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CRFK cells
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Introduction: Coronavirus (CoV) has become a public health crisis that causes
numerous illnesses in humans and certain animals. Studies have identified
the small, lipid-bound structures called extracellular vesicles (EVs) as the
mechanism through which viruses can enter host cells, spread, and evade
the host's immune defenses. EVs are able to package and carry numerous
viral compounds, including proteins, genetic substances, lipids, and receptor
proteins. We proposed that the coronavirus could alter EV production and
content, as well as influence EV biogenesis and composition in host cells.

Methods: In the current research, Crandell-Rees feline kidney (CRFK) cells were
infected with feline coronavirus (FCoV) in an exosome-free media at a multiplicity
of infection (MOI) of 2,500 infectious units (IFU) at 48 and 72h time points.
Cell viability was analyzed and found to be significantly decreased by 9% (48 h)
and 15% (72 h) due to FCoV infection. EVs were isolated by ultracentrifugation,
and the surface morphology of isolated EVs was analyzed via Scanning Electron
Microscope (SEM).

Results: NanoSight particle tracking analysis (NTA) confirmed that the mean
particle sizes of control EVs were 131.9 nm and 126.6 nm, while FCoV infected-
derived EVs were 1434 nm and 120.9 nm at 48 and 72 h, respectively. Total DNA,
RNA, and protein levels were determined in isolated EVs at both incubation time
points; however, total protein was significantly increased at 48 h. Expression of
specific protein markers such as TMPRSS2, ACE2, Alix, TSG101, CDs (29, 47, 63),
TLRs (3, 6, 7), TNF-a, and others were altered in infection-derived EVs when
compared to control-derived EVs after FCoV infection.

Discussion: Our findings suggested that FCoV infection could alter the
EV production and composition in host cells, which affects the infection
progression and disease evolution. One purpose of studying EVs in various
animal coronaviruses that are in close contact with humans is to provide
significant information about disease development, transmission, and
adaptation. Hence, this study suggests that EVs could provide diagnostic and
therapeutic applications in animal CoVs, and such understanding could provide
information to prevent future coronavirus outbreaks.
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1 Introduction

Coronaviruses (CoVs) are enveloped viruses with positive-single-
stranded RNA, members of the Nidovirales order, and the
Coronaviridae family (1, 2). Several reports strongly suggest that
coronavirus has a zoonotic origin from bats. In SARS-CoV-2,
angiotensin-converting enzyme 2 (ACE2) is used as the cellular entry
receptor for virus entry into hosts (3-5). Numerous CoVs affect severe
illnesses in animals, including canine, feline, dromedary camels,
porcine, bovine, bird, and murine hepatitis virus (6). To gain insight
into the effects of human CoV and animal CoVs, and potentially slow
the next CoV pandemic, it is beneficial to perform more CoV
research, including animal CoV research. Numerous studies have
proved that canine—feline recombinant alphacoronavirus can cause
diseases in humans, such as pneumonia and acute respiratory
symptoms (7-9). Feline CoV is a highly contagious single-stranded
RNA virus that infects cats and was first reported in 1960 (10, 11). It
is primarily found in the gastrointestinal tract of cats, and it mainly
causes asymptomatic infections (12). FCoV contains two main
biotypes of FCoV: enteric FCoV (FECV) and feline infectious
peritonitis (FIP) (13). FIP is a more severe and fatal form of systemic
disease in young felines (14). FCoV is spread via the feces of infected
cats, and the FCoV can remain contagious in dry fecal debris for up
to 7weeks (10). Previous research has demonstrated that there is no
effective treatment for FCoV (15). Severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) and FCoV are able to respond to similar
anti-inflammatory or antiviral compounds, and research on FCoV
infection in cats can improve the knowledge concerning host-virus
interaction (16). The first stage of CoV infection constitutes the
binding of the coronavirus’ crown shape spike (S) protein to the
cellular entry receptors (17). These entry receptors are mainly
recognized by numerous CoVs, which involve human aminopeptidase
N, ACE2, and dipeptidyl peptidase 4 (DPP4) (1, 18).

Extracellular vesicles (EVs), mainly the exosomes, are extensively
researched in viral infections (8, 19). They are released at the early
initial and final stages of the steadily increasing viral infection. EV's
are able to make cells more susceptible to virus infections by conveying
virus-specific host receptors to the cells (20, 21). EVs originate from
cells and are enveloped by membranes that are secreted by most cell
types into the extracellular space (22). They perform a significant role
in facilitating cell signaling and are able to transport different types of
molecules (23, 24). They are associated with various physiological and
pathological processes, including immune control, immune reaction,
cell differentiation, and cancer (25). EVs are nanoparticles of a range
of sizes and shapes, including surface receptors, ribonucleic acids,
membrane and soluble proteins, and lipids (26). They can be secreted
and detected from biological fluids such as blood, urinary samples,
breast milk, plasma, saliva, semen, ascitic fluid, spinal fluid, and
bronchoalveolar lavage (27-31). Microvesicles (MVs), apoptotic
bodies, and exosomes are the three main subtypes of EVs, and they
are categorized based on their origin, composition, biological
functions, dimensions, and emission pathways (24, 32, 33). The
diameter of microvesicles can vary, typically ranging from 50 to
1,000+ nanometers, and they are secreted into extracellular space
through the processes of outward budding and pinching of the cell
membrane (34). Apoptotic bodies are the largest-sized EVs, generally
spanning from 50 to 5,000 nanometers in diameter. These are formed
from apoptosis and play significant roles in inflammation and immune
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responses (35). Exosomes are the smallest EV's, ranging from 30 to
200nm (36). Mainly, exosomes are discharged into interstitial space
by the multivesicular bodies (MVBs) fusing with the cytoplasmic
membrane and are able to transport cell-specific cargos such as
proteins, lipids, and genetic materials (36, 37). Exosomes are the most
researched and thoroughly understood subtype of EV's (38). They are
characterized by several protein markers, including a cluster of
differentiation (CD) (CD63), ALG-2-interacting protein X (Alix), and
tumor-susceptibility gene 101 (TSG101) (39). Previous studies have
shown that exosomes play a critical part in viral pathogenesis and
immunity (40). They assist the host in initiating powerful immune
reactions targeting viruses by carrying antiviral substances and
activating the antiviral mechanism opposing various viruses in various
cells (41).

Hence, in the present study, we hypothesized that CoV alters EV
production and content while also controlling the exosome pathway
and influencing EV biogenesis and composition in host cells.
We assessed the influence of FCoV infection on the biogenesis and
composition using CRFK cells produced by EVs. CRFK cells mainly
originate from feline kidney cells, which are epithelial classification
based on morphology (42). Our results prove that the release of EVs
after FCoV infection is time-dependent and leads to an increase in the
expression of protein biomarkers. Moreover, EVs were examined for
immune response, pathogen progression, and antiviral responses. Our
results indicated that EV's derived from FCoV-infected CRFK cells
play a crucial role in influencing immune responses. Therefore, EVs
could provide diagnostic and therapeutic applications to treat animal
CoVs and to obtain insight into the host-cell interactions dealing with
FCoV as well as events that may occur when the virus enters the cell.
Such knowledge could provide information to prevent future CoV
infection in humans and animals.

2 Materials and methods

2.1 Cell culture

CRFK cells were used in this study as a host model for FCoV
infection. They were obtained from the American Type Culture
Collection (ATCC). CRFK cells were cultured in Eagle’s Minimum
growth media (EMEM) (Fisher Scientific), including L-glutamine
supplemented with 10% horse serum (HS) (Fisher Scientific), which
is important as a source of growth factors and necessary nutrients
needed for cell growth, 1% penicillin/streptomycin (Fisher Scientific),
and 0.2% (0.5 pg/mL) amphotericin B (Fisher Scientific). Importantly,
exosome-free media was made with 2% exosome-depleted horse
serum in compliance with the laboratory procedure for virus infection.
CREK cells were placed in a 37°C incubator enriched with 5% CO,
and allowed to reach about 70-80% confluency.

2.2 Viral stock

Feline coronavirus [Enteric; Strain: WSU791683 (3)] stock was
utilized in this study, which was acquired from ATCC. The viral stock
concentration (titer) was 8.9 x 10° TCIDs,/mL. The cytopathic effect
(CPE) experiment was performed over a 10-day infection cycle, and
the cytopathic effects caused by FCoV on the CRFK cells were
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determined to obtain the necessary multiplicity of infection (MOI).
CREFK cells were exposed to several MOIs (50 IFU, 500 IFU, 2500 IFU,
4000 IFU) of FCoV and noted for CPE at 24-h intervals. CPE describes
the alterations in the morphology of host cells following viral
intrusion. Examples of these changes include circularizing virus-
infected cells and merging with neighboring cells. CPE was not
identified with an MOI of 50 IFU and 500 IFU for the duration of
10days and 8 days after infection, correspondingly. Nevertheless, at a
MOI of 2,500 IFU and 4,000 IFU in CRFK cells exhibited CPE
following 3 days and 1 day of infection, correspondingly. Therefore,
we chose a MOI of 2,500 IFU for further experimentation at 48h and
72h incubation time points based on CPE assay.

2.3 Infection of CRFK cells

After cell densities reached approximately 70-80% confluency,
cells were trypsinized and counted using a countess cell counter.
Approximately 5.0 x 10° cells were seeded per cell culture dish and
then incubated throughout the night at 37°C and 5% CO.,.
Subsequently, the cell-free medium was removed, and a 2% EMEM
medium devoid of exosomes was added per cell culture dish. The
EMEM medium was made with exosome-depleted HS, EMEM
including L-glutamine, 1% penicillin/streptomycin, and 0.2% (0.5 pg/
mL) amphotericin B. Uninfected dishes were used as controls, and
infected dishes were infected with feline CoV at a MOI of 2,500
IFU. Both uninfected and FCoV-infected dishes were incubated for
48h and 72h time points (37°C and 5% CO,). The cell supernatant
was separately gathered from FCoV-infected and uninfected dishes
and kept at —80°C for later isolation of EVs.

2.4 MTT (3-(4, 5-dimethylthiazo-1-2yl)-
2,5-diphenyltetrazolium bromide) assay

MTT assay (colorimetric assay) evaluates the cell viability and
cytotoxicity that measures metabolic activities. In 96 well plates,
1x 10" CRFK cells were added independently in triplicates and
incubated throughout the night, maintaining 37°C and 5% CO,
conditions. The growth medium was discarded on the subsequent day,
and a 2% exosome-free medium was added to each well. The following
day, the cells were infected with FCoV at MOI of 2,500 IFU, and the
infected cells were incubated for 48 h and 72 h while the control wells
remained in the exosome-free medium. Cells were exposed to 50 pL
of 5mg/mL MTT in 1X PBS and incubated for a duration of 4h,
maintaining 37°C and 5% CO, conditions. Following incubation, a
100pL stop solution was introduced to each well. Finally, the
absorbance was measured at 570 nm, and every sample was analyzed
in triplicates. The number of viable cells was investigated via a bright
field microscope and compared to the CRFK cell viability at 48
and 72h.

