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A B S T R A C T   

Feline infectious peritonitis virus (FIPV: virulent feline coronavirus) causes a fatal disease called feline infectious 
peritonitis (FIP) in wild and domestic cat species. Recent studies identified several antiviral drugs that are 
effective against FIPV. Drug combination is one of the important strategies in the development of novel treat-
ments for viral infections. GS-441524, a nucleoside analog, and itraconazole, a triazole antifungal drug, have 
been reported that have antiviral effect against FIPV. This study aims to investigate whether the combination of 
GS-441524 and itraconazole has synergic antiviral effect against FIPV. The antiviral effect was measured by 
plaque reduction assay using felis catus whole fatus-4 cell. The plaque reduction of GS-441524 against type I 
FIPVs increased as the concentration of itraconazole increased. The similar result was obtained for type II FIPV. 
In addition, the calculated combination index (CI) demonstrated that there was a strong synergy between GS- 
441524 and itraconazole. It is concluded that the combination of GS-441524 and itraconazole may enhance 
the individual effect of each drug against replication of type I FIPVs and may contribute to development more 
effective treatment strategy for FIP.   

1. Introduction 

Feline coronavirus (FCoV) belongs to the Order Nidovirales, family 
Coronaviridae, subfamily Orthocoronavirinae, genus Alphacoronavirus, 
species Alphacoronavirus 1(ICTV, 2019). FCoVs are classified into two 
biotypes, feline infectious peritonitis virus (FIPV) and feline enteric 
coronavirus (FECV). Although FECV is avirulent, FIPV causes a fatal 
disease called feline infectious peritonitis (FIP) in wild and domestic cat 
species. FIP typically manifests effusion accumulation and granuloma 
formation on the surface of several organs (Pedersen, 2014). The mor-
tality rate of cats with FIP is high. 

The FCoV virion is mainly composed of nucleocapsid (N), envelope 
(E), membrane (M), and peplomer spike (S) proteins. FCoVs are classi-
fied into two serotypes, type I and II FCoV, based on differences in the 
sequence of S protein and the 5′-region of the genome (Jaimes and 
Whittaker, 2018; Tekes and Thiel, 2016). Several serological and genetic 
surveys have shown that type I FCoV is dominant and that most cases of 
FIP are caused by type I FIPV infection (Addie et al., 2003; Hohdatsu 
et al., 1992; Kummrow et al., 2005). 

Recent studies identified antiviral drugs that are effective against 
FIPV. GS-441524 is a nucleoside analog core of GS-5734 (remdesivir). It 

becomes phosphorylated by nucleoside triphosphate inside a cell to 
suppress the activity of viral RNA-dependent RNA polymerase. Because 
GS-5734 is hydrolyzed in the gastrointestinal tract, oral administration 
of GS-5734 is not approved (Sun, 2020). On the other hands, it has been 
reported that GS-441524 showed effective oral bioavailability (Xie and 
Wang, 2021; Yan et al., 2021). Therefore, GS-441524 is expected as oral 
antiviral drug against coronavirus. A study demonstrated in vitro that 
GS-441524 is not only effective in suppressing replication of FIPV but 
can also be used to treat cats suffering from naturally acquired FIP 
(Dickinson et al., 2020; Murphy et al., 2018; Pedersen et al., 2019). 
However, some do not respond to treatment with GS-441524, and some 
relapse of FIP after the treatment. Animals that responded poorly to GS- 
441524 may require higher doses to achieve treatment effect (Pedersen 
et al., 2019). Also, to treat cat with dry or neurological form of FIP may 
require higher doses than wet form because the blood-ocular and blood- 
brain barriers inhibit the diffusion of GS-441524 (Pedersen et al., 2019; 
Dickinson et al., 2020). 

