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A B S T R A C T   

Feline coronaviruses (FCoV) are members of the alphacoronavirus genus that are further characterized by 
serotype (types I and II) based on the antigenicity of the spike (S) protein and by pathotype based on the 
associated clinical conditions. Feline enteric coronaviruses (FECV) are associated with the vast majority of in-
fections and are typically asymptomatic. Within individual animals, FECV can mutate and cause a severe and 
usually fatal disease called feline infectious peritonitis (FIP), the leading infectious cause of death in domestic cat 
populations. There are no approved antiviral drugs or recommended vaccines to treat or prevent FCoV infection. 
The plaque reduction neutralization test (PRNT) traditionally employed to assess immune responses and to 
screen therapeutic and vaccine candidates is time-consuming, low-throughput, and typically requires 2–3 days 
for the formation and manual counting of cytolytic plaques. Host cells are capable of carrying heavy viral burden 
in the absence of visible cytolytic effects, thereby reducing the sensitivity of the assay. In addition, operator-to- 
operator variation can generate uncertainty in the results and digital records are not automatically created. To 
address these challenges we developed a novel high-throughput viral microneutralization assay, with quantifi-
cation of virus-infected cells performed in a plate-based image cytometer. Host cell seeding density, microplate 
surface coating, virus concentration and incubation time, wash buffer and fluorescent labeling were optimized. 
Subsequently, this FCoV viral neutralization assay was used to explore immune correlates of protection using 
plasma from naturally FECV-infected cats. We demonstrate that the high-throughput viral neutralization assay 
using the Celigo Image Cytometer provides a robust and efficient method for the rapid screening of therapeutic 
antibodies, antiviral compounds, and vaccines. This method can be applied to various viral infectious diseases to 
accelerate vaccine and antiviral drug discovery and development.   

1. Introduction 

Feline coronaviruses (FCoV), present in most domestic cat pop-
ulations worldwide, are members of the alphacoronavirus genus that are 
further characterized by serotype (type I and II) based on the antige-
nicity of their spike (S) proteins (An et al., 2011; Kummrow et al., 2005; 
Li, 2016; Pratelli, 2008). More recently, designation as clade A or B 
based on the sequence and biological properties of S protein has been 
proposed and would correlate with FCoV type I and II viruses, respec-
tively (Whittaker et al., 2018). Viruses from both types and clades are 
additionally characterized by distinct pathotypes based on the associ-
ated clinical conditions. Feline enteric coronaviruses (FECV) are asso-
ciated with the vast majority of infections and are typically 
asymptomatic or present as a mild enteropathy. Within individual 

animals, FECV can mutate and cause a severe and usually fatal disease 
called feline infectious peritonitis (FIP). FIP is the leading infectious 
cause of death in domestic cats (Hartmann, 2005), affecting 7.8 to 12% 
of seropositive kittens every year (Addie et al., 2009; Rohrbach et al., 
2001). Currently, there are no approved antiviral drugs or recom-
mended vaccines to treat or prevent FCoV, although recent reports 
provide some promise (Addie et al., 2020; Dickinson et al., 2020; Ped-
ersen, 2014a, b; Pedersen et al., 2019; Takano et al., 2020). 

The complex and variable pathogenesis of FIP has been studied for 
decades. The clinical presentation, often vague, consists of fever, weight 
loss, and depression. Diagnosis can be difficult and is based on a pre-
ponderance of evidence as there is no single definitive ante mortem test 
(Felten and Hartmann, 2019). Histological lesions are characterized by 
granulomatous inflammation and vasculitis that may or may not result 
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in proteinaceous effusions in body cavities. Neurologic symptoms with 
associated inflammatory lesions in the central nervous system are also 
relatively common (Foley et al., 1998). The complexity of the virus itself 
along with the variability of the clinical manifestation has confounded 
efforts to determine immune correlates of protection that should be 
targeted with vaccine strategies. We recently reported that control of 
FECV replication in naturally infected cats was associated with mucosal 
and systemic antibody responses while cell-mediated responses were 
minimally apparent (Pearson et al., 2019). Therefore, assays to deter-
mine effector functions of antibodies will be crucial for the development 
and evaluation of a successful vaccine. 

