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25  ABSTRACT

26 The global pandemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
27  poses a significant threat to public health. Besides humans, SARS-CoV-2 can infect several
28 animal species. Highly sensitive and specific diagnostic reagents and assays are urgently
29  needed for rapid detection and implementation of strategies for prevention and control of the
30 infection in animals. In this study, we initially developed a panel of monoclonal antibodies
31  (mAbs) against SARS-CoV-2 nucleocapsid (N) protein. To detect SARS-CoV-2 antibodies in
32 a broad spectrum of animal species, a mAb-based bELISA was developed. Test validation
33 using a set of animal serum samples with known infection status obtained an optimal
34  percentage of inhibition (PI) cut-off value of 17.6% with diagnostic sensitivity of 97.8% and
35  diagnostic specificity of 98.9%. The assay demonstrates high repeatability as determined by a
36 low coefficient of variation (7.23%, 6.95%, and 5.15%) between-runs, within-run, and
37  within-plate, respectively. Testing of samples collected over time from experimentally
38 infected cats showed that the bELISA was able to detect seroconversion as early as 7 days
39  post-infection. Subsequently, the bELISA was applied for testing pet animals with COVID-
40  19-like symptoms and specific antibody responses were detected in two dogs. The panel of
41  mAbs generated in this study provides a valuable tool for SARS-CoV-2 diagnostics and
42 research. The mAb-based bELISA provides a serological test in aid of COVID-19
43 surveillance in animals.

44

45 IMPORTANCE

46 Antibody tests are commonly used as a diagnostic tool for detecting host immune
47  response following infection. Serology (antibody) tests complement nucleic acid assays by
48  providing a history of virus exposure, no matter symptoms developed from infection or the
49  infection was asymptomatic. Serology tests for COVID-19 are in high demand, especially
50 when the vaccines become available. They are important to determine the prevalence of the
51  viral infection in a population and identify individuals who have been infected or vaccinated.
52 ELISA is a simple and practically reliable serological test, which allows high-throughput
53 implementation in surveillance studies. Several COVID-19 ELISA kits are available.
54  However, they are mostly designed for human samples and species-specific secondary
55 antibody is required for indirect ELISA format. This paper describes the development of an
56  all species applicable monoclonal antibody (mAb)-based blocking ELISA to facilitate the
57  detection and surveillance of COVID-19 in animals.

58
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INTRODUCTION

The causative agent of Coronavirus Disease 2019 (COVID-19), severe acute respiratory
syndrome-related coronavirus 2 (SARS-CoV-2) is a new member of the family coronaviridae
within the order Nidovirales (1). Nidoviruses are a group of positive-stranded RNA viruses,
which replicate through a nested 3’-co-terminal set of subgenomic mRNAs, each possessing
a common leader and a poly-A tail (2). The coronaviruses have an intriguing distant
evolutionary relationship to other members of the order Nidovirales, but possess unique
characteristics among currently known +RNA viruses. The coronavirus virion has a
characteristic crown-like appearance with spike (S), membrane (M) and envelope (E) proteins
inserted into the phospholipid-bilayered envelope. Inside the lipid bilayers, the RNA genome
is packaged with a nucleocapsid (N) composed of N proteins. The replicase-associated genes,
ORFla and ORF1b, situated at the 5’-end of the viral genome. They encode two large
polyproteins, ppla and pplab, which are cleaved by viral encoded proteases to generate 16
known functional nonstructural proteins (nsp 1-16). The 3’-end of the viral genome encodes
four major structural proteins: S, M, E and N proteins, and several other minor structural and
accessory proteins (3). Host antibody responses induced by SARS-CoV-2 infection are
mainly directed against S and N proteins (4).

SARS-CoV-2 has a broad host range (5). Besides humans, SARS-CoV-2 has been
reported to infect multiple animal species, including cat (6), tiger (7), lion (7), snow leopard
(8), deer (9), mink (10), dog (11, 12), etc. These findings cause great concerns on the
potential for human to animal and animal to human transmission, along with the appearance
of viral mutations as the virus spillover between species. Highly sensitive and specific
diagnostic reagents and assays are urgently needed for rapid detection and implementation of
control and prevention strategies.

Current diagnostic assays for SARS-CoV-2 detection mainly target viral nucleic acids or
host antibodies against the viral infection. Nucleic acid tests detect active virus replication
and shedding, while antibody tests reveal the previous exposure to the virus (13, 14). The fact
that SARS-CoV-2 is capable of infecting a diverse range of animal species causes challenges
for antibody test development, as certain reagents such as species-specific secondary
antibodies are not commercially available for most animal species. Neutralization tests are an
option to screen all animal species for SARS-CoV-2 neutralizing antibodies. However, it has
limitations for large-scale field surveillance (15, 16). In contrast to the traditional indirect
Enzyme-Linked Immunosorbent Assay (iIELISA), monoclonal antibody (mAb)-based
blocking ELISA (bELISA) is capable of detecting host antibodies independent of species-
specific secondary antibody reagents (17). The bELISA was reported to be able to provide
similar level of sensitivity as traditional indirect ELISAs, but with higher level of specificity
(18). In this study, a panel of mAbs against SARS-CoV-2 N protein was generated, and a
mAb #127-3-based bELISA was developed. Subsequently, the bELISA was applied to detect
seroconversion in an experimental cat infection study (19) and diagnosis of SARS-CoV-2
specific antibody response in dogs from a pet animal clinic.
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RESULTS

Generation and characterization of mAbs against SARS-CoV-2 N protein. To
produce N antigen for mice immunization, synthetic gene of SARS-CoV-2 Wuhan-hu-1
strain was cloned and expressed as a His-tagged recombinant protein. On SDS-PAGE
analysis, the purified N protein showed a single band with predicted molecular mass around
47.4 kDa (Figure 1A). The identity of the recombinant N protein was further confirmed on
western blot using anti-His-tag antibody (Figure 1A).