2.5 Isolation and purification of EVs
Previously, collected control and infected exosome-free cell

supernatant were centrifuged at 1,300 Revolutions Per Minute (rpm)
for a duration of 10 min at 4°C utilizing an Allegra X-14R Centrifuge.
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Then, the pellets were discarded, and the supernatant was collected
again. Subsequently, the media was subject to centrifugation at
3900 rpm for 10 min using an Allegra X-14R Centrifuge, and then the
supernatant was filtered using a 0.22 pm porosity filter. Subsequently,
the supernatant was moved into an ultracentrifuge tube, the volume
was prepped with 1X PBS and centrifuged at 10,800 rpm for 45 min
at 4°C using a Beckman Coulter Optima L-70 K ultracentrifuge. The
supernatant was once more gathered, and centrifugation was
performed at 32,000 rpm for 70 min at 4°C. The supernatant was
removed, and roughly 500 pL of purified EV pellets were saved from
each control and infected tube. To inhibit the protein degradation, a
protease inhibitor (10 pL/mL) was introduced to the isolated EVs and
stored at —80°C until further experimentation (43).

2.6 Total DNA/RNA extraction

TRIzol reagent was used for the extraction and purification of
DNA and RNA of isolated EVs. EV samples weighing 5 pg were treated
with 1 unit (U) of RNase-free DNAase I for DNA extraction and 1 U
of micrococcal nuclease (MNase) for RNA extraction. For total DNA,
RNase-free DNAase I treated with 5 g control and infected CRFK-
derived isolated EV samples were incubated in a water bath for a
duration of 30 min at 37°C. Subsequently, they were processed with
50mM Ethylenediaminetetraacetic acid (EDTA) treatment for a
duration of 10 min at 65°C. DNA isolation was followed through the
TRIzol extraction method (44). Total RNA was extracted by incubating
EVs with 1% Triton-X-100 on ice for 30 min and exposed to MNase at
37°C for 15 min. Subsequently, the RNA isolation was followed by the
TRIzol extraction method. Finally, total DNA and RNA in isolated EV
samples were analyzed using Nanodrop (Thermo Scientific).

2.7 Bicinchoninic acid (BCA) assay

The quantitation of the total protein of CRFK-derived EV's was
analyzed using a BCA assay. Five pL of 0, 0.2, 0.4, 0.8, and 1.6 pg/pL
standards [bovine serum albumin (BSA)], CRFK-derived control, and
infected EVs were introduced in triplicates in a 96-well plate.
Subsequently, BSA protein assay reagents A and B were added, 25 and
200 pL, respectively, to each well. The 96-well tissue culture plate was
covered with aluminum foil and positioned on a shaker for a duration
of 10min. Then, the plate was read at 595nm absorbance. The
standard curve was graphed to discover the accurate protein
concentration in CRFK-derived control and infected EVs.

2.8 NanoSight tracking analysis

NanoSight tracking analysis (NTA) was performed to characterize
the nanoparticles as well as to analyze the concentration (particles per
mL) and nano-size distribution of the CRFK-derived control and
infected EVs based on the rate of Brownian motion and light scattering
using a Zeta View R Particle Matrix Tracking Analyzer instrument.
For analysis, a 20 pL volume of EV samples was diluted at 1:75 in
microbial cell culture-grade water before loading the prepared EV
samples into the chamber of the Zeta View instrument. The mean
values were investigated at 11 distinct positions.

frontiersin.org


https://doi.org/10.3389/fvets.2024.1388438
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Wijerathne et al.

2.9 Scanning electron microscope

Scanning electron microscope (SEM) was performed to examine
the surface morphology of the CRFK-derived EVs. The CRFK-isolated
EVs were vortexed and stabilized with 2.5% EMS-quality
glutaraldehyde at a 1:1 ratio. 30 pL of exosome samples were added in
vesicle mixtures to a clean carbon disc-SEM mounting stud. The
vesicles were immobilized subsequent to drying and left overnight.
Then, the EV samples on a carbon-SEM mounting stud were affixed
to an SEM stage utilizing carbon paste. Prior to imaging using Phenom
XL G2 Desktop SEM, a 5nm coating of gold-palladium alloy was
implemented by sputtering to improve surface conductivity. SEM was
executed within the reduced beam energies. To achieve the best results
in vesicle surface morphology under SEM, freshly isolated exosomes
were fixed and attached to a conductive, adhesive carbon substrate
immediately following isolation and were imaged within a week. An
examination of exosome size was performed utilizing the SEM images
with the assistance of Image-]J software.

2.10 Dot blot analysis

Dot blot experiment examines the expression of particular protein
markers such as exosomal markers, immune response markers,
pathogenic markers, apoptotic proteins, and stress-specific proteins
(Hsps) in CRFK-derived EVs. Five puL of CRFK-derived EVs were added
to the reducing buffer (1: 1) and were boiled for a duration of 10 min at
95°C. Prepared control and infected EVs were dotted on the
nitrocellulose membrane and blocked for 30-45min with 5% nonfat dry
milk to prevent nonspecific bonding at room temperature (RT). Then,
the membrane was washed three times for 10 min each with 1x Tris-
buffered saline containing Tween-20 (0.2%) buffer solution (TBST) and
incubated with primary antibodies including Alix (Fisher Scientific),
CD63 (Santa Cruz Biotechnology), TSG101 (Fisher Scientific), ACE2
(DHSB), TMPRSS2 (DHSB), anti-flotillin-1 (BD Bioscience), Clathrin
(BD Bioscience), cadherin (DSHB), CD29 (DSHB), anti-TLR3
(Abnova), TLR6 and 7 (Invitrogen), IRF4 (DSHB), mCCL22 (RD
Systems), TGFp-3(DHSB), TNF-a (Bioss Antibodies Inc.), CD47(Bioss
Antibodies Inc.), LAMP-1 (human) (DSHB), ATPase (DSHB), TSPANS,
HSPB8-13B6 (Hsp22) (Invitrogen), HSPB1-1 (Hsp27) (DSHB), Hsp100
(DSHB), DIS3-1D7 (DSHB), and cleaved caspase-3 (RD Systems). The
nitrocellulose membrane was washed three times on a subsequent day
using a TBST buffer solution. Horseradish peroxidase (HRP)-
conjugated secondary antibody, goat anti-mouse (Fisher Scientific), goat
anti-rat (Fisher Scientific), or goat anti-rabbit (Novus Biologicals LLC)
were added to the blocking buffer and incubated with membranes for a
duration of 60-120min. The target protein signals were identified
utilizing the Super Signal West Femto Maximum Sensitivity Substrate
(Invitrogen). Subsequently, the image was developed through the
Bio-Rad ChemiDoc™ XRS+ System (Bio-Rad Laboratories).

2.11 Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and western blot analysis

Protein biomarkers were further analyzed using a western blot.
Here, approximately 32 pL of isolated EVs were mixed with reducing
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buffer at a 1:1 ratio and were boiled (95°C) for a duration of 10 min.
Prepared samples were placed in a 4-20% 1.5 mm Bio-Rad precast gel
and run at 100 V. The procedure continued overnight until proteins
were transferred to the Polyvinylidene difluoride (PVDF) membrane
in a transfer chamber at 45mA. Then, the PVDF membrane was
blocked for 35min using the blocking solution (5% nonfat dry milk)
at RT and washed three times for 10 min each using 1x TBS containing
Tween-20 (0.2%) buffer solution. Then, the PVDF membrane was
incubated with primary antibodies, including ACE2 (DHSB) and
TMPRSS2 (DHSB). On a subsequent day, the membrane was washed
three times for 10 min with TBST buffer solution. It was incubated
with secondary antibodies, which can be either HRP-conjugated goat
anti-mouse, goat anti-rat, or goat anti-rabbit, and was added to the
blocking buffer for 1-2h at RT. Finally, signals were developed using
Super Signal West Femto Maximum Sensitivity Substrate (Invitrogen).

2.12 Statistical analysis

Statistical analysis was conducted using a t-test on the acquired
data employing the GraphPad Version 5 software and Bio-Rad
imaging program. The statistical significance was calculated by mean
value + standard deviation, and the statistical significance of the
p-value was described as p <0.05(*), p <0.01(**), p <0.001(***),
P <0.0001(***).

3 Results

3.1 Feline coronavirus altered CRFK cell
viability

The cellular morphology was analyzed using bright-field
microscopy, which indicated a reduced CRFK cell count with an
increased incubation time after FCoV infection (Figure 1A). The cell
viability was assessed utilizing an MTT assay, which exhibited that the
cell viability of FCoV-infected CRFK cells was reduced with increased
incubation time (Figure 1B). The cell viability of FCoV-infected cells
was significantly reduced by nearly 9% (* p <0.05) and 15%
(* p <0.05) at 48h and 72h, respectively, contrasted to the control
CRFK cells. The decrease in cell viability with prolonged incubation
times after FCoV infections indicates that FCoV infection significantly
induces cell demise in CRFK cells.

