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A B S T R A C T   

Feline calicivirus (FCV) is a highly contagious pathogen that causes acute upper respiratory infections and oral 
disease in cats, thus seriously endangering feline health. Recently, there have been outbreaks of particularly 
virulent variant strains of FCV, which can cause both acute symptoms and fatal systemic disease. The discovery 
of effective antiviral agents to treat FCV infection is, therefore, gradually assuming increased importance. In this 
study, we showed that both nitazoxanide and mizoribine had antiviral activity in F81 cells infected with dif
ferent strains of FCV and also demonstrated a synergistic effect between the two drugs. Experiments in cats 
challenged with FCV showed that nitazoxanide significantly reduced the clinical symptoms of FCV infection, 
reduced viral load in the trachea and lungs, and reduced viral shedding. Our results showed that nitazoxanide 
and mizoribine could potentially be used as therapeutic agents to treat FCV infection.   

1. Introduction 

Feline calicivirus (FCV), the major representative of the family 
Caliciviridae, primarily causes upper respiratory tract disease in cats. 
Highly virulent strains of FCV (VS-FCV) can cause systemic diseases, 
including subcutaneous edema, necrosis in multiple organs (liver, 
spleen, pancreas) and interstitial pneumonia (Desselberger, 2019). FCV 
vaccines have been commercially available for 30 years but FCV re
mains highly prevalent among cats, and none of the vaccines currently 
on sale can protect cats from all strains of FCV (Sato et al., 2017). In the 
past decade, severe systemic diseases caused by VS-FCV have been re
ported in many countries (Caringella et al., 2019; Guo et al., 2018;  
Radford and Gaskell, 2011; Schulz et al., 2011). One reason for the 
incomplete protection afforded by vaccines may be that the broad 
spectrum of genetic and antigenic variability of FCV results in different 

strains with little cross-reactivity (Bergmann et al., 2019). Some cats 
also occasionally spread the virus after being inoculated with live 
viruses (Afonso et al., 2017). 

The cat is a companion animals of humans and, in recent years, the 
development of companion animal culture has aroused interest in 
treating diseases caused by FCV. A variety of drugs have been shown to 
have antiviral effects against FCV, but most of these were tested only in 
in vitro studies (Aboubakr et al., 2016; Tian et al., 2017; Wu et al., 
2016). Whether these compounds can also be used in vivo to treat FCV 
infection is unknown. Nitazoxanide (NTZ, 2-[(5-nitro-1,3-thiazol-2-yl) 
carbamoyl] phenyl acetate) was initially identified as an anti-parasitic 
agent and is approved by the US Food and Drug Administration (FDA) 
as an orally active treatment for protozoal diarrhea. NTZ has since been 
shown to have antiviral effects against a variety of RNA and DNA 
viruses (Dang et al., 2017; Jasenosky et al., 2019; Zhou et al., 2019), 
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including norovirus, a member of the Caliciviridae family, which is a 
major cause of human gastroenteritis (Dang et al., 2017). Mizoribine 
(MZR, 1-[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)oxolan-2- 
yl]-5-hydroxy-1H-imidazole-4-carboxamide) is as an imidazole nu
cleoside that has anti-proliferative activity against some immune cells. 
MZR has been used in several countries or regions as an im
munosuppressant to treat autoimmune diseases and steroid-resistant 
nephrotic syndrome after renal transplantation (Ishikawa, 1999). Re
cently, MZR has been shown to have antiviral activity against cyto
megalovirus, respiratory syncytial virus, severe acute respiratory syn
drome-associated coronavirus, bovine viral diarrhea virus, and foot- 
and-mouth disease virus (Li et al., 2019; Saijo et al., 2005; Shigeta, 
2000; Shiraki et al., 1990; Stuyver et al., 2002). 

Here, we showed first that NTZ and MZR had low cytotoxicity in 
transformed feline kidney fibroblast (F81) cells. We then evaluated the 
antiviral effects of the two compounds against FCV. Both compounds 
were found to be effective against several strains of FCV and the anti
viral effects were found to be dose-dependent. There was also a sy
nergistic effect between MZR and NTZ in vitro. Animal experiments 
showed that NTZ significantly reduced viral load in the trachea and 
lungs, and also reduced viral shedding. In cats, both clinical score and 
mortality decreased on administration of NTZ, and blood biochemistry 
and immunohistochemistry showed that NTZ may be an effective 
clinical treatment for cats infected with FCV. 