To generate the SARS-CoV-2 specific mAbs, mice were immunized with N antigen.
After the fusion of mice splenocytes with myeloma cells, supernatants from the resulting
hybridoma cells were screened by IFA using transfected MARC-145 cells expressing N
protein. A total of 4 mAbs (clone #41-10, 86-12, 109-33, 127-3) were obtained. One
additional mAb B6G11 previously developed in Diel’s lab (20) was included in the analysis.
IFA result showed that all 5 mAbs recognized N proteins expressed in MARC-145 cells
(Figure 1B). Using the cell lysate of transfected 293T cells that express N protein, this panel
of mAbs was determined to be able to detect the N protein by western blot and
immunoprecipitation (IP) (Figure 1C). To further determine if this panel of mAbs recognizes
the N protein in virus-infected cells, Vero cells infected with SARS-CoV-2 variants,
including B.1, WA1, P.1, B.1.1.7, and B.1.617.2, were subjected to IFA. The results showed
that this panel of mAbs had different levels of reactivity with each of the variant, of which the
mADb #127-3 and B61G11 had strong reactivity, #41-10 and #86-12 had moderate reactivity,
while #109-33 had weak reactivity (Table 1).

The mAD cross-reactivity with other common coronaviruses was further evaluated. We
tested N proteins of common coronaviruses from SARS-CoV-2 susceptible host species,
including the four human coronaviruses, two feline coronaviruses, two canine coronaviruses,
mink and ferret coronaviruses (Table 2). Flag-tagged N proteins from each of these viruses
were expressed in transfected cells. IFA results showed that mAb #86-12 can cross-react with
the N protein of SARS-CoV, HCoV-0C43, and CCoV-Type 1, while mAb #B61G11 can
cross-react with the N protein of SARS-CoV. In contrast, mAb #41-10, #109-33, and #127-3
did not cross-react with any of the N proteins from corresponding coronaviruses.

Development and validation of #127-3 mAb-based bELISA. In order to detect anti-N
antibody response in multiple animal species (independent of species-specific reagents), we
further developed a mAb-based bELISA. Since mAb #127-3 had strong reactivity with
different SARS-CoV-2 variants, and this mAb did not cross react with the other common
coronaviruses and SARS-CoV-1, mAb #127-3 was selected for the assay development.

Establishment of serum standards. Initially, a set of internal control serum standards
were established using cat sera collected from our previous study (19). A group of 24 cats
were experimentally infected with SARS-CoV-2 virus (D614G, Delta, and Omicron). Serum
samples collected from the cats at 14 days post infection were pooled into a single lot of
positive control serum. Similarly, large quantities of the known negative cat sera was pooled
into a single lot of negative control serum. The positive control standards were set as three
levels in the indirect ELISA, including high-positive (OD of 1.5-2.0), medium-positive (OD
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144 of 1.0-1.5), and low-positive (OD of 0.8-1.0), while the negative control standard generated
145  an OD of less than 0.3 in the indirect ELISA (Figure 2A). Using the positive and negative

146  control standards, bELISA conditions were optimized by checkerboard titration of the antigen
147 (N protein), biotinylated mAb #127-3, HRP-conjugated streptavidin, blocking and sample

148  buffer component, incubation temperature and time, etc. With the optimized test conditions,
149  the bELISA generated percentage of inhibition (PI) value 75-85% for high-positive standard,
150  55-65% for medium-positive standard, 35-45% for low-positive standard, and approximate
151 0% for negative control standard (Figure 2B).

152 Analytical sensitivity of bELISA. Analytical sensitivity of the bELISA was determined by
153 using the high-positive and negative control standards. Standard sera were titrated with two-
154  fold serial dilutions in triplicate. As shown in Figure 3, a dilution of 1:128 was the highest
155  dilution that generates a statistical difference (p < 0.01) between the positive and negative
156  control standards. A 1:4 dilution of the sample was selected for the bELISA, as it maximized
157  the discrimination between positive and negative results and minimized background

158  interference.