3.2 Evaluation of CRFK-derived EV size,
concentration, surface morphology, and
biomolecules

To examine the impact of FCoV on EV's, CRFK cells were infected
with FCoV at 48h and 72h time points. Cell supernatants were
ultracentrifuged through a series of high-speed centrifugation steps to
isolate and purify EVs produced from CRFK cells. Isolated EVs were
examined using SEM and NTA to identify the surface morphology,
particle size in nanometers (nm), and concentration (particles per mL).
The SEM image revealed the surface morphology of CRFK-derived
control and FCoV-infected EVs in both time references. Figure 2A
represents an SEM image, which indicates control CRFK-derived EV's
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The impact of FCoV on CRFK cell viability. (A) Bright-field microscopy images indicate the morphology of CRFK cells at 48 and 72 h. (B) CRFK cells
were infected with FCoV in exosome-depleted media at a MOI of 2,500 IFU at 48 and 72 h time points. Post-infection enumeration of viable CRFK cells
was subsequently incubated with MTT at 37°C for a duration of 3—4 h; absorbance was measured at 570 nm. Statistical analysis of the acquired data
points was conducted using a t-test. Statistical significance is implied through the mean + standard deviation (SD) as stated: xp < 0.05.
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Morphological analysis of FCoV-infected CRFK-derived EVs. (A) Scanning electron microscopy (SEM) images demonstrating the surface morphology of
the CRFK-derived control EVs at 72 h-time points at 5um. (B) NTA indicates the CRFK-derived EV's mean particle size; (C) particle concentration after
48h and 72 h FCoV infection. Statistical analysis of the acquired data points was conducted using a t-test.
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at the 72h-time point at 5pm, verifying the presence of EVs in the
sample. NTA was performed to characterize EVs by determining the
mean particle size (nm) and concentration (particles/mL). The mean
particle size was slightly increased (143.4nm) in FCoV-infected EV's
compared to the control EVs (131.9nm) at 48h (Figure 2B). The mean
particle size was slightly decreased (120.9nm) in FCoV-infected EV's
compared to the control EVs (126.6nm) at 72h (Figure 2B). Therefore,
NTA analysis confirmed that the average size of EV's ranges from 100 to
200nm at 48 and 72h times points. The particle concentration
(particles/mL) of FCoV-infected EVs exhibited a negligible decrease
compared to the control EVs at both time points (Figure 2C). At 48h,
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the mean concentration of control and infected EVs were 2.5x 107 and
2.0x107 particles/mL, respectively. In addition, at 72h, the mean
concentration of control and infected EVs were 2.2x107 and
1.8 x 107 particles/mL, respectively. The levels of total DNA, RNA, and
protein were analyzed in control and FCoV-derived EVs at48h and 72h
times points. Figure 3A indicates that there was a gradually increasing
trend in total DNA with increased incubation time. Figure 3B indicates
that there was a negligible increase in total RNA levels with increased
incubation time. However, the total protein level of FCoV-infected EV's
was significantly increased as compared to the control EVs at 48h (****
p <0.0001) (Figure 3C).
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The biological significance of FCoV-infected CRFK-derived EVs. Graphs showing the (A) total DNA, (B) total RNA, and (C) total protein content of
CRFK-derived EVs after 48 h and 72 h FCoV infection. Statistical analysis of the acquired data points was conducted using a t-test. Statistical
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The influence of FCoV infection on CRFK-derived EVs' classical markers. Graphs indicate the quantitative dot blot analysis of (A) Alix at 48 and 72 h
(Supplementary Figure S1A); (B) TSG101 at 48 and 72 h (Supplementary Figure S1B); and (C) CD63 at 48 and 72 h (Supplementary Figure S1C) in CRKF-
derived control and FCoV-infected EVs. The dots displayed in the figure indicate the results obtained from six-fold dot blot experiments. Statistical
analysis of the acquired data points was conducted using a t-test. Statistical significance is implied through the mean + SD as stated: «p < 0.05,

##p < 0.01, and ##xp < 0.001.

3.3 lIdentification of the presence of
classical biomarkers in EVs

Classical exosome proteins are used to characterize EVs; they are
found on the surface of the exosome membrane and the inner space
(45). Alix and TSG101 are multivesicular body (MVB) related proteins
engaged in the endosomal-sorting complex, which is necessary for
transportation (ESCRT) (45). TSG101 protein marker plays a
significant role in the control of growth and differentiation (46). CD63
are tetraspanins that play a crucial function in sorting cargo-like
premelanosome protein (PMEL) onto intraluminal vesicles (ILVs)
within MVBs (47, 48). In the present investigation, we conducted a
dot blot to assess the expression of classical biomarkers. The dot blots
of Alix S1A), TSG101
(Supplementary Figure S1B), and CD63 (Supplementary Figure S1C)

(Supplementary Figure
in control and infected derived EVs were analyzed via the Bio-Rad
imaging program and GraphPad. FCoV-infected CRFK-derived EV's
presented significantly elevated expression of Alix (xxp <0.01),
TSGI101 (sxp <0.001), and CD63 (s:p <0.01) at 48 h infection and
significantly increased expression of TSG101 (xp <0.05) at 72h
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infection relative to the control EVs, respectively, (Figures 4A-C). Our
results indicate that FCoV infection affects the abundance of
tetraspanins and regulates the ESCRT pathway.

3.4 Presence of the host receptors and
host cell protease after FCoV infection

ACE2 has been determined to be a cellular receptor on the cell
surface for both SARS-CoV and SARS-CoV-2 (5). ACE2 is a
carboxypeptidase, mainly detected in the heart, lungs, and kidneys.
It is recognized as a counter-regulator of the renin-angiotensin
system (RAS) and substantially influences the cardiovascular system
(5, 49). Transmembrane protease, Serine 2 (TMPRSS2), plays a
pivotal role as a cofactor in SARS-CoV-2 entry and is able to activate
glycoproteins of respiratory viruses (50, 51). TMPRSS2 is found in
epithelial cells at different locations, such as respiratory,
genitourinary, and gastrointestinal systems (52). ACE2 attaches with
the spike protein of SARS-CoV-2 to obtain access to the host cell and
serine protease (53). TMPRSS2 is able to activate the S protein and
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release subunit S2, which facilitates the merging of the viral and
cellular membranes. Consequently, viral genes enter the host cell and
spread (54, 55). Therefore, in SARS-CoV-2 infection, ACE and serine
protease TMPRSS2 play critical roles in viral entry and S protein
priming, respectively (54, 56). In our investigation, we evaluated the
presence of ACE2 and TMPRSS?2 in isolated CRFK-derived control
and FCoV-derived EVs and both time points via western blot and
dot blot analysis (Figures 5A,B). The western blot analysis of ACE2
and TMPRSS2 indicated gel bands, approximately 130 kilodaltons
(kDa) and 60kDa, respectively. The ACE2 protein marker was
significantly increased at 48h (#p < 0.05) and 72h (xp < 0.05) in
FCoV-derived EVs relative to the control-derived EVs (Figure 5C).
TMPRSS2 was found to significantly increase in FCoV infection-
derived EVs relative to the uninfected control-derived EVs at 48h
(#p < 0.05) and 72h (x#p < 0.01) (Figure 5D). These results
indicated the presence of CoV host receptor (ACE2) and
TMPRSS2 in the control and FCoV-derived EVs produced from
CREFK cells.

3.5 Expression of membrane trafficking
protein markers following FCoV infection

We evaluated the expression of Flotillin-1 and Clathrin membrane
trafficking protein markers in isolated CRFK-derived control EVs and

10.3389/fvets.2024.1388438

FCoV-derived EVs by utilizing a dot blot assay. Flotillin-1 is a
membrane-associated lipid raft protein engaged in endocytosis, cell
signaling, protein trafficking, protein sorting, and gene expression
(57). Levels of Flotillin-1 (Supplementary Figure S1D) in FCoV
infection-derived EV's were significantly upregulated at 48h and 72h
(#p < 0.05 and *xp < 0.01, respectively) contrasted with control-
derived EVs (Figure 6A). Another membrane trafficking molecule,
Clathrin, acts as a prototype self-assembling protein and is able to coat
transport vesicles (58). Clathrin is involved in receptor-mediated
endocytosis, which plays a significant role in membrane trafficking
and mitosis (58, 59). Clathrin expression (Supplementary Figure S1E)
in EVs was significantly elevated after FCoV infection at the 72h
(sp < 0.01) time point (Figure 6B). Hence, our finding suggested that
FCoV infection of CRFK regulates membrane protein trafficking and
EV formation.

3.6 Expression of adhesion molecules in EV
cargoes in response to FCoV infection

The expressions of several adhesion molecules were analyzed in
CRFK-derived EV post-infection via dot blot analysis. Cadherin is a
transmembrane cell-cell adhesion molecule and plays an important
role in tissue morphogenesis by regulating cell signaling (60).
Cadherin (Supplementary Figure S1F) was slightly reduced at the 48h
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FIGURE 5
The presence of host receptors and host cell protease in response to FCoV infection. (A) Western analysis showing the expression of coronavirus host
receptor, ACE2 at 48 h, and dot blot analysis showing the expression of ACE2 at 48 and 72 h in CRFK-derived control and FCoV infected EVs.
(B) Western analysis showing the expression of CoV host cell protease, TMPRSS2 at 48 h, and dot blot analysis showing the expression of TMPRSS2 at
48 h and 72 h in CRFK-derived control and FCoV-infected EVs. Graphs indicate the quantitative dot blot analysis of (C) ACE2 at 48 and 72 h and
(D) TMPRSS2 at 48 and 72 h in CRKF-derived control and FCoV-infected EVs. The dots displayed in the figure indicate the results obtained from six-fold
dot blot experiments. Statistical analysis of the acquired data points was conducted using a t-test. Statistical significance is implied through the
mean + SD as stated: xp < 0.05 and *xp < 0.01.
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wxp < 0.01, and s*xxp < 0.0001.

The influence of FCoV infection on membrane trafficking proteins and adhesion molecules. Graphs indicate the quantitative dot blot analysis of
(A) Flotillin-1 at 48 and 72 h (Supplementary Figure S1D); (B) Clathrin at 48 h and 72 h (Supplementary Figure S1E); (C) Cadherin at 48 and 72h
(Supplementary Figure S1F); and (D) CD29 at 48 and 72 h (Supplementary Figure S1G) in CRKF-derived control and FCoV-infected EVs. Statistical
analysis of the acquired data points was conducted using a t-test. Statistical significance is implied through the mean + SD as stated: «p < 0.05,
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infection time point and significantly increased at 72h (xp < 0.05) in
FCoV-derived EVs relative to the control-derived EVs (Figure 6C).
Moreover, we determined the impact of FCoV exposure on CD29
expression (Supplementary Figure S1G and Figure 6D, respectively).
CD29 is also known as integrin B-1 (61). Integrins are large proteins
composed of a/p-chain subunit cell adhesion molecules and are able
to regulate cell adhesion and signaling (62). CD29 was significantly
decreased at 48h (xp < 0.05) and significantly elevated at 72h
(sxs3p < 0.0001) in infected EVs as compared to the uninfected.
Therefore, these results indicated that FCoV infection of CRFK cells
modulates the process of internalization and encapsulation as well as
membrane protein presence within EVs.