2. Materials and methods 

2.1. Cells, virus strains and compounds 

Feline kidney fibroblast-like monolayer cells (F81) and the CH-SH 
strain of FCV were provided by The Institute of Military Veterinary 
Medicine (Changchun, China). CH-JL1, CH-JL2, CH-JL3 and CH-JL4 
strains of FCV were isolated and stored in our laboratory (Wang et al., 
2017; Zhao et al., 2017). MZR (#M129842) and NTZ (#N159057) were 
purchased from Aladdin, China. FCV strain CH-JL2 was used for all 
experiments unless otherwise stated. 

2.2. Cytotoxicity of nitazoxanide and mizoribine 

F81 cells were seeded into a 96-well plate and grown in minimum 
essential medium (MEM; Gibco, USA) containing 8% fetal bovine serum 
(FBS). When the cells had formed monolayers, the medium was re
placed by MEM containing 2% FBS and different concentrations of MZR 
(20, 40, 60, 80, 100, and 200 μM) or NTZ (20, 40, 60, 80, 100, and 
200 μM) and 2% FBS. MEM containing 0.4% DMSO was used as the 
blank control. The cells were incubated for 24 or 72 h at 37 °C under an 
atmosphere containing 5% CO2 and then washed twice with phosphate- 
buffered saline (PBS). FBS-free MEM (180 μL) and CCK8 (20 μL, 
Biosharp, China) were then added and the cells were incubated at 37 °C 
for 1–2 h. A Cmax Plus plate reader (Molecular Devices, USA) was used 
to read the optical density (OD) at 450 nm. Cell viability was calculated 
using the following equation:  

Cell viability = [OD (Compound) - OD (blank)] / [OD (control) - OD 
(blank)] × 100%.                                                                        

2.3. Antiviral effect of mizoribine and nitazoxanide against FCV in vitro 

FCV (100 × half-tissue culture infectious dose (TCID50), 200 μL) 
and different concentrations of MZR or NTZ were added to 96-well 
plates containing monolayers of F81 cells and the cells were incubated 
at 37 °C under an atmosphere containing 5% CO2 for 28 h. Each drug 
concentration was tested in three replicate wells and 0.4% DMSO was 
used as the blank control. TCID50 values were determined and reverse 
transcription-quantitative polymerase chain reaction (RT-qPCR) of FCV 

was carried after three freeze-thaw cycles to evaluate the antiviral ef
fects of MZR and NTZ against FCV. Half-maximum inhibitory con
centrations (IC50) were determined, and the results were plotted using 
GraphPad Prism 8. An indirect immunofluorescence assay (IFA) was 
performed to observe the antiviral effects against FCV more directly. 
After immobilization with cold acetone and washing, anti-FCV anti
bodies (1:300, VMRD, USA) were used as primary antibodies and FITC- 
labeled rabbit anti-cat IgG antibodies (1:200; Bioss Antibodies, China) 
were used as secondary antibodies (Cui et al., 2019). Fluorescence was 
observed using a Leica Dmi8 inverted fluorescence microscope (Leica, 
Germany). 

2.4. Determination of viral titer and RNA expression level 

A solution of virus was diluted in a 10-fold gradient. Aliquots 
(100 μL per well) of solutions with different concentrations of virus, 
together with MEM containing 2% FBS (100 μL), were added to each 
plate column. The blank control wells contained no virus. The plates 
were cultured 28 h at 37 °C under an atmosphere containing 5% CO2 

and virus TCID50 values were then calculated using the Reed and 
Muench formula. Relative RT-qPCR was used to evaluate FCV gene 
expression. Briefly, viral RNA was extracted using a Simply P total RNA 
extraction kit (Bioflux, China), retranslated into cDNA using RevertAid 
First Strand cDNA Synthesis Kit (Thermo Fisher, USA), followed by RT- 
qPCR using TB Green Premix Ex Taq II (Tli RNaseH Plus, TaKaRa, 
China). The upstream and downstream primers were: FCV 5′-GCAGG 
TTGGGATAAACATGGA-3′ and 5′-CACGAGGCGATTGAGTTGAG-3′; 
GAPDH 5′-TGGAAAGCCCATCACCATC-3′, and 5′-ACTCCACAACATAC 
TCAGCACCA-3′. 