159 Diagnostic sensitivity and specificity of bELISA. To evaluate the diagnostic sensitivity
160  and specificity of the mAb-based bELISA, a panel of serum samples with known antibody
161  status was tested, including 45 positives and 88 negatives collected from cat, ferret, mink, and
162  deer. Before testing in bELISA, all serum samples were analyzed by serum neutralization
163  assay to confirm the antibody status. The bELISA result showed that a cut-off PI value of
164  17.60% produced a maximized diagnostic sensitivity of 97.8% (95% confidence interval:

165  88.2-99.9%) and diagnostic specificity of 98.9% (95% confidence interval: 93.8-100%)

166  (Figure 4A). Subsequently, a single-graph ROC analysis was conducted by comparing false-
167  positives (1 — diagnostic specificity) and true-positives (diagnostic sensitivity). The area

168  under the curve (AUC) represents the overall accuracy of the test. An AUC of 1 indicates a
169  perfect test, and above 0.9 indicates high accuracy. The AUC of #127-3 mAb-based bELISA
170 was 0.998 (p < 0.001) with a 95% confidence interval of 97%—100%, demonstrating the high
171  accuracy of the assay (Figure 4B).

172 Repeatability of bELISA. Repeatability determines the ability of an assay to produce

173 similar results from multiple preparations and runs of a same sample. In this study,

174  repeatability of #127-3 mAb-based bELISA was assessed by running a single lot of medium-
175  positive control serum standard. The percentage of coefficient of variation (% CV) was

176  calculated to measure the repeatability. The results showed that within plate % CV was

177  5.15% (mean value of 55.37% =+ standard deviation of 2.84%), between-plate % CV within
178  one run was 6.95% (mean value of 55.37% + standard deviation of 3.85), while the between
179 runs % CV was 7.23% (mean value of 55.37% =+ standard deviation of 4%). The values of %
180  CV below 10% indicate that the #127-3 mAb-based bELISA is highly repeatable (18, 21).

181 Detection of seroconversions in SARS-CoV-2 infected cats. Next, we applied the
182  bELISA to investigate the dynamics of anti-N antibody response in SARS-CoV-2 infected
183  cats. Serum samples were collected from our previous study (19), in which 3 groups of cats
184  (n = 8) were experimentally inoculated with each of the SARS-CoV-2 variants (B.1, Delta,
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185  Omicron). Serum samples were collected at 0, 3, 5, 7 and 14 days post infection. This set of
186  samples was tested by bELISA and results showed that anti-N antibody response was

187  detected as early as 7 dpi for B.1 and Delta variants, then dramatically increased to a high
188  level (PI1=47.03% for B.1, PI = 71.42% for Delta variant) at 14 dpi (Figure 5A). Omicron
189  variant-induced antibody response (PI = 27.87%) was detected at a late time point (14 dpi).
190  Overall, Delta variant induced the highest antibody response compared to B.1 and Omicron
191  variants. This result is consistent with that of virus neutralization assay. The same trend of
192  dynamics was also observed for serum neutralizing acitivities against the live virus of Delta
193  variant (B.1.617.2) using the same set of serum samples (Figure 5B).

194 Application of bELISA in pet animals with clinical diseases. We further applied the
195  bELISA for detection of SARS-CoV-2 infection in pet animals. Serum samples were

196  collected from three dogs in a pet clinic. These dogs were experiencing clinical signs of

197  respiratory diseases. The bELISA result showed that two dogs (Dog-1 and Dog-2) were

198  positive for SARS-CoV-2 antibodies with PI values of 18.66% and 46.33% respectively,

199  while the third dog was negative for specific anti-N antibody with a PI value of 2.54%

200  (Figure 6A). The result was further confirmed by serum neutralizing test at USDA NVSL
201  laboratory. The result showed neutralizing titers of 92.86%, 37.04%, and 5.69% for dog 1, 2,
202 3, respectively (Figure 6A). Dog-2 exhibited long-term illness, and returned back to the pet
203 clinic periodically. Serum samples were collected from this dog during each examination in
204  the clinic from February to August, 2022. The bELISA detected the increased antibody titer
205 in 15 days (February 22™ 2022; PI = 77.54%) after the first examination (February 7™ 2022;
206  PI=46.33%). The titer was decreased at the third examination (March 10", 2022; PI =

207  48.45%). At the fourth examination (August 2 2022), 176 days from the first examination,
208  lower level of antibody titer (P1 =31.15%) was still detected (Figure 6B).

209
210  DISCUSSION

211 The COVID-19 pandemic has emphasized the critical role of effective diagnostics in the
212 response to outbreaks. Diagnostic tools for active surveillance and monitoring of SARS-CoV-
213 2 are essential for the successful control of the pandemic. Reverse zoonotic transmission of
214  this virus from animals to humans has also been reported, which highlights the need for

215  accurate diagnostic tools to be used at the human-animal interface (22-24). Sera-based

216  diagnostics applicable for large-scale field surveillance in all animal species becomes

217  important to understand mechanism of zoonotic transmission. MAbs are key reagents for

218  detection of viral infections and study the viral pathogenesis. Therefore, the goal of this study
219  was to produce a panel of mAbs against SARS-CoV-2 N protein and develop a mAb-based
220  bELISA for sera-surveillance in an animal species-independent manner.