3.7 FCoV infection stimulated pathogen
recognition and proinflammatory
responses

We evaluated the expression of several toll-like receptors (TLRs)
in EVs obtained from CRFK cells after FCoV infection. TLRs are
known as pattern recognition receptors, which are accountable for
stimulating innate immune responses and pathogen recognition (63).
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In this study, we investigated TLR3, 6, and 7 expressions via dot blot
analysis (Supplementary Figures SIH-J, respectively). TLR3 is a
double-stranded RNA (dsRNA), which is found on the endosome
membrane and plays a significant role in innate immune responses
against viral infections (64). TLR3 is able to activate the transcriptional
factors of Interferon Regulatory Factors (IRFs), Nuclear Factor-Kappa
f (NF-kp, and Activating Transcription Factor 1(ATF1) (65). It is also
capable of inducing the formation of Interferon-Beta (IFN-p)
proinflammatory cytokines (65). We found that TLR3 was significantly
increased at 72h in FCoV-derived EVs relative to the uninfected
control EVs (ss:p < 0.001) (Figure 7A). Similarly, Figure 7B indicates
that the expression of TLR6 was significantly increased at 72h in
FCoV-derived EVs relative to the uninfected EVs (sp < 0.05). TLR2
is capable of forming heterodimers with TLR6, which leads to
activating the myeloid differentiation primary response 88 (MyD88)-
dependent signaling pathway to induce the production of
proinflammatory cytokines (66). TLR6 also activates NF-kB (67).
We further analyzed the expression of TLR7, which recognizes single-
stranded RNA (SSRNA) viruses (68). It also activates the generation
of Tumor Necrosis Factor (TNF) and interleukin-6 (IL-6)
proinflammatory cytokines (69). FCoV infection induced a significant
upregulation in TLR7 in infected CRFK-derived EV's contrasted with
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Initiation of pathogen recognition and proinflammatory responses after FCoV infection. Graphs indicate the quantitative dot blot analysis of (A) TLR3 at
48 and 72 h (Supplementary Figure S1H); (B) TLR6 at 48 and 72 h (Supplementary Figure S1I); and (C) TLR7 at 48 and 72 h (Supplementary Figure S1J) in
CRKF-derived control and FCoV-infected EVs. Statistical analysis of the acquired data points was conducted using a t-test. Statistical significance is

uninfected control EVs at 72h (sp < 0.05) (Figure 7C). Hence, these
findings indicate that TLRs modulate the presence of protein markers
associated with proinflammatory and immune activation within the
EV’s response to FCoV infection.

3.8 Evaluation of protein and inflammatory
markers in EVs in response to FCoV
infection

We examined the level of immune proteins, including interferon
regulatory factor 4 (IRF4) (Supplementary Figure SI1K), cluster of
differentiation 47 (CD47) (Supplementary Figure S1L), transforming
growth factor-beta-3 (TGF-p-3) (Supplementary Figure S2A),
ligand 22 (mCCL22)
(Supplementary Figure 52B), and inflammatory markers such as tumor
necrosis factor-alpha (TNF-a) (Supplementary Figure S2C) in CRFK-
derived EVs after FCoV infection. FCoV infection induced a slight
upregulation and downregulation in IRF4 protein levels in FCoV-
derived EV's as compared to the control-derived EVs at the 48h and 72h
time points, respectively (Figure 8A). IRF4 functions as a transcription

and mouse c¢-c motif chemokine

factor for interferons that play a significant regulatory role in the immune
system (70). To further analyze immune proteins, we examined the
expression of CD47, a transmembrane immunoglobulin Ig superfamily
protein that plays a significant role in inhibiting phagocytosis (71),
TGF--3 which plays a pivotal role in tissue fibrosis (72), and mCCL22.
CD47 was found to have significantly increased in CRFK-derived
infected EVs relative to the uninfected control EVs at both 48h
(#p £0.05) and 72h (xp < 0.05) (Figure 8B). TGF-f-3 was significantly
downreglated in EVs after FCoV infection at 48h (xp < 0.05) and
significantly upregulated 72h (xp < 0.05) (Figure 8C). Figure 8D
indicates that the presence of the mCCL22 protein marker was
significantly increased in FCoV-infected EVs contrasted with the
uninfected EVs at 72h (sp < 0.05). We conducted further analysis to
examine TNF-q, a cytokine that acts as a key regulator of inflammatory
responses (73). Levels of TNF-a were significantly lower in CRFK-
derived infected EVs relative to the uninfected control EVs at 48h
(ss3p < 0.001) and significantly higher at the 72h (ss#p < 0.001) than
that in the control-derived EVs at 72 h time point (Figure 8E). Therefore,
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these results demonstrated the expression of immune and inflammatory
response-associated biomarkers in EVs obtained from CRFK cells
following FCoV infection.

3.9 Transmembrane molecules, activation
of stress-specific and apoptotic response
markers expression in response to FCoV
infection

We investigated the expression of several transmembrane
molecules, stress-specific heat shock proteins (Hsps), and varying
caspases in control and infection-derived EVs after FCoV infection.
LAMP-1
(Supplementary Figure S2D), a transmembrane glycoprotein that can

We measured the expression of (human)
be found in lysosomes (74), ATPase (Supplementary Figure S2E), and
TSPANS (Supplementary Figure S2F) transmembrane protein in
CRFK-derived EVs’ post-infection. We detected that LAMP-1 was
significantly increased at 48h and 72h, respectively (sp < 0.05 and
#p < 0.05). ATPase was significantly upregulated at 72h (sp < 0.05)
after FCoV infection (Table 1). Additionally, TSPANS was significantly
downregulated and significantly upregulated at the 48h (xp < 0.05)
and 72h (sp < 0.05) time points, respectively (Table 1) in FCoV-
derived EVs when compared to the control-derived EVs. Therefore,
indicated that FCoV infection modulates the
transmembrane protein expression in CRFK-derived EVs and the

these results

packaging of EVs.

Hsps are recognized as molecular chaperones involved in
unfolding cellular proteins due to stress or high-temperature (75).
We analyzed the FCoV-infected EVs for the presence of Hsp22,
Hspl100, Hsp27, and DIS3 (Supplementary S2G-J,
respectively) (Table 1). At the 48h infection time point, Hsp22,
Hsp100, Hsp27, and DIS3 were confirmed to be significantly
downregulated (sp < 0.05), significantly upregulated (xp < 0.05),
slightly downregulated, and significantly upregulated (xp < 0.05),

Figures

respectively in FCoV-derived EVs in contrast with the uninfected
control EVs. Additionally, at the 72h time point, Hsp22 (sp < 0.05),
Hspl00 (xp < 0.05), and DIS3 (xs:p < 0.001) were significantly
upregulated, and Hsp27 was slightly upregulated after FCoV infection.
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FIGURE 8
The influence of FCoV infection on CRFK-derived EVs' protein and inflammatory markers. Graphs indicate the quantitative dot blot analysis of (A) IRF4
at 48 and 72 h (Supplementary Figure S1K); (B) CD47 at 48 and 72 h (Supplementary Figure S1L); (C) TGF-B-3 at 48 and 72 h (Supplementary Figure S2A);
(D) mCCL22 at 48 and 72 h (Supplementary Figure S2B); and (E) TNF-a at 48 and 72 h (Supplementary Figure S2C) in CRKF-derived control and FCoV-
infected EVs. Statistical analysis of the acquired data points was conducted using a t-test. Statistical significance is implied through the mean + SD as
stated: xp < 0.05 and sxp < 0.001.

TABLE 1 The influence of FCoV infection on transmembrane molecules, caspases, and initiation of stress-specific responses in response to FCoV

infection.

Category Protein Makers 48 h 72h

Transmembrane molecules LAMP-1 (Human) Significantly Upregulated Significantly Upregulated
ATPase Slightly Upregulated Significantly Upregulated
TSPANS Significantly Downregulated Significantly Upregulated

Activation of stress-specific responses after HSP22 Significantly Downregulated Significantly Upregulated

FCoV infection HSP100 Significantly Upregulated Significantly Upregulated
HSP27 Slightly Downregulated Slightly Upregulated
DIS3 Significantly Upregulated Significantly Upregulated

Activation of apoptotic responses to FCoV Cleaved Caspase-3 Significantly Upregulated Significantly Upregulated

infection

Table indicates the result of quantitative dot blot analysis of LAMP-1 (human) (Supplementary Figure S2D), ATPase (Supplementary Figure S2E), TSPANS (Supplementary Figure S2F),
HSP22 (Supplementary Figure 52G), HSP100 (Supplementary Figure S2H), HSP27 (Supplementary Figure S21), DIS3 (Supplementary Figure 52]) and cleaved caspase-3
(Supplementary Figure S2K). Statistical analysis of the acquired data points was conducted using a t-test. Statistical significance is implied through the mean + SD as stated: #p < 0.05 and

wxxp < 0.001.

These findings confirmed that these stress-specific protein markers
were regulated during FCoV infection.

Caspases play a significant role in cell death and inflammation
(76).  The of
(Supplementary Figure S2K) was significantly increased at 48h
(#p £ 0.05) and 72h (s#xp < 0.001) in FCoV-derived EV's relative to
the uninfected control EVs (Table 1). Hence, our results show that

responses expression cleaved  caspase-3

FCoV infection influences the caspase protein in EVs produced by
CREFK cells.
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4 Discussion

Virus-infected cells are able to release EVs and facilitate the
spread of virus infection (77). EVs play a significant role in viral
entry, spread, and immune responses against viral infections and
stimulating antiviral mechanisms (22, 77). During viral infections,
EVs can assist in transferring viral genomes into specific cells and are
involved in cell physiology to aid the infection (22). Delivering drugs
to target cells is one of the key issues in pharmacology, and adding
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specific targets onto the EV membrane might assist in delivering
drugs to specific cells (78, 79). Studies have reported that in COVID-
19, EVs facilitate the development of a prothrombotic state, which
leads to vascular impairment and heightened hypertyrosinemia and
disrupts both innate and adaptive immune responses (80, 81).
However, there is still a lack of studies on CoVs. In recent years,
more studies have focused on the exosomes released from the
mesenchymal stem cells as a promising treatment for COVID-19
infection (82).

In our study, we investigated how FCoV infection modulated
CRFK-derived EV production, content, biogenesis, and composition.
The CRFK cells were infected with FCoV at an MOI of 2,500 IFU and
incubated at 48h and 72h. Examination through MTT assay revealed
that CRFK cell viability was significantly reduced with increased
incubation time after FCoV infection (Figure 1B). These results
indicated that FCoV infection with increased incubation time leads to
upgraded CRFK cell’s cytotoxic activity, confirming a decreased CRFK
cell survival rate. Morphological characteristics, including particle size,
particle concentration, surface morphology, total DNA, RNA, and
protein levels, were examined in CRFK-derived uninfected and FCoV-
infected EVs. Moreover, Figure 3A indicates a gradually increasing
trend in total exosomal DNA, and Figure 3B indicates a negligible
increase in total exosomal RNA levels as time progressed. The total
protein content (Figure 3C) was significantly increased at 48h in FCoV-
infected EVs relative to the control EVs, suggesting that FCoV infection
elevated EV production, assembly, and release from CRFK cells.