Itraconazole (ICZ) is a triazole antifungal drug and is used against 
feline and canine fungal infections. Studies suggest that ICZ also has an 
antiviral effect. We previously demonstrated that ICZ strongly inhibited 
type I FIPV replication (Doki et al., 2020; Takano et al., 2019a). ICZ 
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inhibits the endosomal pathway of cells; specifically, it inhibits path-
ways that are downstream of late endosome, which plays an important 
role in the entry of type I FIPV into cells (Takano et al., 2019b). 

A combination of two antiviral drugs with independent mechanisms 
of action may elicit a superior antiviral effect than what can be achieved 
individually. In fact, combination antiviral therapy is used as a highly 
effective strategy against human immunodeficiency virus (HIV) and 
hepatitis C virus (HCV) (Atta et al., 2019; Cohen et al., 2016; Kohli et al., 
2014; Palella et al., 1998; Rodger et al., 2016). The combination of GS- 
441524 and ICZ may also have synergistic or additive antiviral inter-
action against FIPV since they elicit their effects by different mecha-
nisms of action. In this study, we examined whether the combination of 
GS-441524 and ICZ (GS-ICZ combination) shows a greater antiviral ef-
fect than a single drug alone. 

2. Material and method 

2.1. Cell cultures and viruses 

fcwf-4 cells (kindly supplied by Dr. M. C. Horzinek of the State 
University of Utrecht) were grown in Eagle’s minimum essential me-
dium containing 50% L-15 medium, 5% fetal calf serum (FCS),100 U of 
penicillin per mL, and 100 μg of streptomycin per mL. The fcwf-4 cells 
were cultured for at least 70 passages. Type I FIPV KU-2 was isolated in 
our laboratory. Type I FIPV Black was kindly provided by Dr. J. K. 
Yamamoto from the University of Florida. Type II FIPV 79–1146 was 
supplied by Dr. M. C. Horzinek of the State University Utrecht, the 
Netherlands. These viruses were grown in fcwf-4 cells at 37 ◦C. 

2.2. Compounds 

GS-441524 was purchased from Carbosynth Limited(Berkshire, 
United Kingdom). GS-441524 was prepared as 2 mM stocks in dimethyl 
sulfoxide (DMSO). ICZ was purchased from Janssen Pharma-central K. 
K. (Tokyo, Japan). ICZ was dissolved as 10 mM stocks in 40% (w/v) 
hydroxypropyl-beta-cyclodextrin (HβCD) solution. 

2.3. Cytotoxic effects of compounds 

The fcwf-4 cells were seeded on 96-well plates. The cells were treated 
with ICZ for 24 h at the indicated concentrations. The cells were washed 
three times and the serial diluted GS-441524 were added to the wells. 
After incubation for 24 h, the culture supernatants were removed. WST- 
8 solution (Kishida Chemical, Osaka, Japan) was added, and the cells 
were returned to the incubator for 1 h. The absorbance of formazan 
produced was measured at 450 nm using a 96-well spectrophotometric 
plate reader (Thermofisher scientific inc., Waltham, MA, U.S.A.) as 
described by the manufacturer. Percentage cytotoxicity was calculated 
using the following formula: Cytotoxicity (%) = [(OD of compound- 
untreated cells− compound-treated cells)/(OD of compound-untreated 
cells)] × 100. 

2.4. Plaque reduction assay 

Cells were treated with GS-441524 and ICZ according to protocols 
previously described by Murphy et al. and Takano et al., respectively 
(Murphy et al., 2018; Takano et al., 2019a). In briefly, confluent fcwf-4 
cell monolayers were treated with ICZ at the indicated concentrations in 
24-well multi-plates at 37 ◦C for 24 h. the cells were washed and the 
virus (1 × 102 PFU/0.1 mL/well) was adsorbed into the cells at 37 ◦C for 
1 h. After washing, the cells were cultured in carboxymethylcellulose 
(CMC)-MEM containing GS-441524. The cell monolayers were incu-
bated at 37 ◦C for 48 h, fixed and stained with 1% crystal violet solution 
containing 10% buffered formalin, and the resulting plaques were then 
counted. The plaque reduction percentage was calculated using the 
following formula: Plaque reduction percentage (%) = [(plaque number 

of compound-treated cells)/(plaque number of compound-untreated 
cells)] × 100. 