221 Utilizing hybridoma technology, a panel of mAbs recognizing different epitopes of
222 SARS-CoV-2 N protein was generated. It allows us to select the suitable mAb for bELISA
223 development. The mAb #127-3 was characterized to have strong reactivity in cells infected
224 by different SARS-CoV-2 variants. It did not cross-react with the N protein of other

225  human/animal coronaviruses that we tested, which contributes to the high specificity of the
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mAb-based bELISA developed thereafter. Due to the unique design of bELISA, high
specificity is expected as reported previously for assays targeting African swine fever virus
(21) and porcine reproductive and respiratory syndrome virus (18). Our mAb-based bELISA
achieved high sensitivity (97.8%) and specificity (98.9%), which is comparable to the current
commercially available serological tests. The Abbott assay (SARS-CoV-2 IgG assay, Abbott,
Chicago, IL, US) was reported to reach 92.7% sensitivity and 99.9% specificity, the DiaSorin
assay (LIAISON SARS-CoV-2 S1/82 IgG, DiaSorin, Saluggia, Italy) has 96.2% sensitivity
and 98.9% specificity, and the Roche assay (Elecsys Anti-SARS-CoV-2 assay, Roche, Basel,
Switzerland) has 97.2% sensitivity and 99.8% specificity in human serum samples (25).
Similarly, the SARS-CoV-2 surrogate neutralization test achieves 96% sensitivity and
99.93% specificity (26). Much higher sensitivity can be achieved in symptomatic individuals
and those in the late phase of infection due to robust production of antibody responses (27).

Current available serological assays for SARS-CoV-2, include ELISAs, are targeting
host antibody response against N or S protein, and most of them are specifically designed for
human samples. For example, the Abbott and Roche assays target N protein, while the
DiaSorin assay targets S protein. They all primarily are designed for testing human samples
and require species-specific secondary antibodies for testing the samples from a specific
animal species (25). Notably, the surrogate neutralization test adapted the ELISA format to
block bindings between coating ACE2 receptor and HRP conjugated Spike/RBD proteins,
which is a cell- and virus-free assay and capable of screening serum samples from all host
species (16). However, measuring neutralizing antibodies has to accommodate different
variants, since frequent mutations in S protein leads to potential mis-binding of ACE2 and S
protein. The mAb-based bELISA developed in this study targets N protein, which is highly
conserved across different variants of SARS-CoV-2, thus has less probability to be affected
by emerging variants. In addition, due to the abundant presence of N protein, immunoassays
targeting N protein are more sensitive than that targeting S protein, especially during the early
infection stage (28-31). Previous studies showed that serum SARS-CoV-2 N protein could be
a diagnostic marker for detection of early infections (32-34). In the case of SARS
coronavirus, N protein could be detected in serum samples from 95% SARS patients at just 3
days after symptom onset (35). Consistently, our bELISA was able to detect antibodies
against B.1 and Delta variants in cats at 7 days post infection. Furthermore, in combination
with an S protein-based test, the N protein-based bELISA is capable of differentiating
between infected and vaccinated animals when an S protein-based COVID-19 vaccine is
used.

We further applied the bELISA to diagnose pet animals with clinical illness. Two dogs
were tested positive on the bELISA and results were further confirmed by virus neutralizing
assays. Oropharyngeal samples were further collected from both dogs and quantitative RT-
PCR was conducted by the USDA NVSL laboratory. The result showed that CT value of
Dog-1 was 37.66 with N1 primer set and negative with N2 primer set, while CT value of
Dog-2 was 31.32 with N1 primer set and 33.99 with N2 primer set for SARS-CoV-2 nucleic
acid detection. These results fall into “suspect” category according to CDC guidelines (36).
The owner of Dog-1 was diagnosed as COVID-19 positive in January 2022, suggesting that
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268  the dog might have been exposed to the SARS-CoV-2 from the owner and subsequently

269  developed the specific antibody response. The samples that we tested were collected in early
270  February 2022, which might have been about 2-3 weeks after potential exposure to the virus.
271 At this stage, the animal should have already passed the peak time for shedding the virus and
272 developed specific immune response against the viral infection (37). This could explain our
273  observation of a “suspect” level of nucleic acid detected in RT-PCR test, but high level of
274  antibody detected in bELISA and virus neutralizing test. Interestingly, antibody response in
275  Dog-2 lasted for about 6 months. This result is consistent with previous findings in humans,
276  in which a longitudinal analysis of antibody dynamics in COVID-19 convalescents

277  demonstrated that both neutralizing and non-neutralizing antibodies can still be detected over
278 8 months post-symptom onset, although the titer was substantially decreased (38-40).

279 In summary, the panel of mAbs generated in this study provides valuable reagents for
280  disease diagnostics and viral pathogenesis studies. The mAb-based bELISA could be a useful
281  tool for field surveillance to determine the prevalence of COVID-19 in animal populations
282 and identify potential new animal reservoirs.

283
284  MATERIALS AND METHODS

285 Cells, viruses, and viral genes. Vero-E6 and MARC-145 cells were maintained in

286  minimum essential medium (Thermo Fisher Scientific, Waltham, MA) supplemented with
287  10% heat-inactivated fetal bovine serum (Sigma-Aldrich, Burlington, MA) and antibiotics
288 (100 pg/mL streptomycin, 100 U/mL penicillin, and 0.25 pg/mL fungizone) at 37°C with 5%
289  COo.