In this study, we investigated the expression of several protein
markers, including classical biomarkers (Alix, TSG101, CD63),
membrane trafficking molecules (flotillin, clathrin), adhesion molecules
(cadherin, CD29), virus-specific host receptor/protease markers (ACE2,
TMPRSS2), pathogen recognition markers (TLRs), immune biomarkers
(IRF4, TNFa, mCCL22, CD47, TGF-B-3), transmembrane markers
(LAMP-1 (human), ATPase, TSPANS), stress response markers (Hsps,
DIS3), and apoptotic response markers (cleaved-caspase-3) in CRFK-
derived control and FCoV-infected EVs at 48h and 72h time points.
We discovered that classical exosome markers Alix (Figure 4A), TSG101
(Figure 4B), and CD63 (Figure 4C) levels were significantly upregulated
in FCoV-infected EVs relative to the control EVs. Alix and TSG101 are
MVB-related proteins that engage in the endosomal-sorting complex,
which is essential for transport (ESCRT) (45, 46). CD63 are tetraspanins
that serve a key function in understanding cargo sorting, such as PMEL,
into intraluminal vesicles and biogenesis within EV's (47, 83, 84). Hence,
the FCoV infection may stimulate the generation of intraluminal
vesicles, modulate the ESCRT pathway, and enhance EV release.
Another tetraspanin-associated marker is CD29 (Integrin-p-1), which
plays a crucial role in cell adhesion, organ development, signal
transduction, and tissue repair (62, 85, 86). Moreover, the integrin—
tetraspanin complex can be mediated by the exosome uptake (87), and
the tetraspanin-rich exosomal membrane might enhance the SARS-
CoV-2 internalization and cellular penetration (88). CD29 was
significantly upregulated in infected EVs, which could suggest higher
FCoV particle entry, modulated internalization, encapsulation, and
membrane protein expression in EVs (Figure 6D). Additionally,
cadherin, a transmembrane cell-cell adhesion molecule that plays an
important role in tissue morphogenesis, was significantly increased in
the EVs during FCoV infection (Figure 6C) (60). Flotillin-1 (Figure 6A)
and clathrin (Figure 68) membrane trafficking protein markers were
significantly elevated in FCoV-derived EVs relative to the control EVs.
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Flotillin-1 is a membrane-associated lipid raft protein mainly involved
in endocytosis, cell signaling, protein trafficking, protein sorting, and
gene expression (57). The significantly increased level of flotillin-1 in the
infected EVs induced an increase in endosomal sorting, EV release, and
elevated protein recruitment within the lipid raft. Clathrin plays a key
role in receptor-mediated endocytosis, which is essential to membrane
trafficking and mitosis (58, 59), and clathrin-coated vesicles are involved
in EV release and uptake (89).

Literature sources have documented that ACE2 and TMPRSS2
have been involved in SARS-CoV-2 (56). ACE2 functions in the
capacity of the primary entry receptor of SARS-CoV-2 (90), and
TMPRSS2 is able to activate SARS to facilitate both virus-cell and cell-
cell fusion (91). Research studies highlighted the transfer of ACE2 by
EVs among different cells, confirming the capability for SARS-CoV-2
to associate with ACE2 on EV's (92). This finding elicited the concept
of inhibiting EV trafficking as an antiviral strategy against SARS-
CoV-2 infection (92). In addition, other studies discovered that EV's
play an important role in transmitting CoVs and producing EV's
within the host when EVs have packaged and expressed ACE2 at
markedly elevated levels (92). CRFK-derived EV's at the 48 h and 72h
infection time points contained significant levels of ACE2 (Figure 5C)
and TMPRSS2 (Figure 5D), which may confirm that infected EV's
serve an important function in assisting the dissemination of CoV and
extracellular virus production in the host. The role of these protein
markers in viral entry affects EV biogenesis and composition. TLR3
(Figure 7A), TLR6 (Figure 7B), and TLR7 (Figure 7C) significantly
increased at 72h in FCoV-derived EVs compared to the control-
derived EVs. TLRs are pattern-recognition receptors that are vital in
stimulating innate immune responses and pathogen recognition (63).
They are located on immune cells, including macrophages, dendritic
cells, neutrophils, mast cells, and natural killer cells (63). TLR3
participates in the activation of the transcriptional factors of IRFs,
NF-kB, and Activating Transcription Factor 1(ATF1). TLR3 triggers
the formation of IFN-f and proinflammatory cytokines (65). TLR6
contributes to activating myeloid differentiation primary response 88
(MyD88) (66, 67), and TLRY7 triggers the formation of TNF and IL-6
proinflammatory cytokines (69). Therefore, our finding confirmed
that the presence of TLRs provides a defensive mechanism against
FCoV infection by controlling the expression of inflammation and
immune response-associated markers. Furthermore, CD47
(Figure 8B), TGF-B-3 (Figure 8C), mCCL22 (Figure 8D), and TNF-a
(Figure 8F) immune biomarkers were significantly increased in
infected EVs relative to uninfected control EVs. While IRF4
(Figure 8A) was expressed, it was significantly unchanged in
isolated EVs.

CD47 engages in inhibiting phagocytosis (71). Literature has
reported that there is a relationship between EV secretion and TGF-f-
triggered inflammatory changes (93). TNF-a is a key regulator of
inflammatory responses (73). Hence, these results confirmed that FCoV
infection has the ability to control the immune responses within CRFK-
derived EVs, which helps to understand the host-virus interaction and
host immune responses to the FCoV. Expression of several
transmembrane molecules such as LAMP-1 (human), ATPase, and
TSPANS transmembrane proteins was significantly upregulated in
CREFK cell-derived EV§ post-infection. Transmembrane molecules play
a significant role in budding and releasing viruses, including CoV
infection. Detection of Hsps, such as Hsp22 and Hspl00, were
significantly increased at 72 h post-infection, and DIS3 was revealed to
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significantly increase at 48h and 72h in EVs post-infection (Table 1).
Hsps mainly act as molecular chaperones. They are able to protect
damaged proteins from heat and unfold aggregated proteins (94). Hsps
play an important role in identifying virus entry, replication, and
survival during host-viral interaction (95). Hence, these results can
provide insight into all viral infections, including CoV infection.
Furthermore, we examined stress-specific biomarkers; cleaved caspase-3
was significantly elevated at different time points after FCoV infection
(Table 1), which indicated inflammation and severe disease. Caspases
are mainly engaged in cell death and inflammation responses (76).
Caspases are involved and active in SARS-CoV-2 infection (96).
Furthermore, there was an increase in active caspase-3 in SARS-CoV-2
infected patients’ cortical organoids and glial cells, which indicates a
solid association between SARS-CoV-2 and initiation of apoptosis (96).
Hence, our results confirmed that EVs released from FCoV-infected
CREFK cells stimulate apoptotic pathways mediated by cleaved caspase-3
and are able to facilitate the CoV-induced inflammatory responses.
These findings of key biomarkers, such as stress-specific proteins,
immune response-specific proteins, and apoptosis proteins in the
context of FCoV infection, provide new prospects for focused
therapeutic interventions. For example, regulating Hsp100 activity can
hinder the process associated with viral replication, and the function of
caspase proteins in regulating cell death and inflammation emphasizes
the promise of apoptosis protein inhibitors to mitigate tissue injuries
and enhance therapeutic outcomes (76, 95, 97, 98). Furthermore,
focusing CD47 on improving immunological cell detection and
eliminating diseased cells could enhance the host organism against
viruses immune defenses (99-101). Hence, it is important to
comprehend the interaction between these protein markers and various
immunological routes, which culminates in the evolvement of in-depth
and efficient treatment regimens.

5 Conclusion

EVs play significant roles during viral infection, including
facilitating cell-to-cell communication, transporting viral genetic
materials into specific cells, as well as being involved in cell physiology
and virus entry that aids viral infection. Hence, EV-based technology
demonstrates great potential for disease diagnosis and therapeutic tools
to prevent CoV and other viral infections. Our study has confirmed
that in vitro FCoV has a significant effect on CRFK cell viability and
survival, which supports the fact that FCoV-infected CRFK-derived
EVs are able to introduce stress responses and apoptotic pathway
signals. We found that FCoV-infected CRFK-derived EVs trigger EV
production in response to the infectious agent. This study revealed that
under the stress induced by FCoV infection, CRFK-derived EVs can
efficiently package markers and proteins, providing a clear indication
of the impact of the virus on the physiological state of feline cells.

Future studies will investigate the receptor-agnostic penetration
of CoV into additional target cells (e.g., lung, spleen, and
gastrointestinal) and the synthesis of extracellular vesicles facilitated
by the host. Furthermore, gene expression studies need to
be investigated to explore the varied specific gene functions and
modulation mechanisms of post-CoV infection. However, conducting
more in-depth investigations of the interspecies transition of animal
CoVs and their adaptation to human carriers is crucial. Hence, it is
necessary for further exploration to study virus-host interaction in
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various animals associated with close contact with humans to prevent
future CoV strain mutation. The result of this research could improve
the insight into the EVs engagement in viral infections and the
significance of the therapeutic utility of EVs.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author/s.

Ethics statement

Ethical approval was not required for the studies on animals in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

SW: Methodology, Validation, Writing — original draft, Writing
- review & editing, Formal analysis, Investigation. RP: Supervision,
Writing - review & editing. AI: Writing - review & editing. BC:
Writing - review & editing. QM: Conceptualization, Formal analysis,
Methodology, Project administration, Validation, Writing - original
draft, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
funded by the National Science Foundation (IOS-1900377).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material
The Supplementary material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fvets.2024.1388438/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fvets.2024.1388438
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2024.1388438/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2024.1388438/full#supplementary-material

Wijerathne et al.