2.5. Data analysis 

Data collected from the plaque reduction assay were analyzed using 
Compusyn software (ComboSyn, Inc., https://www.combosyn.com/i 
ndex.html). Data were excluded according to the protocol defined by 
compusyn software if the concentration of GS-441524 and ICZ resulted 
in the following conditions: 1) plaque reduction of 100%, and 2) plaque 
reduction of less than 25% (i.e., ineffective against FIPV) (Chou, 2014; 
ComboSyn Inc., 2017). The combination index (CI) was calculated and 
categorized according to the classification proposed by Cho et al. (Chou, 
2006; Chou and Talalay, 1984). 

3. Result 

3.1. Cytotoxicity of GS-ICZ combination against fcwf-4 cells 

The cytotoxicity of GS-441524 alone, ICZ alone, and GS-ICZ com-
bination against fcwf-4 cells was quantified. None of the treatment 
groups showed a dose-dependent increase in cytotoxicity (Fig. 1). The 
highest level of cytotoxicity (16.7%) was observed at the combination of 
6.3 μM GS-441524 and 2.5 μM ICZ. 

3.2. Effect of GS-ICZ combination on replication of type I and II FIPV 

The fcwf-4 cells were treated with ICZ for 24 h and were subse-
quently exposed to FIPV for 1 h before GS-441524 was added to the cell 
culture. The resulting plaques were counted after a certain period of 
incubation to calculate the plaque reduction percentage. As shown in 
Fig. 2, plaque reduction of type I FIPV KU-2 by GS-441524 and ICZ alone 
increased in a dose-dependent manner. Specifically, GS-441524 alone 
resulted in 100% plaque reduction when administered at 6.3 and 3.1 
μM. IC50 and IC90 of GS-441524 alone against type I FIPV KU-2 were 
1.4 and 2.8 μM, respectively. For ICZ alone, the maximum plaque 
reduction was 87.1% at 20 μM. IC50 and IC90 of ICZ alone were 1.0 and 
39.0 μM, respectively. For GS-441524-ICZ combination, plaque reduc-
tion of GS-441524 increased as the dose of ICZ increased. This dose- 
dependent increase in plaque reduction was not observed in the 
vehicle control. 

For type I FIPV Black, similar results were obtained with the drug 
combination and the single drug alone (Fig. 3A). GS-441524 alone 
resulted in 100% plaque reduction of type I FIPV Black when adminis-
tered at 6.3 and 3.1 μM, with IC50 and IC90 of 1.3 and 2.8 μM, 
respectively. ICZ alone resulted in 100% plaque reduction at 20 μM, 
with IC50 and IC90 of 0.3 and 18.1 μM, respectively. Plaque reduction of 
type II FIPV 79–1146 increased as the dose of GS-441524 increased, 
with 100% plaque reduction at 6.3 μM. IC50 and IC90 of GS-441524 
alone were 0.8 and 3.3 μM, respectively (Fig. 3B). ICZ did not result in 
a dose-dependent increase of plaque reduction against type II FIPV 
79–1146. For ICZ alone, the maximum plaque reduction of type II FIPV 
79–1146 was 34.6% at 20 μM. IC50 and IC90 could not be calculated. 
For GS-441524-ICZ combination, plaque reduction by GS-441524 
increased when the concentration of ICZ was at 20 μM. 