290 The SARS-CoV-2 isolates used in this study were obtained from residual de-identified
291  human anterior nares or nasopharyngeal secretions (Institutional review board [IRB] at

292 Cayuga Health System [protocol 0420EP] and Cornell University [protocol 2101010049]).
293  The SARS-CoV-2 D614G (B.1 lineage) New York-Ithaca 67-20 (NY167-20), Alpha (B.1.1.7)
294  New York City 853-21 (NYC853-21), and Delta (B.1.617.2 lineage) NYI31-21 isolates, were
295  propagated in Vero E6/TMPRSS2 cells, whereas the Omicron BA.1.1 (B.1.1.529) NYI145-21
296  isolate was propagated in Vero E6 cells in BSL3 laboratory conditions at the Animal Health
297  Diagnostic Center (AHDC) Research Suite at Cornell University. The SARS-CoV-2 full-

298  length N gene of Wuhan-hu-1 isolate (GenBank # NC 045512.2) was synthesized (GenScript,
299  Piscataway, NJ) and cloned in the pET-28a (+) vector (Novagen, Madison, WI) or pCAGGS
300 vector (provided by Dr. Adolfo Garcia-Sastre at the Icahn School of Medicine at Mount Sinai
301  in New York City) (41). In addition, N genes of common coronaviruses that infect SARS-

302  CoV-2 susceptible animal hosts were synthesized. Each synthetic gene was fused with a Flag
303 tag (DYKDDDDK) at its C terminus and cloned into a plasmid vector pTwist-CMV-

304 BetaGlobin (Twist Bioscience, San Francisco, CA). The synthesized genes were derived from
305  human coronavirus OC43 (HCoV-OC43; GenBank ID, AY585228.1), human coronavirus
306 NL63 (HCoV-NL63; GenBank ID, AY567487.2), human coronavirus 229E (HCoV-229E;
307  GenBank ID, NC 002645.1), human coronavirus HKU1 (HCoV-HKU1; GenBank ID,

308 NC _006577.2), severe acute respiratory syndrome coronavirus (SARS-CoV; GenBank ID,
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309 AY278741.1), middle east respiratory syndrome coronavirus (MERS-CoV; GenBank ID,
310 NC 019843.3), feline infectious peritonitis virus (FIPV; GenBank ID, AY994055.1), feline
311 coronavirus (FCoV; GenBank ID, EU186072.1), canine coronavirus type I (CCoV-type I;
312 GenBank ID, KP849472.1), canine coronavirus type II (CCoV-type II; GenBank ID,

313 KC175340.1), ferret systemic coronavirus (FRSCV; GenBank ID, GU338456.1), and mink
314  coronavirus (MCoV; GenBank 1D, HM245925.1).

315 Recombinant protein preparation. Recombinant N protein of SARS-CoV-2 was

316  expressed in BL21 E.coli as a polyhistidine (6x His-tagged) fused protein. The antigen was
317  produced and purified by following a method described in our previous study (18). Purified
318  proteins were dialyzed using 1x phosphate-buffered saline (PBS) solution under 4°C for three
319  times and then concentrated by polyethylene glycol 8000 (Thermo Fisher Scientific,

320 Waltham, MA).

321 Monoclonal antibody (mAb) production. BALB/c mice were immunized with

322  recombinant N protein at a dose of 50-100 pg per mouse and further boosted 2-3 times at an
323  interval of two to three weeks. At three days after the final boost, mice splenocytes were

324  collected and fused with NS-1 myeloma cells to generate hybridoma cells. Specific anti-N
325 antibody-secreting hybridomas were screened by using immunofluorescent assays (see

326  below). Selected hybridomas were expanded in large tissue culture flask. Cell culture

327  supernatants containing specific anti-N mAb were harvested and concentrated using Pierce™
328  Saturated Ammonium Sulfate Solution (Thermo Fisher Scientific, Waltham, MA).

329 Biotinylation of the mAb was performed using a Biotin Conjugation Kit by following the
330 manufacturer’s instruction (Abcam, Cambridge, MA). The SARS-CoV-2 N-specific mAb
331  B6GI11 was previously developed in Diel lab (20).

332 Immunofluorescent assay (IFA). For screening hybridomas and performing antibody
333 cross-reactivity test with other coronaviruses, MARC-145 cells were seeded in 96-well cell
334  culture plates and transfected with plasmid DNA expressing N protein of the corresponding
335  coronavirus. Transfection was performed using TransIT®-LT1 Transfection Reagent (Mirus
336  Bio, Madison, WI). At 48 hours post transfection, cells were fixed with 80% acetone (Thermo
337  Fisher Scientific, Waltham, MA) for 10 min at room temperature. Cell monolayers were

338  incubated with the primary mAb at 37°C for 1 hour, followed by incubation with the

339  secondary antibody, Alexa Fluor 488 AffiniPure goat anti-mouse IgG (H+L) (Jackson

340  Immuno Research, West Grove, PA). Immunofluorescent signals were visualized with an

341  inverted immunofluorescent microscope (LMI6000, LAXCO, Mill Creek, WA). To confirm
342  the reactivity and specificity of the anti-N mAb, Vero E6 Cells were infected with different
343  SARS-CoV-2 variants. At 24 hours post infection, cells were fixed with 3.7% formaldehyde
344  solution in PBS for 30 min followed by permeabilization with 0.1% Triton-X-100 in PBS for
345 10 min at room temperature. After 3 consecutive washing steps with PBS, anti-SARS-CoV-2
346 mAbs diluted in blocking solution (1% BSA in PBS) were added to the cells and incubated
347  for 1 hour at 37 °C in a humidified chamber. Cells were washed again and incubated under
348  the same conditions with goat anti-mouse IgG AlexaFluor 594. Cell nuclei were stained with
349  DAPI and image acquisition was performed with an inverted immunofluorescent microscope.