References

1. V'Kovski P, Kratzel A, Steiner S, Stalder H, Thiel V. Coronavirus biology and
replication: implications for SARS-CoV-2. Nat Rev Microbiol. (2021) 19:155-70. doi:
10.1038/s41579-020-00468-6

2. Payne S. Family Coronaviridae. Viruses. (2017):149-58. doi: 10.1016/

B978-0-12-803109-4.00017-9

3.Su S, Wong G, Shi W, Liu J, Lai ACK, Zhou J, et al. Epidemiology, genetic
recombination, and pathogenesis of coronaviruses. Trends Microbiol. (2016) 24:490-502.
doi: 10.1016/.tim.2016.03.003

4. Ye ZW, Yuan S, Yuen KS, Fung SY, Chan CP, Jin DY. Zoonotic origins of human
coronaviruses. Int J Biol Sci. (2020) 16:1686-97. doi: 10.7150/ijbs.45472

5. Beyerstedt S, Casaro EB, Rangel EB. COVID-19: angiotensin-converting
enzyme 2 (ACE2) expression and tissue susceptibility to SARS-CoV-2 infection.
Eur ] Clin Microbiol Infect Diseases. (2021) 40:905-19. doi: 10.1007/
$10096-020-04138-6

6. Alluwaimi AM, Alshubaith IH, Al-Ali AM, Abohelaika S. The coronaviruses of
animals and birds: their zoonosis, vaccines, and models for SARS-CoV and SARS-CoV2.
Front. Veterinary Sci. (2020) 7:582287. doi: 10.3389/fvets.2020.582287

7. Vlasova AN, Diaz A, Damtie D, Xiu L, Toh TH, Lee JS, et al. Novel canine
coronavirus isolated from a hospitalized patient with pneumonia in East Malaysia. Clin
Infect Dis. (2022) 74:446-54. doi: 10.1093/cid/ciab456

8. Pandit R, Ipinmoroti AO, Crenshaw BJ, Li T, Matthews QL. Canine coronavirus
infection modulates the biogenesis and composition of cell-derived extracellular
vesicles. Biomedicines. (2023) 11:1-20. doi: 10.3390/biomedicines11030976

9. Vlasova AN, Toh TH, Lee JS, Poovorawan Y, Davis P, Azevedo MSP, et al. Animal
alphacoronaviruses found in human patients with acute respiratory illness in different
countries. Emerg Microbes Infect. (2022) 11:699-702. doi:
10.1080/22221751.2022.2040341

10. Sherding RG. Feline infectious peritonitis (feline coronavirus): Saunders manual
of small animal practice. Elsevier (2006) 132-143.

11. Jaimes JA, Whittaker GR. Feline coronavirus: insights into viral pathogenesis
based on the spike protein structure and function. Virology. (2018) 517:108-21. doi:
10.1016/j.virol.2017.12.027

12. Hartmann K. Feline infectious peritonitis. Vet Clin North Am Small Anim Pract.
(2005) 35:39-79. doi: 10.1016/j.cvsm.2004.10.011

13. Gao YY, Wang Q, Liang XY, Zhang S, Bao D, Zhao H, et al. An updated review of
feline coronavirus: mind the two biotypes. Virus Res. (2023) 326:199059. doi: 10.1016/j.
virusres.2023.199059

14. Malbon AJ, Fonfara S, Meli ML, Hahn S, Egberink H, Kipar A. Feline infectious
peritonitis as a systemic inflammatory disease: contribution of liver and heart to the
pathogenesis. Viruses. (2019) 11:1-17. doi: 10.3390/v11121144

15. Krentz D, Zenger K, Alberer M, Felten S, Bergmann M, Dorsch R, et al. Curing
cats with feline infectious peritonitis with an Oral multi-component drug containing
GS-441524. Viruses. (2021) 13:1-29. doi: 10.3390/v13112228

16. Paltrinieri S, Giordano A, Stranieri A, Lauzi S. Feline infectious peritonitis (FIP)
and coronavirus disease 19 (COVID-19): are they similar? Transbound Emerg Dis.
(2021) 68:1786-99. doi: 10.1111/tbed.13856

17. Peng R, Wu LA, Wang Q, Qi J, Gao GE Cell entry by SARS-CoV-2. Trends Biochem
Sci. (2021) 46:848-60. doi: 1041016/j.tibs.2021.06.001

18. Lépez-Cortés GI, Palacios-Pérez M, Hernandez-Aguilar MM, Velediaz HE, José
MYV. Human coronavirus cell receptors provide challenging therapeutic targets. Vaccine.
(2023) 11:1-23. doi: 10.3390/vaccines11010174

19. Ayariga JA, Matthews QL. Commentary on "exosome-mediated stable epigenetic
repression of HIV-1". ExRNA. (2022) 4:8. doi: 10.21037/exrna-21-34

20. Ipinmoroti AO, Crenshaw BJ, Pandit R, Kumar S, Sims B, Matthews QL. Human
adenovirus serotype 3 infection modulates the biogenesis and composition of lung cell-
derived extracellular vesicles. ] Immunol Res. (2021) 2021:1-19. doi: 10.1155/2021/2958394

21. Moulin C, Crupi MJE, Ilkow CS, Bell JC, Boulton S. Extracellular vesicles and
viruses: two intertwined entities. Int | Mol Sci. (2023) 24:1-33. doi: 10.3390/
ijms24021036

22. Bello-Morales R, Ripa I, Lopez-Guerrero JA. Extracellular vesicles in viral spread
and antiviral response. Viruses. (2020) 12:1-20. doi: 10.3390/v12060623

23. Sheta M, Taha EA, Lu Y, Eguchi T. Extracellular vesicles: new classification and
tumor immunosuppression. Biology. (2023) 12:1-39. doi: 10.3390/biology12010110

24. Doyle LM, Wang MZ. Overview of extracellular vesicles, their origin, composition,
purpose, and methods for exosome isolation and analysis. Cells. (2019) 8:1-24. doi:
10.3390/cells8070727

25.Zhang Y, Yu M, Tian W. Physiological and pathological impact of exosomes of
adipose tissue. Cell Prolif. (2016) 49:3-13. doi: 10.1111/cpr.12233

26. Hallal S, Téizesi A, Grau GE, Buckland ME, Alexander KL. Understanding the
extracellular vesicle surface for clinical molecular biology. J Extracel Vesicles. (2022)
11:¢12260. doi: 10.1002/jev2.12260

Frontiers in Veterinary Science

10.3389/fvets.2024.1388438

27.Konoshenko MY, Lekchnov EA, Vlassov AV, Laktionov PP. Isolation of
extracellular vesicles: general methodologies and latest trends. Biomed Res Int. (2018)
2018:1-27. doi: 10.1155/2018/8545347

28. Camussi G, Deregibus MC, Bruno S, Grange C, Fonsato V, Tetta C. Exosome/
microvesicle-mediated epigenetic reprogramming of cells. Am J Cancer Res. (2011)
1:98-110.

29. Abels ER, Breakefield XO. Introduction to extracellular vesicles: biogenesis, RNA
cargo selection, content, release, and uptake. Cell Mol Neurobiol. (2016) 36:301-12. doi:
10.1007/s10571-016-0366-z

30.Gonda DD, Akers JC, Kim R, Kalkanis SN, Hochberg FH, Chen CC, et al.
Neuro-oncologic applications of exosomes, microvesicles, and other nano-sized
extracellular particles. Neurosurgery. (2013) 72:501-10. doi: 10.1227/
NEU.0b013e3182846e63

31. Hu G, Drescher KM, Chen XM. Exosomal miRNAs: biological properties and
therapeutic potential. Front Genet. (2012) 3:56. doi: 10.3389/fgene.2012.00056

32.Zaborowski MP, Balaj L, Breakefield XO, Lai CP. Extracellular vesicles:
composition, biological relevance, and methods of study. Bioscience. (2015) 65:783-97.
doi: 10.1093/biosci/biv084

33. Yafiez-Mo6 M, Siljander PR, Andreu Z, Zavec AB, Borras FE, Buzas EI, et al.
Biological properties of extracellular vesicles and their physiological functions. ] Extracel
Vesicles. (2015) 4:27066. doi: 10.3402/jev.v4.27066

34.Clancy JW, Schmidtmann M, D'Souza-Schorey C. The ins and outs of
microvesicles. FASEB bioAdvances. (2021) 3:399-406. doi: 10.1096/fba.2020-00127

35. Kakarla R, Hur J, Kim Y], Kim J, Chwae Y]J. Apoptotic cell-derived exosomes:
messages from dying cells. Exp Mol Med. (2020) 52:1-6. doi: 10.1038/512276-019-0362-8

36. Gurung S, Perocheau D, Touramanidou L, Baruteau J. The exosome journey: from
biogenesis to uptake and intracellular signalling. Cell Commun Signal. (2021) 19:47. doi:
10.1186/512964-021-00730-1

37.Zhang Y, Liu Y, Liu H, Tang WH. Exosomes: biogenesis, biologic function and
clinical potential. Cell Biosci. (2019) 9:19. doi: 10.1186/s13578-019-0282-2

38. Prieto-Vila M, Yoshioka Y, Ochiya T. Biological functions driven by mRNAs
carried by extracellular vesicles in Cancer. Front Cell Develop Biol. (2021) 9:620498. doi:
10.3389/fcell.2021.620498

39. Day C. Exosomes and extracellular vesicles: Methods and applications echelon
biosciences, Echelon Biosciences (2024) 30.

40. Ipinmoroti AO, Matthews QL. Extracellular vesicles: roles in human viral
infections, immune-diagnostic, and therapeutic applications. Pathogens. (2020) 9:1-20.
doi: 10.3390/pathogens9121056

41. Saad MH, Badierah R, Redwan EM, El-Fakharany EM. A comprehensive insight
into the role of exosomes in viral infection: dual faces bearing different functions.
Pharmaceutics. (2021) 13:1-32. doi: 10.3390/pharmaceutics13091405

42. Lawson JS, Syme HM, Wheeler-Jones CPD, Elliott J. Characterisation of Crandell-
Rees feline kidney (CRFK) cells as mesenchymal in phenotype. Res Vet Sci. (2019)
127:99-102. doi: 10.1016/j.rvsc.2019.10.012

43. Kumar S, Matthews QL, Sims B. Effects of cocaine on human glial-derived
extracellular vesicles. Front Cell Develop Biol. (2020) 8:563441. doi: 10.3389/
fcell.2020.563441

44. Scientific Tf. (2016). TRIzol™ Reagent 9 th november 2016. Available at: https://
tools.thermofisher.com/content/sfs/manuals/trizol_reagent.pdf

45.Li XX, Yang LX, Wang C, Li H, Shi DS, Wang J. The roles of Exosomal proteins:
classification, function, and applications. Int ] Mol Sci. (2023) 24:1-18. doi: 10.3390/
ijms24043061

46.Oh H, Mammucari C, Nenci A, Cabodi S, Cohen SN, Dotto GP. Negative
regulation of cell growth and differentiation by TSG101 through association with
p21(Cipl/WAF1). Proc Natl Acad Sci USA. (2002) 99:5430-5. doi: 10.1073/
pnas.082123999

47.Edgar JR, Eden ER, Futter CE. Hrs- and CD63-dependent competing mechanisms
make different sized endosomal intraluminal vesicles. Traffic. (2014) 15:197-211. doi:
10.1111/tra.12139