3.3. Combination index (CI) and drug reduction index (DRI) 

The CI was calculated to determine the interaction of GS-441524 and 
ICZ. CI is used to determine a quantitative definition for additive effect 
(CI = 1), synergism (CI < 1), and antagonism (CI > 1). For both type I 
FIPV KU-2 and Black, the CI tended to decrease as the fractional inhi-
bition (FI) increased (Tables 1 and 2, Fig. 4). Specifically, the combi-
nation of GS-441524 and ICZ was highly effective with FI > 0.9 for both 
type I FIPV KU-2 and Black, indicating very strong or strong synergism. 

DRI was also calculated for GS-441524 and ICZ. DRI is a measure of 
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Fig. 1. Cytotoxic effects of GS-ICZ combination on Felis catus 
whole fetus-4 cells (fcwf-4 cells). The fcwf-4 cells were seeded 
on 96-well plates. The cells were treated with ICZ for 24 h at 
the indicated concentrations. The cells were washed and the 
serial diluted GS-441524 were added to the wells. After in-
cubation for 24 h, the culture supernatants were removed. 
WST-8 solution was added, and the cells were incubated for 1 
h. The absorbance of formazan produced was measured at 
450 nm. Percentage cytotoxicity was calculated using the 
following formula: Cytotoxicity (%) = [(OD of compound- 
untreated cells− compound-treated cells)/(OD of compound- 
untreated cells)] × 100. The results are shown as mean ±
SE. Data represent three independent experience.   

Fig. 2. The effects of GS-ICZ combination on type I 
FIPV KU-2. The fcwf-4 cells were pretreated with ICZ 
for 24 h. After viral adsorption, the cells were 
cultured in CMC-MEM containing GS-441524. The 
cells were fixed and stained with 1% crystal violet 
and the resulting plaques were then counted. The 
plaque reduction percentage was calculated using the 
following formula: Plaque reduction percentage (%) 
= [(plaque number of compound-treated cells)/(pla-
que number of compound-untreated cells)] × 100. 
(A) Plaque reduction in treated with GS-441524 and 
ICZ. The results are shown as mean ± SE. Data 
represent three independent experience. (B) Crystal 
violet stain of FIPV infected fcwf-4 cells treated with 
GS-441524 and ICZ. (For interpretation of the refer-
ences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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the dose needed for the single drug alone to achieve the same FI of the 
drug combination. DRI > 1 indicates favorable dose reduction, and DRI 
< 1 indicates unfavorable dose reduction. For type I FIPV KU-2, DRI of 
ICZ and GS-441524 ranged between 0.8 and 371.9 and 0.9–33.4, 
respectively (Tables 1 and 2, Fig. 4). Similarly, DRI of ICZ and GS- 
441524 for type I FIPV Black ranged between 1.3 and 88.0 and 
0.8–54.0, respectively. DRI of ICZ and GS-441524 needed to achieve FI 
> 0.9 was 4.6–134.5 and 15.7–33.4, respectively. 

4. Discussion 

Drug combination is one of the important strategies in the develop-
ment of novel treatments for viral infections. Antiretroviral therapy 
(ART) is an example where multiple anti-HIV drugs are used in combi-
nation to effectively treat HIV infection. ART resulted in a reduction of 
the incidence of acquired immuno-deficiency syndrome (AIDS) and 
prolonged the overall survival of HIV-infected patients (Poorolajal et al., 
2016). Similarly, the combination of interferon and multiple anti-HCV 
drugs were shown to be superior for the treatment of HCV infection 

Fig. 3. The effects of GS-ICZ combination on type I and II FIPV. The fcwf-4 cells were pretreated with ICZ for 24 h. After viral adsorption, the cells were cultured in 
CMC-MEM containing GS-441524. The cells were fixed and stained with 1% crystal violet and the resulting plaques were then counted. The plaque reduction 
percentage was calculated using the following formula: Plaque reduction percentage (%) = [(plaque number of compound-treated cells)/(plaque number of 
compound-untreated cells)] × 100. The results are shown as mean ± SE. Data represent three independent experience. (A) type I FIPV Black. (B) type II FIPV 
79–1146. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
The combination index and drug reduction index of GS-441524-ICZ combination for type I FIPV KU-2.  