Traditionally, plaque-reduction neutralization tests (PRNT) have 
been the preferred neutralization assays involving FCoV (Shiba et al., 
2007). In PRNT assays, plasma or serum is first mixed with infectious 
virus. After incubation, the mixture is added to susceptible host cells and 
incubated until cytopathic effects (CPE) appear. Subsequently, the host 
cells are fixed and stained with crystal violet to reveal the FCoV infected 
plaques. Previously, FCoV neutralizing antibodies have shown approx-
imately 75% or more plaque reduction (Shiba et al., 2007). The PRNT 
assay for FCoV is time-consuming, requiring up to 2–3 days for the 
formation of cytolytic plaques (Supplementary Fig. 1). Additionally, the 
host cells are capable of carrying heavy viral burden in the absence of 
visible cytolytic effects, making it extremely difficult to manually count 
accurately in bright field (Masci et al., 2019). Manual plaque counting is 
low-throughput and has operator-to-operator variation, and digital re-
cords are not always captured (Masci et al., 2019). Therefore, it is crucial 
to develop improved methods for high-throughput measurement of viral 
infection and neutralization. 

Recent advancements in image cytometry systems have enabled the 
development of novel high-throughput cell-based assays performed 
directly in standard 6- to 1536-well microplates (Jorquera et al., 2019; 
Masci et al., 2019; Shambaugh et al., 2017; Yang et al., 2017). The 
Celigo Image Cytometer has demonstrated automated enumeration of 
viral plaques, foci, and individual virus-infected cells in 96-well 
microplates using bright field or fluorescence imaging in less than 5 or 
10 min, respectively, which can significantly reduce the time required 
for counting and analysis as well as eliminate operator-to-operator 
variation (Ramos et al., 2019; Rosen et al., 2019; Viedma and Pickett, 
2018). Furthermore, it has been shown that fluorescence detection of 
plaques, foci, or individual infected cells via immunostaining or fluo-
rescent protein reporter can be detected earlier than the traditional 
cytolytic plaques, where assay time duration can be effectively reduced 
by 40% (Masci et al., 2019). 

In this work, we developed a high-throughput FCoV micro-
neutralization assay employing the Celigo Image Cytometer for rapid 
quantification of virus-infected cells. Multiple parameters were opti-
mized including host cell seeding density, microplate surface coating, 
virus concentration and incubation time, fluorescent labeling, and assay 
buffers. The optimized assay was employed to test feline plasma for the 
presence of FCoV-neutralizing antibodies. The proposed high- 
throughput viral microneutralization assay using Celigo Image Cytom-
eter provides a robust and efficient method for virologists to quickly 
identify potential therapeutic antibodies or antiviral compounds for 
various viral infectious diseases, which could have a significant impact 
on efficiency of drug discovery and vaccine development. 

2. Materials and methods 

2.1. Host cell preparation 

CRFK (CCL-94, ATCC, Manassas, VA), an adherent epithelial cell line 
derived from feline kidney cortex, were cultured in DMEM (15− 013-CV, 
Corning, Corning, NY) supplemented with 10% FBS, 1% penicillin/ 
streptomycin mixture (17− 602E, Lonza, Morristown, NJ), 2 mM Corn-
ing glutagro, and 15 mM HEPES at 37 ◦C and 5% CO2. Approximately 
6000 cells per well were plated in a sterile black-walled 96-well 

microplate with μCLEAR well bottoms (655956, Greiner Bio-One, 
Monroe, NC) with 200 μL medium per well. The cells were allowed to 
adhere to the plate overnight at 37 ◦C for the infectivity and neutrali-
zation assays. 

2.2. Feline coronavirus preparation 

Feline coronavirus strain FCoV-WSU-79–1146 was generously pro-
vided by Dr. Niels Pedersen (University of California, Davis) (Herrewegh 
et al., 1998). CRFK cells were added to a collagen type I-coated T-75 
flask (658950-005, Greiner Bio-One) and incubated for 24 h. The me-
dium was then removed and the cells were washed with Dulbecco’s 
phosphate buffered saline (DPBS, SH30264.FS, GE Healthcare, Chicago, 
IL). An untitered stock of FCoV-WSU- 79-1146 type II virus was first 
diluted 1:25 in DPBS and then added to the cells and incubated for 1 h at 
37 ◦C. Next, the viral inoculum was removed and the cells were washed 
2X with DPBS. Subsequently, culture medium was added and cells were 
incubated for 48 h. The supernatant was collected into a 15-mL tube, 
centrifuged for 10 min at 250 x g, aliquoted and stored at − 80 ◦C for 
single use. CRFK infections in 96-well plates followed the same method 
unless noted. 

