVPs were then 

mixed with the serum in equal volume and incubated at 5% CO2, 37 ◦C 
for 1 h. Freshly typsinized clonal 293 T-hsACE2 cells (Integral Molecu-
lar, Inc Cat# C-HA102) expressing the human ACE2 receptor, were 
plated in a 96-well black/clear bottom cell culture plate (Costar 
Cat#3603) at a cell density of 2 × 105 cells/mL. The RVP/serum mix was 
then added to each well containing cells, gently mixed, and incubated in 
a humidified 5% CO2, 37 ◦C incubator for 72 h. In addition, each plate 
contained one set of control wells; cells (background), cells + virus 
(virus control), cells + virus + neutralizing serum (neutralizing control), 
and cells + virus + a non-neutralizing serum (non-neutralizing control). 
The GFP (Green fluorescent protein) signal was then read using a 
Cytation 5 cell imaging multi-mode reader (excitation 469 nm) and 
confirmed using fluorescence microscopy. Final TCID50 titers were 
determined using the Spearman-Karber method of calculation. 

2.2. Statistical analysis 

Values at the lower limit of quantification were replaced with ½ the 
lower limit of quantification for analysis. Logarithm2 transformed titers 
were analyzed with a general linear mixed model for repeated measures. 
The fixed effects in the model were variant, day of study and variant by 
day of study interaction. The random effects in the model were sample, 
sample by variant interaction and residual. Contrasts were used to 
compare variants at each day of study. 

3. Results 

We tested SARS-CoV-2 GFP reporter virus particles that were created 
using a second-generation lentiviral system with clonal HEK293T- 
hsACE2 cells provided by Integral Molecular, with eight sera samples 
from adult specific pathogen free (SPF) domestic short hair cats. Prior to 
vaccination the neutralizing antibody titers for both the Wuhan strain 
and the Delta variant was < 5, which was our lowest serum dilution. At 
day 20, 5 of 7 animals had a neutralizing antibody titer > 5 against the 
Wuhan strain and 3 of 7 against the Delta variant (See Table 1). At 42 
days post vaccination, 21 days post booster, all samples displayed a 
neutralization titer > 100 against both the Wuhan strain and the Delta 
variant. For all three days, the difference in titers between the Wuhan 
strain and the Delta variant was not considered statistically significant 
(See Fig. 1). The single unvaccinated negative control animal (ID 
M197855), which was a 0.9% sodium chloride placebo vaccination 
control had titers of < 5 for all time points for both RVPs. 

4. Discussion 

Concerns have been raised that the current FDA (U.S. Food and Drug 
Administration) approved, or emergency use vaccines for humans may 
not be effective in protecting individuals from severe disease due to 

Table 1 
SARS-CoV-2 pseudovirus based neutralization assay. β-serum neutralization 
titration of eight feline serum samples was used to determine the neutralization 
of two SARS-CoV-2 pseudoviruses pre and post vaccination.    

Viral Titer   

Wuhan B.1.617.2 (Delta)  

Day: 0 20 42 0 20 42 

Animal ID: Treatment:       

M197766 Vaccinated < 5 6 309 < 5 < 5 124 
M197774 Vaccinated < 5 8 309 < 5 < 5 228 
M197898 Vaccinated < 5 < 5 168 < 5 8 309 
M198355 Vaccinated < 5 8 124 < 5 8 124 
M198860 Vaccinated < 5 11 168 < 5 < 5 124 
M198886 Vaccinated < 5 < 5 124 < 5 < 5 168 
M199212 Vaccinated < 5 11 168 < 5 11 168 
M197855 Unvaccinated < 5 < 5 < 5 < 5 < 5 < 5  
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emerging SARS-CoV-2 variants (Davis et al., 2021). The variant of 
greatest concern currently is the B.1.617.2 (Delta) variant, which is re-
ported to be both more transmissible and to cause more severe disease in 
humans (Mohandas et al., 2021). In this study, we immunized felines 
with an experimental SARS-CoV-2 spike protein-based vaccine (by 
Zoetis), demonstrated a robust immune response, and conducted a 
neutralizing serum comparison using RVPs for the original SARS-CoV-2 
Wuhan strain and the B.1.617.2 (Delta) variant. There is a positive 
relationship between antibody titer and the number of vaccinations for 
both SARS-CoV-2 variants, with similar serum neutralizing titers at both 

20 and 42 days with the Wuhan strain and Delta variant This data 
suggests a similar level of neutralizing antibodies were stimulated 
following the two dose vaccination series with the Zoetis SARS-CoV-2 
vaccine in cats. These similar titers suggest that the vaccine should be 
as efficacious against the Delta variant as it is against the original Wuhan 
strain (Addetia et al., 2020; Hassan et al., 2020; Yu et al., 2020). Serious 
concerns have been raised about the Delta variant because it appears to 
be more infectious and result in severe disease, but this vaccine stimu-
lates measurable cross-neutralization activity to the spike protein 
equivalent to what was seen with the original Wuhan strain of the virus. 

Fig. 1. Log base 2 statistical analysis of the Delta variant and Wuhan strain SARS-CoV-2 titrations A) Graphical data of day 0, day 20, and day 42 titers comparing the 
Delta variant and Wuhan strain of SARS-CoV-2. B) P-value observed differences in the two viral strains. 
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A limitation of this assay is the use of HEK293T cells that express human 
and not feline ACE2, but the two have previously been compared and are 
highly similar (Stout et al., 2020). Also, our internal controls have 
shown that both viral particles will infect with non-vaccinated cat serum 
and are inhibited in the presence of SARS-CoV-2 vaccinated cat serum. 

There have been reports of non-terminal cases of canine infection 
(Shi et al., 2020), but the long-term effects of SARS-CoV-2 infection are 
currently unknown for canines. Mink, cats, and Felids are currently the 
only animals other than humans to routinely develop life threatening 
disease due to SARS-CoV-2 infection (Eckstrand et al., 2021; Kim et al., 
2020; Shi et al., 2020). There have been multiple countries including 
Denmark, the Netherlands, and the USA that have reported clinical 
disease cases in farmed mink infected with SARS-CoV-2 (Boklund et al., 
2021; Eckstrand et al., 2021). Some farms have resorted to culling ani-
mals because of the zoonotic potential that exists. The U.S. Department 
of Agriculture permitted a campaign that has provided mink farms ac-
cess to this experimental vaccine to protect their farms from severe 
disease. Recently, there have been numerous felids that have died of 
COVID-19 in zoos in the United States and other countries (Giraldo-R-
amirez et al., 2021). This study conducted by Zoetis suggest that these 
vaccinated animals should also be protected from serious disease caused 
by the Delta variant. Although this study did not address other variants, 
preliminary results from this study testing suggested that it may provide 
protection against multiple SARS-CoV-2 variants. 
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