Dose Fractional inhibition Combination index Estimated dosea Drug reduction index Description 

ICZ GS-441524 ICZ GS-441524 ICZ GS-441524 

20 0.4 0.991 0.071 2689.5 6.3 134.5 15.7 Very strong synergism 
20 0.2 0.940 0.260 99.5 3.4 5.0 17.0 Strong synergism 
20 0.1 0.937 0.249 91.2 3.3 4.6 33.4 Strong synergism 
2.5 0.8 0.853 0.458 18.6 2.5 7.4 3.1 Synergism 
2.5 0.4 0.703 0.827 4.1 1.9 1.6 4.7 Synergism 
2.5 0.2 0.659 0.978 2.9 1.7 1.2 8.7 Nearly additive 
2.5 0.1 0.616 1.244 2.1 1.6 0.8 16.5 Moderate antagonism 
0.3 1.6 0.777 0.797 7.8 2.1 26.1 1.3 Moderate synergism 
0.3 0.8 0.395 1.294 0.5 1.2 1.5 1.6 Moderate antagonism 
0.3 0.4 0.393 0.981 0.5 1.2 1.5 3.1 Nearly additive 
0.3 0.2 0.435 0.644 0.6 1.3 2.0 6.5 Synergism 
0.3 0.1 0.333 1.109 0.3 1.1 1.0 11.4 Moderate antagonism 
0.04 1.6 0.506 1.158 1.0 1.4 24.7 0.9 Moderate antagonism 
0.005 1.6 0.598 0.996 1.9 1.6 371.9 1.0 Nearly additive  

a Dose required to produce fractional inhibition. 
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(Kohli et al., 2014). For coronavirus, combinations of anti-viral drugs 
against severe acute respiratory syndrome coronavirus (SARS-CoV), 
SARS-CoV 2, and Middle East respiratory syndrome coronavirus are 
being examined (Arabi et al., 2020; Caly et al., 2020; Han et al., 2021; 
Tai, 2007). Similarly, the synergistic antiviral effect of Galanthus nivalis 
agglutinin and nelfinavir has been examined against FIPV (Hsieh et al., 
2010). However, there are no studies on the combination of GS-441524 
and ICZ. In the present study, we examined whether the combination of 
GS-441524 and ICZ enhances the effects of individual drugs alone 
against FIPV in vitro. 

Anti-viral mechanisms of action against FIPV have been well- 
characterized for both GS-441524 and ICZ (Murphy et al., 2018; 
Takano et al., 2019a, 2019b). GS-441524 inhibits RNA-dependent RNA 
polymerase, while ICZ prevents from releasing FIPV genome from en-
dosome to cytosol. Thus, they elicit an antiviral effect through distinct 
mechanisms of action. As such, we hypothesized that GS-441524 and 
ICZ can be combined as an antiviral treatment against FIPV. Cells were 
pretreated with ICZ and were subsequently exposed to FIPV. After FIPV 
was adsorbed by the cells, GS-441524 was added to the cell culture to 
determine the antiviral effect of the combination therapy. We demon-
strated that GS-ICZ combination was effective against type I FIPVs; 
specifically, we demonstrated that plaque reduction of GS-441524 
increased as the concentration of ICZ increased. GS-441524 (1.6 μM) 
and ICZ (2.5 μM) alone did not result in 100% plaque reduction of type I 
FIPVs. However, 100% plaque reduction was achieved when the same 
concentration of drugs was combined. In other words, the combination 
was more effective against FIPV than the single drug alone. In addition, 
we calculated the CI and demonstrated that there was a strong synergy 

between GS-441524 and ICZ at concentrations that achieved FI > 0.9. 
These findings suggest that the combination of GS-441524 and ICZ may 
enhance the individual effect of each drug against replication of type I 
FIPVs. 