2.3. Fluorescent staining of infected host cells 

CRFK infected with FCoV-WSU- 79-1146 were washed with 200 μL of 
DPBS per well, and then fixed by adding 100 μL of 4% paraformaldehyde 
(15714-S, Electron Microscopy Sciences, Hatfield, PA) in 1X PBS (21- 
040-CV, Corning) per well. The cells were incubated at room tempera-
ture (RT) for 30 min and washed 2X with 200 μL of DPBS. The fixed host 
cells were then permeabilized by adding 100 μL of 0.1% Triton X-100 to 
each well and incubating for 5 min at RT. Subsequently, the wells were 
washed 2X with 200 μL of DPBS and blocked for 30 min at RT by adding 
200 μL of 0.45 μm-filtered (229748, PES Syringe Filter, CELLTREAT 
Scientific Products, Pepperell, MA) 10% goat serum (SG-0500, Equitech- 
Bio, Kerrville, TX) in PBS. After the incubation, the blocking solution 
was replaced with 200 μL of DPBS. 

Fluorescent labeling was performed at room temperature and plates 
were protected from light. All reagents were diluted in 3% filtered goat 
serum/PBS and used at 100 μL/well. The antibodies were diluted to 
2 μg/mL and 0.45 μm-filtered. Primary monoclonal antibody recog-
nizing feline coronavirus nucleocapsid protein (FIPV3-70, Custom 
Monoclonals International, Sacramento, CA) or isotype control antibody 
(clone MOPC-173, BioLegend, San Diego, CA) was added to the fixed 
cells and incubated for 1 h. Subsequently, the wells were washed 2X 
with 200 μL of DPBS. Next, Alexa Fluor 488 (AF488)-labeled goat anti- 
mouse IgG (H + L) secondary antibody (A32723, Thermo Fisher Scien-
tific, Waltham, MA) was added and incubated for 1 h. The wells were 
again washed 2X with 200 μL of DPBS. Finally, 1 μg/mL of DAPI nuclear 
stain (MBD0015, MilliporeSigma, St. Louis, MO) was added and incu-
bated for 7 min. The wells were washed 2X with 200 μL of DPBS, and a 
final volume of 100 μL of DPBS was added to each well prior to image 
cytometry analysis. 

2.4. Celigo image cytometer 

The Celigo Image Cytometer utilizes one bright field (BF) and four 
fluorescence (FL) imaging channels: Blue (EX: 377/50 nm, EM: 470/ 
22 nm), Green (EX: 483/32 nm, EM: 536/40 nm), Red (EX: 531/40 nm, 
EM: 629/53 nm), and Far Red (EX: 628/40 nm, EM: 688/31 nm) with 
high-power light-emitting diodes to perform plate-based image cyto-
metric analyses. It allows auto-focusing in each well based on the image 
contrast or the thickness of the bottom surface (Chan, 2020; Kessel et al., 
2016; Zhang et al., 2017). 

The Celigo software application “Confluence 1” was used to measure 
the host cell confluence percentages using the acquired bright field 
images. The preset ANALYZE parameters were optimized to 
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automatically calculate the area of host cells covering the well surface to 
determine the confluence percentages. The results were used to select 
optimal CRFK seeding density, as well as wash buffer and plate coating. 

The Celigo software application “Target 1 + 2 + Mask” was used to 
identify the total number of DAPI-positive host cells in the Blue channel 
and quantify the percentages of green fluorescent infected cells. The 
Celigo instrument was set up to acquire images in the Target 1 (BF), 
Target 2 (Green), and Mask (Blue) channels, where the exposure times 
for Alexa Fluor 488 and DAPI were 400,000 and 450,000 μs, respec-
tively. Hardware-based autofocus was used to focus in the BF channel, 
and the focus offsets were applied for the Green (+26 μm) and Blue 
(− 5 μm) channels. The preset ANALYZE parameters were optimized to 
identify the DAPI-positive host cells above an intensity threshold of 4, 
then the gating feature was used to analyze the fluorescence intensities 
to determine AF488-positive infected cell population percentages. 
Image acquisition and analysis were performed simultaneously. In 
addition, the AF488 fluorescence intensities were measured to deter-
mine the optimal primary and secondary antibody concentrations for 
staining the infected host cells. 