48.van Niel G, Charrin S, Simoes S, Romao M, Rochin L, Saftig P, et al. The
tetraspanin CD63 regulates ESCRT-independent and -dependent endosomal
sorting during melanogenesis. Dev Cell. (2011) 21:708-21. doi: 10.1016/j.
devcel.2011.08.019

49. Bian ], Li Z. Angiotensin-converting enzyme 2 (ACE2): SARS-CoV-2 receptor and
RAS modulator. Acta Pharm Sin B. (2021) 11:1-12. doi: 10.1016/j.apsb.2020.10.006

50. Wettstein L, Kirchhoff E, Miinch J. The transmembrane protease TMPRSS2 as a
therapeutic target for COVID-19 treatment. Int ] Mol Sci. (2022) 23:1-27. doi: 10.3390/
ijms23031351

51.Strobelt R, Adler J, Shaul Y. The transmembrane protease serine 2 (TMPRSS2)
non-protease domains regulating severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) spike-mediated virus entry. Viruses. (2023) 15:1-16. doi: 10.3390/
v15102124

frontiersin.org


https://doi.org/10.3389/fvets.2024.1388438
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1038/s41579-020-00468-6
https://doi.org/10.1016/B978-0-12-803109-4.00017-9
https://doi.org/10.1016/B978-0-12-803109-4.00017-9
https://doi.org/10.1016/j.tim.2016.03.003
https://doi.org/10.7150/ijbs.45472
https://doi.org/10.1007/s10096-020-04138-6
https://doi.org/10.1007/s10096-020-04138-6
https://doi.org/10.3389/fvets.2020.582287
https://doi.org/10.1093/cid/ciab456
https://doi.org/10.3390/biomedicines11030976
https://doi.org/10.1080/22221751.2022.2040341
https://doi.org/10.1016/j.virol.2017.12.027
https://doi.org/10.1016/j.cvsm.2004.10.011
https://doi.org/10.1016/j.virusres.2023.199059
https://doi.org/10.1016/j.virusres.2023.199059
https://doi.org/10.3390/v11121144
https://doi.org/10.3390/v13112228
https://doi.org/10.1111/tbed.13856
https://doi.org/10.1016/j.tibs.2021.06.001
https://doi.org/10.3390/vaccines11010174
https://doi.org/10.21037/exrna-21-34
https://doi.org/10.1155/2021/2958394
https://doi.org/10.3390/ijms24021036
https://doi.org/10.3390/ijms24021036
https://doi.org/10.3390/v12060623
https://doi.org/10.3390/biology12010110
https://doi.org/10.3390/cells8070727
https://doi.org/10.1111/cpr.12233
https://doi.org/10.1002/jev2.12260
https://doi.org/10.1155/2018/8545347
https://doi.org/10.1007/s10571-016-0366-z
https://doi.org/10.1227/NEU.0b013e3182846e63
https://doi.org/10.1227/NEU.0b013e3182846e63
https://doi.org/10.3389/fgene.2012.00056
https://doi.org/10.1093/biosci/biv084
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.1096/fba.2020-00127
https://doi.org/10.1038/s12276-019-0362-8
https://doi.org/10.1186/s12964-021-00730-1
https://doi.org/10.1186/s13578-019-0282-2
https://doi.org/10.3389/fcell.2021.620498
https://doi.org/10.3390/pathogens9121056
https://doi.org/10.3390/pharmaceutics13091405
https://doi.org/10.1016/j.rvsc.2019.10.012
https://doi.org/10.3389/fcell.2020.563441
https://doi.org/10.3389/fcell.2020.563441
https://tools.thermofisher.com/content/sfs/manuals/trizol_reagent.pdf
https://tools.thermofisher.com/content/sfs/manuals/trizol_reagent.pdf
https://doi.org/10.3390/ijms24043061
https://doi.org/10.3390/ijms24043061
https://doi.org/10.1073/pnas.082123999
https://doi.org/10.1073/pnas.082123999
https://doi.org/10.1111/tra.12139
https://doi.org/10.1016/j.devcel.2011.08.019
https://doi.org/10.1016/j.devcel.2011.08.019
https://doi.org/10.1016/j.apsb.2020.10.006
https://doi.org/10.3390/ijms23031351
https://doi.org/10.3390/ijms23031351
https://doi.org/10.3390/v15102124
https://doi.org/10.3390/v15102124

Wijerathne et al.

52. Sarker J, Das P, Sarker S, Roy AK, Momen A. A review on expression, pathological
roles, and inhibition of TMPRSS2, the serine protease responsible for SARS-CoV-2 spike
Protein activation. Scientifica. (2021) 2021:1-9. doi: 10.1155/2021/2706789

53. Nejat R, Torshizi ME Najafi DJ, Protein S. ACE2 and host cell proteases in SARS-
CoV-2 cell entry and infectivity; is soluble ACE2 a two blade sword? Narrat Rev
Vaccines. (2023) 11:1-28. doi: 10.3390/vaccines11020204

54. Shirbhate E, Pandey J, Patel VK, Kamal M, Jawaid T, Gorain B, et al. Understanding
the role of ACE-2 receptor in pathogenesis of COVID-19 disease: a potential approach
for therapeutic intervention. Pharmacol Rep. (2021) 73:1539-50. doi: 10.1007/
543440-021-00303-6

55. Bestle D, Heindl MR, Limburg H, Van Lam VT, Pilgram O, Moulton H, et al.
TMPRSS2 and furin are both essential for proteolytic activation of SARS-CoV-2 in
human airway cells. Life Sci Alliance. (2020) 3:¢202000786. doi: 10.26508/15a.202000786

56. Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler T, Erichsen S,
et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a
clinically proven protease inhibitor. Cell. (2020) 181:271-80.e8. doi: 10.1016/j.
cell.2020.02.052

57. Kwiatkowska K, Matveichuk OV, Fronk J, Ciesielska A. Flotillins: at the intersection
of Protein S-Palmitoylation and lipid-mediated signaling. Int ] Mol Sci. (2020) 21:1-26.
doi: 10.3390/ijms21072283

58. Bates GT, Briant K, Bultitude WP, Brodsky FM. Clathrin and Clathrin-mediated
membrane traffic In: RA Bradshaw, GW Hart and PD Stahl, editors. Encyclopedia of cell
biology. Second ed. Oxford: Academic Press (2023). 529-44.

59. Royle SJ. The cellular functions of clathrin. Cell Molecular Life Sci. (2006)
63:1823-32. doi: 10.1007/s00018-005-5587-0

60. Maitre JL, Heisenberg CP. Three functions of cadherins in cell adhesion. Curr Biol.
(2013) 23:R626-33. doi: 10.1016/j.cub.2013.06.019

61. Hawk CS, Coelho C, Oliveira DSL, Paredes V, Albuquerque P, Bocca AL, et al.
Integrin 1 promotes the interaction of murine IgG3 with effector cells. J Immunol.
(2019) 202:2782-94. doi: 10.4049/jimmunol.1701795

62. Gahmberg CG, Gronholm M. How integrin phosphorylations regulate cell
adhesion and signaling. Trends Biochem Sci. (2022) 47:265-78. doi: 10.1016/j.
tibs.2021.11.003

63. Duan T, Du Y, Xing C, Wang HY, Wang RE. Toll-like receptor signaling and its role
in cell-mediated immunity. Front Immunol. (2022) 13:812774. doi: 10.3389/
fimmu.2022.812774

64.Chen Y, Lin ], Zhao Y, Ma X, Yi H. Toll-like receptor 3 (TLR3) regulation
mechanisms and roles in antiviral innate immune responses. | Zhejiang Univ Sci B.
(2021) 22:609-32. doi: 10.1631/jzus.B2000808

65. Liu Y, Mo CE, Luo XY, Li H, Guo HJ, Sun H, et al. Activation of toll-like receptor
3 induces Interleukin-1 receptor antagonist expression by activating the interferon
regulatory factor 3. ] Innate Immun. (2020) 12:304-20. doi: 10.1159/000504321

66. Colleselli K, Stierschneider A, Wiesner C. An update on toll-like receptor 2, its
function and dimerization in pro- and anti-inflammatory processes. Int ] Mol Sci. (2023)
24:1-18. doi: 10.3390/ijms241512464

67. Takeuchi O, Kawai T, Sanjo H, Copeland NG, Gilbert DJ, Jenkins NA, et al. TLR6:
a novel member of an expanding toll-like receptor family. Gene. (1999) 231:59-65. doi:
10.1016/S0378-1119(99)00098-0

68. Dittmar RL, Sen S. Chapter 4 - MicroRNAs in exosomes in Cancer. In: DJ
Chakrabarti and DS Mitra, editors. Cancer and noncoding RNAs. 1. Boston: Academic
Press; (2018). p. 59-78

69. Butchi NB, Woods T, Du M, Morgan TW, Peterson KE. TLR7 and TLRY trigger
distinct neuroinflammatory responses in the CNS. Am J Pathol. (2011) 179:783-94. doi:
10.1016/j.ajpath.2011.04.011

70.Nam S, Lim JS. Essential role of interferon regulatory factor 4 (IRF4) in immune
cell development. Arch Pharm Res. (2016) 39:1548-55. doi: 10.1007/s12272-016-0854-1

71. Lehrman EK, Wilton DK, Litvina EY, Welsh CA, Chang ST, Frouin A, et al. CD47
protects synapses from excess microglia-mediated pruning during development.
Neuron. (2018) 100:120-34.e6. doi: 10.1016/j.neuron.2018.09.017

72.Xue K, Zhang J, Li C, Li ], Wang C, Zhang Q, et al. The role and mechanism of
transforming growth factor beta 3 in human myocardial infarction-induced myocardial
fibrosis. J Cell Mol Med. (2019) 23:4229-43. doi: 10.1111/jcmm.14313

73.Jang DI, Lee AH, Shin HY, Song HR, Park JH, Kang TB, et al. The role of tumor
necrosis factor alpha (TNF-a) in autoimmune disease and current TNF-a inhibitors in
therapeutics. Int ] Mol Sci. (2021) 22:1-16. doi: 10.3390/ijms22052719

74. Rohrer J, Schweizer A, Russell D, Kornfeld S. The targeting of Lampl1 to lysosomes
is dependent on the spacing of its cytoplasmic tail tyrosine sorting motif relative to the
membrane. J Cell Biol. (1996) 132:565-76. doi: 10.1083/jcb.132.4.565

75. Tutar Y, Naureen H, Farooqi AA. Chapter 13 - heat shock proteins in tumor
progression and metastasis In: AA Faroogi, MZ Qureshi and UY Sabitaliyevich, editors.
Unraveling the complexities of metastasis. Amsterdam, Netherlands: Academic Press
(2022). 187-201.