2.5. Antiviral effects of mizoribine and nitazoxanide against other FCV 
strains in vitro 

The antiviral effects of MZR and NTZ against other stains of virus 
(CH-JL1, CH-SH, CH-JL3 and CH-JL4) were determined as described in 
Section 2.3. Briefly, solutions of virus were diluted to 100 × TCID50 

and added, together with MZR or NTZ, to 96-well plates containing 
monolayers of F81 cells. TCID50 and RNA expression levels were de
termined after incubation at 37 °C under an atmosphere containing 5% 
CO2 for 28 h, followed by three freeze-thaw cycles. 

2.6. Efficacy of combinations of mizoribine and nitazoxanide in vitro 

The checkerboard method, with serial dilutions and mixtures of the 
two compounds, was used to determine the effect of combinations of 
MZR and NTZ. TCID50 values were determined and SynergyFinder was 
used to evaluate the effects of the combinations (Ianevski et al., 2017). 
The zero interaction efficacy (ZIP) model was used to calculate the 

Table 1 
The scoring system for the health and clinical status of cats. Body weight 
loss (%) = 100 × [(7d weight)] − (0d weight)]/[0d weight].     

Clinical symptoms Description Score  

Rectal temperature (°C) 37.1–39.4 0 
≥39.5 1 
≤37.0 2 

Body weight loss (%) Gain or loss of  < 3% 0 
Loss of ≥3% 2 

Ulcers (oral and/or nasal) Absence 0 
Small and few 1 
Large or numerous 3 

Nasal discharge Absence 0 
Slight 1 
Copious 2 

Ocular discharge Absence 0 
Presence 1 

Z. Cui, et al.   Antiviral Research 182 (2020) 104827

2



synergistic combination score of different concentrations of the drugs 
(Yadav et al., 2015). 

2.7. Antiviral effect of nitazoxanide on FCV in vivo 

All animals conformed to the general requirements for animal ex
periments in China (GB/T 35823-2018). Healthy female cats (5–7 
weeks old, 0.5–0.7 kg) were randomly assigned to eight groups (four 
animals per group) once they had been confirmed to be virus-free by 
ELSA and PCR detection of FCV RNA and antibodies. The prophylactic 
effect of NTZ was investigated first. On day −1 (−1 dpi, the day before 
viral infection) animals in the treatment groups received oral doses of 
NTZ (20 mg/kg, 10 mg/kg or 5 mg/kg) in PBS (500 μL). These were 

designed groups A, B and C, respectively. The control group received 
the same volume of PBS. On day 0, the cats were infected intranasally 
with FCV (108.22 × TCID50) in MEM (500 μL). The therapeutic effect of 
NTZ after onset of infection was examined next. On day 3, days post- 
infection (dpi), infected cats were treated orally with NTZ (20 mg/kg, 
10 mg/kg or 5 mg/kg) in PBS (500 μL). These were designated groups 
D, E and F, respectively. The control group received an equal volume of 
PBS. Clinical signs and survival rates of the animals were monitored as 
described previously, and cat health was assessed on days 0 and 7 (see  
Table 1 for details) (Cui et al., 2019). Virus titers were measured in oral 
swabs and different tissues by quantitative RT-qPCR. The sequences of 
the FCV primers were the same as those used for the relative RT-qPCR. 