https://doi.org/10.1101/2023.03.11.532204

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.11.532204; this version posted March 13, 2023. The copyright holder for this preprint

350
351
352
353
354
355
356
357

358
359
360
361
362
363

364
365
366
367
368
369
370
371
372

373
374
375
376
377
378
379
380
381
382
383
384
385
386

387
388
389
390

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Western blot. MARC-145 cells were transfected with plasmid DNA of pCAGGS-N that
contains SARS-CoV-2 full-length N gene. At 48 hours post transfection, cells were harvested
with Pierce™ IP Lysis Buffer (Thermo Fisher Scientific, Waltham, MA) containing Protease
Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO). Western blot analysis was performed
using the method as we described previously (21). The membrane was probed with specific
anti-N mAb as the primary antibody and detected by IRDye 800CW goat anti-mouse IgG
(H+L) (Li-Cor Biosciences, Lincoln, NE) as the secondary antibody. Protein blots were
imaged using an Odyssey Fc imaging system (Li-Cor Biosciences, Lincoln, NE).

Immunoprecipitation. MARC-145 cells transfected with the recombinant pPCAGGS-N
plasmid were lysed in Pierce™ IP Lysis Buffer (Thermo Fisher Scientific, Waltham, MA),
and then mixed with each of the purified anti-N mAbs. Immune-complexes were precipitated
by Protein A/G magnetic beads (Thermo Fisher Scientific, Waltham, MA). Precipitated
proteins were separated by SDS-PAGE and analyzed by Western blot as described previously
(42).

Serum neutralization test. Serum neutralization (SN) assay was performed under BSL-3
laboratory conditions at Cornell University. Two-fold serial dilutions (1:8 to 1:1024) of cat
serum samples were incubated with SARS-CoV-2 Delta variant (B.1.617.2) (100-200
TCID50/well) for 1 hour at 37°C. Following incubation of serum and virus, 50 pL of a cell
suspension of Vero E6 cells was added to each well of a 96-well plate and incubated for 48
hours at 37°C with 5% CO,. Cells were fixed and subjected to IFA as previously described
previously (19). The neutralizing antibody titer was calculated as the reciprocal of the highest
serum dilution that generated 100% neutralization of SARS-CoV-2 infection. Samples with
antibody titer less than 1:8 were considered as negative.

The surrogate virus neutralization test (SVNT) was performed at USDA National
Veterinary Services Laboratory (NVSL) at Ames, lowa. A cPass™ SARS-CoV-2
Neutralization Antibody Detection Kit (GenScript, Piscataway, NJ) was used and the test was
performed following the instructions of the manufacture. Briefly, 10 pL of serum sample was
diluted with 90 pL of sample dilution buffer, followed by taking 60 uL of diluted sample to
react with 60 uLL HRP-conjugated RBD solution. The mixture of sample and HRP-RBD was
incubated at 37°C for 30 minutes. The incubated mixture (100 uL) was added to the plate
wells that were pre-coated with hACE2 antigen and then incubate at 37°C for 15 minutes.
Wells were washed for three times, followed by addition of 100 uL. TMB Solution to each
well and incubation in dark at room temperature for 15 minutes. Finally, 50 uL of Stop
Solution was added to each well and plate was read at 450 nm using a spectrophotometer.
The percent signal inhibition for detecting neutralizing antibodies were calculated and the
sample was determined as neutralizing antibody positive if the percent signal inhibition was
more than 30%.

Sample sources. The control serum standards used for ELISAs were created using serum
samples collected from our previous cat experiment (19). The positive control serum was
collected from cats that were experimentally inoculated with SARS-CoV-2 D614G (B.1),
Delta (B.1.617.2), or Omicron (B.1.1.529) variant at 14 days post infection (dpi), while the
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negative control serum was collected from negative control cats. Large quantities of positive
sera were pooled into a single lot of positive control serum, and large quantities of the
negative sera were pooled into a single lot of negative control serum. The high-, medium-,
and low-positive control serum standards were created by spiking the positive control serum
into the negative control serum to generate the desired antibody titers in the ELISAs.

For assay validation, four sets of animal serum samples with known infection status were
used. The first set contained 17 positive and 43 negative serum samples collected from cats
infected with SARS-CoV-2 D614G (B.1), Delta (B.1.617.2), or Omicron (B.1.1.529) strain in
study described previously (19). The second set contained 10 positive and 37 negative serum
samples collected from SARS-CoV-2 isolate NY167-20 (B.1 lineage) infected ferrets (43).
The third set contained 5 positive and 8 negative serum samples collected from SARS-CoV-2
(lineage B) infected deer (44). The fourth set included 13 positive mink serum samples. The
antibody status of all the serum samples used for bELISA validation was confirmed by serum
neutralizing assay as described above.