Frontiers in Veterinary Science

10.3389/fvets.2024.1388438

76. Van Opdenbosch N, Lamkanfi M. Caspases in cell death, inflammation, and
disease. Immunity. (2019) 50:1352-64. doi: 10.1016/j.immuni.2019.05.020

77. Urbanelli L, Buratta S, Tancini B, Sagini K, Delo E, Porcellati S, et al. The role of
extracellular vesicles in viral infection and transmission. Vaccine. (2019) 7:1-20. doi:
10.3390/vaccines7030102

78. Nolte-'t Hoen E, Cremer T, Gallo RC, Margolis LB. Extracellular vesicles and
viruses: are they close relatives? Proc Natl Acad Sci USA. (2016) 113:9155-61. doi:
10.1073/pnas.1605146113

79. de Jong B, Barros ER, Hoenderop JGJ, Rigalli JP. Recent advances in extracellular
vesicles as drug delivery systems and their potential in precision medicine.
Pharmaceutics. (2020) 12:1-37. doi: 10.3390/pharmaceutics12111006

80. Tahyra ASC, Calado RT, Almeida F. The role of extracellular vesicles in COVID-19
pathology. Cells. (2022) 11:1-12. doi: 10.3390/cells11162496

81.Yim KHW, Borgoni S, Chahwan R. Serum extracellular vesicles profiling is
associated with COVID-19 progression and immune responses. ] Extracel Biol. (2022)
1:e37. doi: 10.1002/jex2.37

82. Dauletova M, Hafsan H, Mahhengam N, Zekiy AO, Ahmadi M, Siahmansouri H.
Mesenchymal stem cell alongside exosomes as a novel cell-based therapy for COVID-19:
a review study. Clin Immunol. (2021) 226:108712. doi: 10.1016/j.clim.2021.108712

83. Mashouri L, Yousefi H, Aref AR, Ahadi AM, Molaei E Alahari SK. Exosomes:
composition, biogenesis, and mechanisms in cancer metastasis and drug resistance. Mol
Cancer. (2019) 18:75. doi: 10.1186/s12943-019-0991-5

84. Andreu Z, Yanez-M6 M. Tetraspanins in extracellular vesicle formation and
function. Front Immunol. (2014) 5:442. doi: 10.3389/fimmu.2014.00442

85. Togarrati PP, Dinglasan N, Desai S, Ryan WR, Muench MO. CD29 is highly
expressed on epithelial, myoepithelial, and mesenchymal stromal cells of human salivary
glands. Oral Dis. (2018) 24:561-72. doi: 10.1111/0di.12812

86. Wu X, Reddy DS. Integrins as receptor targets for neurological disorders.
Pharmacol Ther. (2012) 134:68-81. doi: 10.1016/j.pharmthera.2011.12.008

87.Hu Q, SuH, Li]J, Lyon C, Tang W, Wan M, et al. Clinical applications of exosome
membrane proteins. Precis Clin Med. (2020) 3:54-66. doi: 10.1093/pcmedi/pbaa007

88. Earnest JT, Hantak MP, Li K, McCray PB Jr, Perlman S, Gallagher T. The
tetraspanin CD9 facilitates MERS-coronavirus entry by scaffolding host cell receptors
and proteases. PLoS Pathog. (2017) 13:¢1006546. doi: 10.1371/journal.ppat.1006546

89.Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and
friends. J Cell Biol. (2013) 200:373-83. doi: 10.1083/jcb.201211138

90. Scialo F, Daniele A, Amato E, Pastore L, Matera MG, Cazzola M, et al. ACE2: the
major cell entry receptor for SARS-CoV-2. Lung. (2020) 198:867-77. doi: 10.1007/
s00408-020-00408-4

91. Glowacka I, Bertram S, Miiller MA, Allen P, Soilleux E, Pfefferle S, et al. Evidence
that TMPRSS2 activates the severe acute respiratory syndrome coronavirus spike protein
for membrane fusion and reduces viral control by the humoral immune response. J Virol.
(2011) 85:4122-34. doi: 10.1128/JV1.02232-10

92.Tey SK, Lam H, Wong SWK, Zhao HTo KK, Yam JWP. ACE2-enriched
extracellular vesicles enhance infectivity of live SARS-CoV-2 virus. ] Extracel Vesicles.
(2022) 11:¢12231. doi: 10.1002/jev2.12231

93. Bonowicz K, Mikotajczyk K, Faisal I, Qamar M, Steinbrink K, Kleszczynski K, et al.
Mechanism of extracellular vesicle secretion associated with TGF-f-dependent
inflammatory response in the tumor microenvironment. Int ] Mol Sci. (2022) 23:1-12.
doi: 10.3390/ijms232315335

94. Verghese J, Abrams J, Wang Y, Morano KA. Biology of the heat shock response and
protein chaperones: budding yeast (Saccharomyces cerevisiae) as a model system.
Microbiol Molecul Biol Rev. (2012) 76:115-58. doi: 10.1128/ MMBR.05018-11

95. Zhang X, Yu W. Heat shock proteins and viral infection. Front Immunol. (2022)
13:947789. doi: 10.3389/fimmu.2022.947789

96. Premeaux TA, Yeung ST, Bukhari Z, Bowler S, Alpan O, Gupta R, et al. Emerging
insights on caspases in COVID-19 pathogenesis, sequelae, and directed therapies. Front
Immunol. (2022) 13:842740. doi: 10.3389/fimmu.2022.842740

97.Wu S, Zhao Y, Wang D, Chen Z. Mode of action of heat shock Protein (HSP)
inhibitors against viruses through host HSP and virus interactions. Genes. (2023)
14:1-29. doi: 10.3390/genes14040792

98. Mcllwain DR, Berger T, Mak TW. Caspase functions in cell death and disease. Cold
Spring Harb Perspect Biol. (2013) 5:a008656. doi: 10.1101/cshperspect.a008656

99. Lau APY, Khavkine Binstock SS, Thu KL. CD47: the next frontier in immune
checkpoint blockade for non-small cell lung Cancer. Cancers. (2023) 15:1-33. doi:
10.3390/cancers15215229

100. Cham LB, Adomati T, Li E, Ali M, Lang KS. CD47 as a potential target to therapy
for infectious diseases. In Antibodies. Basel, Switzerland: NA, MDPI. (2020)9

101. Liu X, Kwon H, Li Z, Fu YX. Is CD47 an innate immune checkpoint for tumor
evasion? ] Hematol Oncol. (2017) 10:12. doi: 10.1186/513045-016-0381-z

frontiersin.org


https://doi.org/10.3389/fvets.2024.1388438
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1155/2021/2706789
https://doi.org/10.3390/vaccines11020204
https://doi.org/10.1007/s43440-021-00303-6
https://doi.org/10.1007/s43440-021-00303-6
https://doi.org/10.26508/lsa.202000786
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.3390/ijms21072283
https://doi.org/10.1007/s00018-005-5587-0
https://doi.org/10.1016/j.cub.2013.06.019
https://doi.org/10.4049/jimmunol.1701795
https://doi.org/10.1016/j.tibs.2021.11.003
https://doi.org/10.1016/j.tibs.2021.11.003
https://doi.org/10.3389/fimmu.2022.812774
https://doi.org/10.3389/fimmu.2022.812774
https://doi.org/10.1631/jzus.B2000808
https://doi.org/10.1159/000504321
https://doi.org/10.3390/ijms241512464
https://doi.org/10.1016/S0378-1119(99)00098-0
https://doi.org/10.1016/j.ajpath.2011.04.011
https://doi.org/10.1007/s12272-016-0854-1
https://doi.org/10.1016/j.neuron.2018.09.017
https://doi.org/10.1111/jcmm.14313
https://doi.org/10.3390/ijms22052719
https://doi.org/10.1083/jcb.132.4.565
https://doi.org/10.1016/j.immuni.2019.05.020
https://doi.org/10.3390/vaccines7030102
https://doi.org/10.1073/pnas.1605146113
https://doi.org/10.3390/pharmaceutics12111006
https://doi.org/10.3390/cells11162496
https://doi.org/10.1002/jex2.37
https://doi.org/10.1016/j.clim.2021.108712
https://doi.org/10.1186/s12943-019-0991-5
https://doi.org/10.3389/fimmu.2014.00442
https://doi.org/10.1111/odi.12812
https://doi.org/10.1016/j.pharmthera.2011.12.008
https://doi.org/10.1093/pcmedi/pbaa007
https://doi.org/10.1371/journal.ppat.1006546
https://doi.org/10.1083/jcb.201211138
https://doi.org/10.1007/s00408-020-00408-4
https://doi.org/10.1007/s00408-020-00408-4
https://doi.org/10.1128/JVI.02232-10
https://doi.org/10.1002/jev2.12231
https://doi.org/10.3390/ijms232315335
https://doi.org/10.1128/MMBR.05018-11
https://doi.org/10.3389/fimmu.2022.947789
https://doi.org/10.3389/fimmu.2022.842740
https://doi.org/10.3390/genes14040792
https://doi.org/10.1101/cshperspect.a008656
https://doi.org/10.3390/cancers15215229
https://doi.org/10.1186/s13045-016-0381-z

	Feline coronavirus influences the biogenesis and composition of extracellular vesicles derived from CRFK cells
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 Viral stock
	2.3 Infection of CRFK cells
	2.4 MTT (3-(4, 5-dimethylthiazo-1-2yl)-2,5-diphenyltetrazolium bromide) assay
	2.5 Isolation and purification of EVs
	2.6 Total DNA/RNA extraction
	2.7 Bicinchoninic acid (BCA) assay
	2.8 NanoSight tracking analysis
	2.9 Scanning electron microscope
	2.10 Dot blot analysis
	2.11 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blot analysis
	2.12 Statistical analysis

	3 Results
	3.1 Feline coronavirus altered CRFK cell viability
	3.2 Evaluation of CRFK-derived EV size, concentration, surface morphology, and biomolecules
	3.3 Identification of the presence of classical biomarkers in EVs
	3.4 Presence of the host receptors and host cell protease after FCoV infection
	3.5 Expression of membrane trafficking protein markers following FCoV infection
	3.6 Expression of adhesion molecules in EV cargoes in response to FCoV infection
	3.7 FCoV infection stimulated pathogen recognition and proinflammatory responses
	3.8 Evaluation of protein and inflammatory markers in EVs in response to FCoV infection
	3.9 Transmembrane molecules, activation of stress-specific and apoptotic response markers expression in response to FCoV infection

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