Fig. 1. Evaluation of antiviral effects of 
nitazoxanide and mizoribine against 
FCV. 
(A and E) Solutions of MZR (100 mM) and 
NTZ (100 mM) in DMSO were diluted with 
MEM to provide test solutions of different 
concentration. The solutions were mixed 
with virus (100 × TCID50); the fluorescence 
was measured and the optical density was 
determined statistically. The mock group 
contained 0.4% DMSO. (B and F) The 
TCID50 of FCV was measured after incuba
tion with different concentrations of MZR 
and NTZ for 28 h. (C and G) Relative RT- 
qPCR was used to measure the expression of 
FCV RNA. (D and H) EC50 curves for MZR 
and NTZ. Unless otherwise stated, all ex
periments were simulated with 0.4% DMSO 
and 100 × TCID50 FCV, and all were re
peated three times. *p  <  0.0332; 
**p  <  0.0021; ***p  <  0.0002; 
****p  <  0.0001. 
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2.8. Complete blood count, biochemical analysis and immunohistochemistry 

Blood samples were collected from the cats. A complete blood count 
was carried out using a hematology analyzer (PE-6800VET, Prokan, 
China) and biochemical analysis was carried out using a VetTest plasma 
chemistry analyzer (IDEXX, USA). Immunohistochemistry tests were 
performed as described before (Cui et al., 2019). Briefly, Paraffin sec
tions were prepared after incubation with anti-FCV antibody (1:500, 
VMRD) for 24 h followed by treatment with HRP-labeled rabbit anti-cat 
secondary antibody (Gibco). 

3. Results 

3.1. Antiviral effects of nitazoxanide and mizoribine against FCV in vitro 

A CCK8 kit was used to test the cytotoxicity of the two compounds 
in F81 cells. CC50 values of both compounds were > 1000 μM (results 
not shown). IFA was then used to measure the antiviral activity of the 
two compounds against FCV (Supplementary Material S1) and the re
sults were analyzed using Image J software (Fig. 1 A and E). At a 
concentration of 20 μM, the optical densities of samples containing the 
two compounds were significantly different to the control group 
(p  <  0.0001). FCV TCID50 values and levels of gene expression at 

different compound concentrations were compared with values for the 
control group. The TCID50 values of FCV was significantly reduced 
(p  <  0.0002) after treatment (Fig. 1 B and F) and gene levels of FCV 
were significantly downregulated (p  <  0.0021) (Fig. 1 C and G). The 
EC50 of NTZ was 1.53 μM and the EC50 of MZR was 12.68 μM (Fig. 1 D 
and H). 

3.2. Antiviral effects against other FCV strains 

NTZ and MZR not only had antiviral efficacy against the FCV CH- 
JL2 strain, but the TCID50 values of the CH-JL1, CH-JL3, CH-JL4 and 
CH-SH strains were also significantly different after drug treatment 
(p  <  0.0332) (Fig. 2A). FCV gene expression was also significantly 
downregulated by treatment with the two compounds (p  <  0.0332) 
(Fig. 2B). 

3.3. Synergistic effect of nitazoxanide and mizoribine 

The checkerboard method was used to determine the combined 
effects of NTZ and MZR. Drug solutions were diluted and the ZIP model 
was used to calculate the scores of different drug dose combinations. 
The average synergy score was 31.07 (Fig. 2D) and the most synergistic 
area score was 45.5 (Fig. 2C), indicating that NTZ and MZR had 

Fig. 2. Evaluation of antiviral effects of nitazoxanide and mizoribine against other FCV strains and their effects in combination. 
(A) Once the antiviral activity of NTZ and MZR against the FCV CH-JL2 strain had been established, CH-JL1, CH-JL3, CH-JL4 and CH-SH strains (diluted to 
100 × TCID50) were treated with NTZ (20 μM) or MZR (40 μM). TCID50 values were measured after 28 h. (B) Relative RT-qPCR was used to assess changes in gene 
levels of different FCV strains. (C and D) Virus TCID50 values were calculated to determine the combined effect of different concentrations of NTZ (0–2.5 μM) and 
MZR (0–20 μM) on FCV. The ZIP model in SynergyFinder was used to analyze the combined effects of the drugs and plot the results. The synergy score for the ZIP 
model was expressed as the average of all δ scores in the dose-response landscape, and the red portion of the graph indicates synergy. All experiments were repeated 
three times. *p  <  0.0332; **p  <  0.0021. 
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synergistic effects over the concentration range tested. 