2.5. Host cell seeding density and incubation time optimization 

CRFK seeding density was optimized so cells would reach high 
confluency by the end of the post-infection incubation. The number of 
cells seeded ranged from 3000 to 6000 cells per well in increments of 
1000 and was tested in conjunction with growth time of 48 and 72 h 
(n = 4). At each time point, bright field images were acquired and 
analyzed using the image cytometer to automatically measure the 
confluence percentages of the host cells. 

2.6. Fluorescent labeling optimization for detection of virus-infected cells 

Immunostaining of FCoV-infected cells was optimized by testing 
antibody concentrations above and below manufacturer recommenda-
tions using cells infected with a 1:35 dilution of the viral stock. The 
primary antibody was tested at 0.25, 0.5, 1.0, and 2.0 μg/mL. The sec-
ondary antibody was tested at 0.5, 1.0, 2.0, and 4.0 μg/mL. After 
acquiring images of the infected cells using the image cytometer, the 
lowest concentrations that generated the highest signals with the lowest 
background were selected. The DAPI staining solution was used at 
1.0 μg/mL following the manufacturer’s protocol. 

2.7. Optimal assay buffer and surface coating selection 

DMEM and DPBS were compared for cellular retention during viral 
inoculation steps, as well as the virus diluent. Experimentation was 

performed by first seeding the wells of a 96-well plate with 6000 cells/ 
well and allowing the cells to adhere for 24 h. DMEM and DPBS were 
then tested by washing half of the plate with 200 μL/well of DPBS and 
the other half with 200 μL/well of DMEM. Next, half of the plate was 
infected with 1:25 dilution of virus in DPBS and the other half was 
infected with 1:25 dilution of virus in DMEM. The rest of the infectivity 
assay and staining procedures were performed consistently (n = 4). 

The experiment was performed with four microplate surface treat-
ments, which were compared to determine their ability to promote 
optimal cell adhesion throughout infection and immunostaining. Sam-
ples of black-walled 96-well plates with μCLEAR well bottoms were 
provided by Greiner Bio-One (Kremsmünster, Austria): Advanced TC 
(655986), collagen type I (655956), poly-D-lysine (655946) and poly-L- 
lysine (655936). The plates were scanned and analyzed using the image 
cytometer under plate type Greiner 655087 in the software to measure 
the confluence percentages and infection rates. 

2.8. Viral concentration and incubation time optimization 

The viral supernatant inoculation concentration and incubation time 
were optimized to achieve the desired infection rate of 50–60%. 
Approximately 6000 CRFK cells were seeded into a 96-well plate 
(655956, Greiner Bio-One) for 24 h. Next, the host cells were infected 
with a serial dilution of infectious supernatant (1:10, 1:20, 1:40, 1:80, 
1:160, 1:320, 1:640, 1:1280, 1:5120, 1:10240, and 1:20480) and post- 
inoculation incubation time points were analyzed at 24, 36, 48, and 
72 h using image cytometry with fluorescent immunostaining (n = 4). 

2.9. Plasma sample preparation 

Cats were cared for in accordance with the Association for the 

Table 1 
Characterizations of the 5 feline plasma samples.   