The capability of the bELISA to detect the seroconversion was evaluated using samples
collected from a cat experiment that we reported previously (19). Serum samples were
collected at 0, 3, 5, 7, 14 days post infection (dpi).

To apply the bELISA in the diagnosis of clinical animals, serum and oropharyngeal
samples were collected from 3 dogs at a pet clinic in Illinois. Dog-1 was a 6-year-old, male
neutered, Samoyed. At the time (Feb 7, 2022) that samples were collected for SARS-CoV-2
tests, the dog had clinical signs of coughing and sneezing for about three weeks and was
tested positive for Mycoplasma. Dog-2 was a 5.5-month-old, male, Great Dane mix. The dog
started showing clinical signs of coughing, vomiting, decreased appetite, and extreme
lethargy in late January of 2022. Samples from Dog-2 were collected on February 7™ for
testing. Dog-3 was 14-year-old, female sprayed, mixed breed dog, displaying coughing and
sneezing on March 3, 2022. She also had a history of airway disease. Samples were collected
on March 10, 2022.

Procedure for blocking ELISA and indirect ELISA. Both ELISAs were performed
using our previously described methods with modifications (21, 45). The bELISA could
detect antibodies from multiple animal species by allowing sample antibody binding to the
coated antigen on the ELISA plate first, followed by adding biotin-conjugated mAb. If
presence of anti-N antibodies in the animal serum, they will bind to the N antigen and block
the binding of biotinylated anti-N mAb to the N antigen. The mAb will be washed away and
no color signal will be developed in the subsequent steps. If there is no anti-N antibodies
present in the animal serum, the biotinylated anti-N mAb will bind to the N antigen, then the
HRP-conjugated streptavidin will be added and bind to the biotin that conjugated to mAb.
HRP substrate will be added to develop the color signal. Thus, the amount of anti-N
antibodies in the testing sample is inversely proportional to the level of color signal. To
conduct the bELISA test, initially, the odd number columns in Immulon 2HB plate (Thermo
Fisher Scientific, Waltham, MA, USA) were coated with recombinant N protein (175ng)
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diluted in antigen coating buffer (ACB; 35 mM sodium bicarbonate and 15 mM sodium
carbonate, PH 8.8). The even number columns in the plate were added with ACB only as the
background control. The plate was incubated at 37°C for 1 hour and then 4°C overnight. After
blocking with 2% bovine serum albumin (BSA; Thermo Fisher Scientific, Waltham, MA,
USA) in PBST (0.05% Tween 20 in 1x phosphate-buffered saline) at 37°C for 1 hour, the
plate was washed three times by PBST using the automated microplate washer (BioTek,
Winooski, VT). The test serum samples were diluted 1:4 with 2% BSA and added into both
coated and uncoated wells. The internal control standards (100 ul; high-, medium-, low-
positive, and negative) were added in duplicates. After incubation for 1 hour at 37°C, 100 pL
of biotinylated mAb (clone #127-3) was added and incubated at 37°C for another 30 min. The
plate was washed for three times and incubated with 100 uL of streptavidin poly-HRP
(1:2000 dilution; Thermo Fisher Scientific, Waltham, MA) at room temperature for 1 hour.
After wash with PBST, 100 uL of ABTS peroxidase substrate (KPL, Gaithersburg, MD) was
added for color development. The colorimetric reaction was stopped by equal volume of
ABTS stop solution (KPL, Gaithersburg, MA) in 5 min and color intensity was quantified at
405 nm using a SpectraMax® iD5 microplate reader (Molecular Devices, San Jose, CA). The
percentage of inhibition was calculated using the following formula:

A405 of sample — A405 of ACB
- p ) £ 100

A405 of negative control)

Percent Inhibition (PT) = (1

For indirect ELISA, the plate was coated using the same method as that of bELISA. After
blocking with 5% non-fat milk in PBST, serum samples (1:400 dilution in 5% non-fat milk)
and internal control standards were loaded on the plate and incubated at 37°C for 1 hour. The
plate was washed for three times and then added 100 uL of HRP-conjugated goat anti-feline
IgG (H+L) secondary antibody (1:5000 dilution; Thermo Fisher Scientific, Waltham, MA) for
incubation another hour at 37°C. After washing of the plate, colorimetric reaction was
developed by adding ABTS peroxidase substrate and stopped by ABTS stop solution. Color
development was quantified using the SpectraMax® iD5 microplate reader (Molecular
Devices, San Jose, CA).

Validation of N protein-based blocking ELISA. For analytical sensitivity analysis of
the bELISA, two-fold serial dilutions of the high-positive and negative serum standards were
tested in triplicate and differences between different dilutions of the control serum were
evaluated by one-way analysis of variance (ANOVA) using Prism software version 6
(GraphPad Software, San Diego, California). A p-value of less than 0.01 (**) was considered
as statistically significant.

To determine the optimal diagnostic sensitivity and specificity, the four sets of known-
status animals serum samples mentioned above were subject to bELISA test. Calculations of
the assay performance were conducted using MedCalc®, version 10.4.0.0 (MedCalc®
Software, Mariarke, Belgium). The cutoff of bELISA was defined as the PI value that was
able to produce the maximized diagnostic sensitivity and specificity. In addition, Receiver
operating characteristic (ROC) analysis was performed using the same software to assess the
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473  overall accuracy of the assay.