3.4. Nitazoxanide relieves clinical symptoms in cats infected with FCV 

Once we had established that NTZ and MZR both have antiviral 
activity against FCV, we chose the FDA-approved oral medication NTZ 
for subsequent animal experiments. We found that, at −1 dpi, rectal 
temperature was not significantly increased in Group B (Fig. 3A). The 
maximum average temperature of groups A, B and C was significantly 

lower than the control group (p  <  0.0021) (Fig. 3A). The rate of 
weight change was not significantly reduced in groups A and B and the 
difference was significant at day 7, compared with the control groups 
(p  <  0.0021) (Fig. 3B). When different doses of NTZ were adminis
tered orally at 3 dpi (groups D, E and F), there was little difference in 
rectal temperature of any of the groups, compared with the control 
group (p  <  0.0332) (Fig. 3E). The rate of weight change, however, was 
significantly lower in groups D and E than in the control group 
(Fig. 3F). We also calculated clinical scores for all groups on days 0 and 

Fig. 3. Nitazoxanide reduces clinical symptoms in cats infected with FCV. 
Data are shown for the three oral treatment groups (A, B and C) used to test the prophylactic effect of NTZ (dosing one day before infection, −1 dpi) and the three 
groups (D, E and F) used to test the therapeutic effect of NTZ (dosed three days post infection, 3 dpi), together with the respective control groups. (A and E) Rectal 
temperature measured every 2 days from 0 dpi. (B and F) Daily changes in body weight, converted to rate of weight change compared with 0 dpi. (C and G) Clinical 
scores at 0 dpi and 7 dpi, calculated using Clinical Scores Table. (D and H) Survival rates for different groups. n = 4 cats/group; NS p  >  0.1234; ***p  <  0.0002; 
****p  <  0.0001. 
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7. On 7 dpi, the average scores of the control groups (treatment at −1 
dpi and treatment at 3 dpi) were 5.75 and 5.25, which were sig
nificantly different to the scores of the other groups (p  <  0.0002) 
(Fig. 3 C and G). The survival rate of group C was 80%, and that of the 
relevant control group was 50%. The survival rate of groups E and F 
was 80% and that of the relevant control group was 50% (Fig. 3 D and 
H). 

3.5. Antiviral effects of nitazoxanide on FCV in vivo 

In the −1 dpi oral NTZ cats, one cat in group C died on day 10; viral 
shedding was 15871 copies/μL on the ninth day (Fig. 4A). In the 3 dpi 
oral NTZ cats, one cat in group D died on day 6 and one cat in group F 
died on day 8; viral shedding at day 5 and day 7 was 11017 copies/μL 
and 13392 copies/μL, respectively (Fig. 4B). As expected, NTZ reduced 
viral load in both trachea and lungs (Fig. 4E). After oral NTZ treatment, 
either on −1 dpi or 3 dpi, levels of FCV in the trachea and lungs were 

significantly lower than in the control group (p  <  0.0002) (Fig. 4F). 

3.6. Complete blood count and biochemical analysis 

WBC counts and LYM percentages fluctuated little in cats treated 
orally with NTZ. MID counts fluctuated, with both MID and GRAN 
firstly increasing and then decreasing (Fig. 5A–F). PLT counts showed a 
slight downward trend but the PLT counts of cats in the −1 dpi oral 
drug group were within the normal range (Fig. 5F). One cat in the 
control group did not recover from the infection and died on day 8. The 
biochemical results showed that there were no significant fluctuations 
in ALT, AMYL, TBIL, UREA or GLU in cats that received NTZ orally at 
−1 dpi or 3 dpi, indicating no significant organ damage in these ani
mals compared with the control group (Fig. 5G–L). 