Plasma FCoV 
antibody 

Fecal FCoV 
RNA 

7-Month Observation 

Feline 
#1 

Positive Negative Plasma moved from positive to 
borderline 

Feline 
#2 

Positive Positive Always positive plasma and fecal 
FCoV RNA 

Feline 
#3 

Negative Negative Always negative plasma and fecal 
FCoV RNA 

Feline 
#4 

Positive Negative Fecal moved from positive to 
negative FCoV RNA 

Feline 
#5 

Negative Negative Always negative plasma and fecal 
FCoV RNA  

Fig. 1. Bright field and fluorescent images, and fluorescence intensity gating of positive and negative infection of CRFK cells using optimized scanning and analysis 
settings from image cytometry. 
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Fig. 2. Host cell seeding density and incubation time optimization results. (a) Bright field and confluence measurement overlay (pseudo-color green) for seeding 
densities 3000 – 6000 cells/well at 48 and 72 h showing coverage of CRFK cells on the well surface. (b) Time- and seeding density-dependent confluence percentages 
measured using image cytometry (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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Assessment of Laboratory Animal Care standards and with approval 
from the Colorado State University Institutional Animal Care and Use 
Committee (protocol 16-6390A, approved 11 July 2017). EDTA plasma 
of the type I FECV-infected cats was collected and stored at − 80 ◦C as 
part of a previous study in which cats were monitored monthly for 
plasma FCoV antibodies and fecal FCoV RNA over seven months 
(Pearson et al., 2019). Five representative feline plasma samples 
(Table 1) were vortexed, centrifuged, and heat-inactivated at 57 ◦C for 
1 h (Pearson et al., 2019). Next, 8 serial dilutions in DPBS were prepared 
directly in a 96-well titration plate (650201, Greiner Bio-One). The 
plasma samples were first diluted 1:10 in row “A” by adding 22 μL of 
plasma into 198 μL of DPBS (220 μL total) in triplicate. Rows “B” 
through “H” were then filled with 110 μL of DPBS, and subsequently, 
110 μL of row “A” was added to row “B” and mixed. The procedure was 
repeated from rows “B” through “H” to generate the plasma dilutions of 

1:20, 1:40, 1:80, 1:160, 1:320, 1:640, and 1:1280. The extra 110 μL at 
row “H” was discarded. 

2.10. High-throughput FCoV microneutralization assay 

The Celigo Image Cytometer was used to screen the selected plasma 
samples for neutralization of FCoV using the optimized assay parame-
ters. First, 6000 CRFK cells per well were seeded in collagen type I- 
coated 96-well plates (655956, Greiner Bio-One) and cultured for 24 h. 
During this time, the viral supernatant (110 μL) at the optimal concen-
tration (1:10 dilution of the viral stock solution in DPBS) was added to 
the 5 plasma samples in the prepared plasma titration plate described 
above and uniformly mixed with a multi-channel pipette. The plasma/ 
virus mixtures were then incubated for at RT for 1 h. In addition, wells 
with only viral supernatant or only plasma were prepared as positive 

Fig. 3. Fluorescent labeling optimization results. (a) Fluorescent images of AF488-labeled infected CRFK cells showing green fluorescence for labeling with primary 
antibody at 1 and 2 μg/mL and secondary antibody at 2 and 4 μg/mL. (b) Mean AF488 fluorescence intensities measured using image cytometry (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article). 
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and negative controls. 
During the plasma/virus incubation time, the host cell microplate 

was prepared by removing the CRFK medium and washing once with 
200 μL of DPBS. After the plasma/viral supernatant incubation, the 
mixtures (100 μL) were added to the host cells and incubated for 1 h at 
37 ◦C and 5% CO2. After the incubation the plasma/virus mixtures were 
removed, the wells were washed 2X with 200 μL of DPBS. Next, 200 μL 
of CRFK medium was added to each well and the plates were incubated 
for 24 h. The infected cells were then fluorescently stained and imme-
diately scanned and analyzed using the image cytometer. 

3. Results 

3.1. Optimization of the high-throughput image-based virus-infected cell 
detection assay 

The scanning and analysis settings for every experiment were opti-
mized to generate proper images and results (Fig. 1). The scanning pa-
rameters were selected to acquire bright field and fluorescent images 
that were in focus for the entire plate. The analysis parameters were 
selected so the software can accurately identify and count the total host 
cells and infected cells. After the settings were established, they were 
saved as experimental presets and applied to subsequent plates without 
the need for further adjustments. 

Development of the image cytometry-based high-throughput FCoV 
infection detection method involved the optimization of key variables: 
host cell seeding density, fluorescent labeling, assay buffer, microplate 
surface coating, virus concentration, and incubation time. The first step 
in developing the method was to optimize the host cell seeding density. 