474 The assay repeatability was determined by running repeated samples of the medium-

475  positive control. Assay precisions were calculated as 40 replicates in one plate for within-

476  plate level, 3 plates in one run for between-plate level, and 3 consecutive runs for between-
477  run level. Means, standard deviations, and percent coefficient of variation (%CV) values were
478  calculated using Control Chart Pro Plus software (ChemSW, Inc., Fairfield Bay, AR, USA).
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485

486  Tablel. Reactivity of mAbs with different SARS-CoV-2 variants

mAD clone# B.1 WAI1 P.1 B.1.1.7 B.1.617.2
41-10 ++ ++ ++ ++ ++
86-12 ++ SF A=r ++ ++
109-33 + + + + +
127-3 +++ +++ A= +++ +++
B6G11 +++ +++ +++ +++ +++
487 “+” weak reactivity, “++” moderate reactivity, “+++” strong reactivity.

488
489  Table 2. Cross-reactivity of mAbs with other coronaviruses

CCoV CCoV

mAb SARS- MERS- HCoV HCoV HCoV HCoV FCoV FIPV - type - type Ferret Mink
clone # CoV CoV 0C43 NL63 229E HKU1 1 T CoV CoV
86-12 + - - + - - - = + - = =
127-3 - - - - - - - - - - - -
41-10 - - - - - - - - - - - -
109-33 - - - - - - - - - - - -
B6G11 + - - - - - - - - - - -
490
491
492
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FIGURE LEGEND

Figure 1. SARS-CoV-2 N antigen preparation and mAb characterization. (A)
Recombinant N antigen expression and detection. Left panel, SDS-PAGE gel electrophoresis
of recombinant N protein, followed by Coomassie blue staining; right panel, Western blot
detection of His-tagged N protein. The membrane was stained with anti-His tag antibody. (B)
IFA detection of the N protein expressed in transfected MARC-145 cells. Fixed cells were
stained by the corresponding mAb and FITC-conjugated goat anti-mouse [gG was used as the
secondary antibody. Nuclei were counterstained with DAPI (blue). (C) MAb reactivity tested
on Western blot and immunoprecipitation (IP). Lysates from transfected 293T cells
expressing the N protein were harvested and utilized for WB and IP analysis.

Figure 2. Establish positive and negative control standards. A set of internal control
serum standards was prepared using experimental cat serum and assayed by indirect ELISA
(A) and blocking ELISA (B). X-axis represents the positive and negative controls. Y-axis
shows the ODygs for indirect ELISA and PI for bELISA. Each control standard was
highlighted in different colors and mean value was displayed on top of each column.

Figure 3. Analytical sensitivity of bELISA. Two-fold serial dilutions of the high-positive
and negative cat serum control standards were run in parallel. Each dilution was tested in
duplicates. OD values (A) or percentage of inhibition (PI) values (B) were calculated and
displayed in Y-axis. Differences under each dilution were analyzed by one-way analysis of
variance (ANOVA) using GraphPad Prism 6 software (GraphPad, La Jolla, CA). P-values
were indicated by asterisks. ** P <0.01, *** P <0.001.

Figure 4. Determination of diagnostic sensitivity and specificity. Receiver operating
characteristic (ROC) analysis (A) and the interactive plot of diagnostic sensitivity and
specificity (B) were calculated using 45 known-positive serum samples and 88 known-
negative serum samples collected from different animal species, including cat, ferret, mink,
and deer. A horizontal line between the positive and negative populations in panel A
represents the cutoff value that produces the optimal diagnostic sensitivity and specificity.
ROC analysis was conducted by using MedCalc software (version 10.4.0.0, MedCalc
Software, Mariarke, Belgium).

Figure 5. Dynamics of antibody response in cats infected by different SARS-CoV-2
variants. A total of 24 domestic cats were divided into four groups, in which each group was
inoculated with one of the SARS-CoV-2 variants (B.1, Delta, Omicron) and group four was
mock-inoculated with cell culture medium. Serum samples were collected before infection
and 3, 5, 7, 17 days post infection (DPI). (A) bELISA test to measure the antibody response
through the time course study. The dashed line represents the cutoff value (17.60%) of the
assay. (B) Serum neutralization assay. The assay was performed using SARS-CoV-2 Delta
variant (B.1.617.2). Neutralizing antibody titer was calculated as the reciprocal of the highest
serum dilution that generated 100% neutralization of SARS-CoV-2 infection. Statistical
differences between each group within each time point were calculated using one-way
analysis of variance (ANOVA). * P <0.05, ** P <0.01.
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Figure 6. Detection of SARS-CoV-2 specific antibody response in dogs with clinical
diseases. (A) Serum samples from three dogs were tested by bELISA and sVNT. bELISA
results were presented in blue bar, while sVNT results were presented in orange bar. X-axis
shows individual dogs and values for both assays were presented on top of column. (B)
Serum antibody titers in Dog 2 tested by bELISA through a time course study. Dashed lines
represent the cut-off values for bELISA (17.60%) and sVNT (30%).
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