Fig. 4. Nitazoxanide reduces virus shedding and viral load. 
(A and B) FCV viral shedding in cat's mouth and nose test paper on 0 dpi, measured by RT-qPCR. (C and D) At 14 dpi, one cat was euthanized in each group, the 
trachea, lung, spleen, liver and kidney were collected, and shedding of FCV from the different tissues was measured. (E) Cats' tracheas and lungs were sectioned (400- 
fold) and the sections were treated with cat anti-FCV primary antibody and HRP-labeled rabbit anti-cat secondary antibody, followed by color development. Brown 
areas indicated by black arrows are FCV-positive. (F) Image-Pro Plus 6.0 was used to analysis optical density in two selected slices (400-fold); n = 4 cats/group; −1 
dpi, 10 mg/kg NTZ; 3 dpi, 10 mg/kg NTZ; Control, 500 μL PBS (to simulate 10 mg/kg NTZ orally); NS p  >  0.1234; *p  <  0.1234; **p  <  0.0021; ***p  <  0.0002; 
***p  <  0.0001. 

Fig. 5. Complete blood count and biochemical analysis. 
After oral NTZ treatment, two cats in groups B and E were selected randomly and venous blood samples were collected every two days for complete blood count and 
biochemical analysis. (A) White Blood Cell (WBC) counts. (B) Lymphocyte (LYM) percentages. (C) MID cells (MID) counts. (D) MID percentages. (E) Granulocytes 
(GRAN) percentages. (F) Platelets (PLT) counts. (G) Alkaline phosphatase (ALKP) levels. (H) Alanine transaminase (ALT) levels. (I) Amylase (AMYL) levels. (J) Total 
bilirubin (TBIL) levels. (K) Urea (UREA) levels. (L) Glucose (GLU) levels. 
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4. Discussion 

There is currently little choice of drugs for the treatment of FCV and, 
in the clinic, broad-spectrum antiviral drugs, such as famciclovir and 
ganciclovir, remain the first choice. Recent research has shown, how
ever, that famciclovir has limited efficacy against FCV (Fumian et al., 
2018). NITD008, fexaramine and 2CMC are also candidate drugs to 
treat FCV infection. NTZ and 2CMC have been shown to have sy
nergistic anti-FCV activity, and have been used to treat FCV-infected 
cats (Enosi Tuipulotu et al., 2019; Fumian et al., 2018; Kim and Chang, 
2018). MZR has been shown to have antiviral activity against caprine 
alpha herpes virus 1 (CpHV-1), but it had not been determined whether 
it also has activity against FCV (Camero et al., 2017). 

In our study, we found that NTZ and MZR have low cytotoxicity. 
The EC50 values of NTZ and MZR against FCV CH-JL2 were 1.53 μM, 
and 12.68 μM, respectively, and both compounds showed activity 
against other FCV strains. We also showed that NTZ and MZR act sy
nergistically, with the most synergistic area scoring 45.5. To our 
knowledge, this is the first report of the antiviral activity of MZR 
against FCV. We chose the FDA-approved orally active medication NTZ 
for animal experiments. Previous studies found that NTZ caused diar
rhea and vomiting (Siddiq et al., 2011), but we did not observe these 
side effects in our study. When we treated cats with different doses of 
NTZ, either at −1 dpi or 3 dpi, viral shedding and mortality were both 
reduced. The cats did not show significant changes in body temperature 
after oral NTZ at 3 dpi, but weight loss was reduced compared with the 
control group. There was significant relief of the symptoms of oral ul
cers, especially in cats who received NTZ at 3 dpi, (Supplementary 
Material S2). The amount of FCV in the trachea and lungs, which are 
easily infected by FCV (Pesavento et al., 2011), was significantly re
duced after treatment with different doses of NTZ, and this result was 
confirmed by immunohistochemistry. By analyzing complete blood 
counts and biochemical results, we found that systemic symptoms were 
alleviated in cats that received NTZ. 

In conclusion, we have confirmed the antiviral activity of NTZ and 
MZR against FCV in vitro, and shown that the compounds acted sy
nergistically. NTZ was shown to reduce viral load in the trachea and 
lungs and still had a therapeutic effect on FCV-infected cats when ad
ministered at 3 dpi. The synergy between NTZ and and MZR in vivo 
should now be evaluated and drug resistance studies should be carried 
out. These studies will provide further evidence that NTZ and MZR can 
be used as therapeutic agents for diseases caused by FCV. 
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