The seeding density-dependent bright field images and measured 
confluence percentages are shown in Fig. 2, which showed decreasing 
confluence as cell density decreased as expected. An optimal seeding 
density of 6000 cells per well and an incubation time of 48 h post- 
seeding allowed the host cells to reach approximately 66% confluence 
at the end of viral infection, where the cells can be fixed and stained for 
image cytometry analysis. Although the 72h time point showed cell 
confluence of 70% or higher, we observed that 72 h of incubation caused 
the host cells to form layers near the well edges that were easily washed 
off. 

The acquired green fluorescent images at different primary and 
secondary antibody concentrations for antibody optimization are shown 
in Fig. 3a. Primary antibody at 2 μg/mL in combination with 2 or 4 μg/ 
mL of secondary antibody generated uniform fluorescence bright 
enough for the Celigo software to count accurately. Similarly, the 
measured mean AF488 fluorescence intensities were higher with the 
same antibody concentrations (Fig. 3b). Although the AF488 fluores-
cence intensity was the highest at 4 μg/mL of the secondary antibody, 
the background fluorescence was measured by examining the cell-free 
well area, which was higher than at 2 μg/mL (data not shown). There-
fore, 2 μg/mL was selected as the optimal concentration for both the 
primary and secondary antibodies. It was also determined that 
enumeration of CRFK cells required the use of a DAPI nuclear stain. 
While the Celigo can count many cell types by detection of cell edges in a 
bright field image, the contrast of the CRFK is too low to accurately 
identify individual cells in confluent areas. In addition, we observed that 
black-walled microplates reduced auto-fluorescence and light scattering 
near the edge of the wells and enabled 100% of the well to be included in 
the analysis, compared to less than 95% with clear plates 

Fig. 4. Optimal assay buffer and surface coating selection results. Comparison of the CRFK (a) confluence percentages and (b) infection rates between DMEM and 
DPBS, as well as between Advanced TC, collagen type I, poly-D-lysine, and poly-L-lysine surface coating. 
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(Supplementary Fig. 2). 
Two assay buffers as well as four microplate surface coatings were 

compared by using the confluence analysis (Fig. 4a). DPBS demon-
strated minimum cell loss during the wash and dilution steps, and the 
collagen type I surface coating allowed the highest adhesion of CRFK 
cells to the well surface. In addition, the infection rates were slightly 
higher with DPBS than with DMEM (Fig. 4b). It is important to note that 
the isotype control for the primary antibody showed no nonspecific 
cellular staining. The low number of infected cells counted in the DPBS- 
isotype wells represents the level of fluorescent artifact that could be 
used to establish the lower limit of quantification in viral titration assays 
(Fig. 4b). 

The AF488 and DAPI overlay fluorescent images in respect to viral 
titration (Fig. 5a) show a decrease in virus-infected cells as viral con-
centrations decreased. The 1:10 dilution of viral stock solution yielded 
our desired 50–60% infected cells (Fig. 5b) and no infected cells were 
observed beyond 1:1280. The amount of cell loss during washing and 
staining steps increased at the 36, 48, and 72h time points. In order to 
minimize host cell loss during subsequent processing steps, a viral in-
cubation time of 24 h was selected. 

3.2. Feline plasma neutralization assay results 

Five feline plasma samples were obtained from the Colorado State 
University closed cat colony, which had naturally circulating feline 
coronavirus in the population and was considered to be otherwise spe-
cific pathogen-free. The fluorescence-based high-throughput FCoV 
microneutralization assay was performed twice with the 5 plasma 
samples at 8 concentrations each in triplicates (Fig. 6). A high infection 
rate (50–90%) was measured and no infection was detected with only 
plasma. The plasma titrations showed no neutralization effects; how-
ever, the infection rates did show a slight inverse dose-dependent trend 
for each feline plasma. 

4. Discussion 

The high-throughput microneutralization assay described here rep-
resents an important advancement for the evaluation of vaccine candi-
dates, testing of antiviral drugs, and investigation of FCoV pathogenesis. 
The method can easily be modified for other virological assays such as 
label-free cytolytic plaque counting, cytopathic effect detection, and 

Fig. 5. Viral concentration optimization results. (a) Viral concentration-dependent fluorescent images and (b) infection rates measurement showing the reduction of 
AF488-positive infected CRFK cells as viral concentration decreased. Both media and supernatant control did not show viral infection. 
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antibody-viral antigen binding inhibition assays (Masci et al., 2019; 
Rosen et al., 2019; Viedma and Pickett, 2018; Yang et al., 2017). 

In this work, the development and optimization of the fluorescence- 
based virus-infected cell counting method was challenging due to the 
complex interactions of different variables. When optimizing the host 
cell seeding density, it was discovered that if the CRFK cells were not 
close to 60–70% confluency during the viral inoculation, the percentage 
of infected cells was inconsistent (data not shown). In addition, if con-
fluency was greater than 70%, cells were more likely to lift off the well 
surface during subsequent processing steps. For the host cell seeding 
incubation, it was also important to select the shortest possible time 
frame after 24-h host cell adherence to minimize the assay time, as well 
as increase efficiency and throughput. 

Filtration of the primary and secondary antibodies was determined 
to be beneficial; without filtration, fluorescent aggregation particles can 
be observed throughout the wells, which can cause nonspecific detection 
of infected cells. There were no differences observed between filtered 
and unfiltered DAPI. While it is possible to combine antigen and DAPI 
staining, we observed that the sequential staining of AF488 and DAPI 
generated stronger fluorescent signals. 

It was observed that CRFK medium inhibited infection during the 1-h 
viral inoculation (data not shown), thus removing and washing the 
culture medium from the wells was critical. DPBS was selected for this 
step because it demonstrated minimal disruption to the adherence of the 
CRFK cells in comparison to DMEM. When washing with DMEM, most of 
the host cells lost adhesion to the bottom of the wells and disrupted their 
surface coverage. Therefore, DPBS was used for all wash steps as well as 
for the dilution of virus, plasma, and staining reagents. 

The viral titer results revealed that the 50–60% infection rate 
optimal for the neutralization assay was achieved with a 1:10 dilution of 
the viral stock. A higher percentage could mask the neutralization ef-
fects, and a lower percentage could lead to more well-to-well variation. 
It is important to note that different dilutions of virus stock were used to 
optimize conditions for virus propagation and fluorescence testing. 

After the optimization of each parameter for the high-throughput 
virus-infected cell counting method, the image cytometer performed 
the neutralization assay at approximately 15 min per 96-well plate for 
simultaneously acquiring and analyzing whole well images in bright 
field and fluorescence, equivalent to ~9 s per sample. The high- 
throughput functionality can be achieved with the developed method, 
allowing rapid screening for neutralizing antibodies in plasma or serum 
samples. In a 96-well plate, 11 columns may be dedicated to 11 samples 
at 8 dilutions, and the 12th column can be dedicated to positive and 
negative controls. Furthermore, the assay could be conducted in a 384- 

well plate to further increase the throughput of the screening assay. 
The high-throughput neutralization assay was conducted two times 

and no FCoV neutralization was observed; however, the lack of 
neutralization was not surprising. The virus used in this assay, FCoV- 
WSU- 79-1146, is a type II virus while the cats evaluated in this study 
were infected with a type I FECV (Pearson et al., 2019). The spike pro-
teins of type I and II viruses differ significantly in sequence, structure 
and function (Jaimes et al., 2020). Furthermore, while feline amino-
peptidase N (fAPN) is known to be the target cell receptor used by type II 
viruses, the type I receptor remains unknown (Dye et al., 2007; Hoh-
datsu et al., 1998). These differences explain why antibodies against 
either serotype may not cross-neutralize (Pedersen et al., 1984; Terada 
et al., 2014). Unfortunately, type I viruses do not readily grow in cell 
culture, which creates an obstacle to assessment of antibody neutrali-
zation in an appropriate homologous assay format using plasma from 
type I infected cats against type I virus infection in vitro. Recent ad-
vances that may eventually address this conundrum include the gener-
ation of an infectious type I molecular clone and knock-out of the type I 
alpha-interferon receptor 1 in feline cells (Mettelman et al., 2019; Ter-
ada et al., 2019). The latter may allow more robust replication of natural 
type I FECV isolates. 

The use of the Celigo Image Cytometer reduces assay time while 
providing richer, quantitative readouts to accelerate assessment of 
vaccine and antiviral compound candidates. Importantly, the optimi-
zation strategy can be employed to adapt other cell types to the assay 
format or to create entirely new virus-host cell combinations. 
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viral neutralization screening method for feline coronavirus using the 
Celigo Image Cytometer. 
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