Twice dosage of 10 mg/kg of ICZ orally produced peak blood levels 
of 4.8 ± 1.8 μM in cats (Boothe et al., 1997). The blood level of GS- 
441524 in cats administrated 5 mg/kg of GS-441524 subcutaneously 
was sustained above 1 μM for 12 h (Murphy et al., 2018). The results of 
the plaque reduction assay and CI suggest that more than 0.4 μM GS- 
441524 and more than 2.5 μM ICZ are required to achieve synergistic 
effects against type I FIPVs. These in vitro concentrations are lower than 
the blood levels reported by pharmacokinetic studies and possible to be 
achieved in vivo. On the other hand, ICZ is known to be difficult to 
penetrate the blood-ocular and blood-brain barriers (Felton et al., 2014). 
In rats, the concentration of ICZ in the brain is ten times lower than that 
in plasma (Miyama et al., 1998). It is suggested that the effects of the 
treatment of FIP using ICZ-GC combination remain to be evaluated in 
vivo. 

The effect of ICZ against replication of type II FIPV is inferior 
compared with the effect against type I FIPVs (Takano et al., 2019a; 
Takano et al., 2017). This is attributed to the fact that the mechanism of 
cellular entry through the endosomal pathway differs for type I and type 
II FIPVs (Takano et al., 2019b). In accordance with previous studies, we 
also demonstrated that plaque reduction in type II FIPV 79–1146 did not 
increase in an ICZ dose-dependent manner. In fact, we demonstrated 
that the maximum effect achieved was limited to 50%. On the other 
hand, the combination of GS-441524 and ICZ was effective in increasing 
plaque reduction by GS-441524. This indicates that even though ICZ is 

Table 2 
The combination index and drug reduction index of GS-441524-ICZ combination for type I FIPV Black.  

Dose Fractional inhibition Combination index Estimated dosea Drug reduction index Description 

ICZ GS-441524 ICZ GS-441524 ICZ GS-441524 

2.5 0.8 0.939 0.100 48.5 16.5 19.4 20.7 Strong synergism 
2.5 0.4 0.806 0.652 4.4 4.8 1.8 12.0 Synergism 
2.5 0.2 0.857 0.320 8.6 6.8 3.4 33.9 Synergism 
2.5 0.1 0.827 0.458 5.7 5.5 2.3 54.8 Synergism 
0.3 1.6 0.823 0.355 5.4 5.3 18.0 3.3 Synergism 
0.3 0.8 0.638 0.703 0.9 2.1 3.0 2.7 Moderate synergism 
0.3 0.4 0.583 0.735 0.6 1.7 2.0 4.3 Moderate synergism 
0.3 0.2 0.573 0.663 0.6 1.7 1.8 8.3 Synergism 
0.3 0.1 0.519 0.882 0.4 1.3 1.2 13.5 Slight synergism 
0.04 1.6 0.594 0.953 0.6 1.8 16.2 1.1 Nearly additive 
0.04 0.8 0.552 0.609 0.5 1.5 11.8 1.9 Synergism 
0.04 0.4 0.308 1.232 0.1 0.6 1.8 1.5 Moderate antagonism 
0.04 0.2 0.408 0.472 0.2 0.9 4.1 4.4 Synergism 
0.04 0.1 0.271 0.963 0.1 0.5 1.3 4.9 Nearly additive 
0.005 1.6 0.542 1.101 0.4 1.5 88.0 0.9 Moderate antagonism 
0.005 0.8 0.325 1.332 0.1 0.6 16.9 0.8 Moderate antagonism 
0.005 0.4 0.362 0.589 0.1 0.7 22.9 1.8 Synergism  

a Dose required to produce fractional inhibition. 

Fig. 4. FI-CI plots of GS-ICZ combination. The X-axis and Y-axis indicate fractional inhibition and combination index, respectively. (A) type I FIPV KU-2. (B) type I 
FIPV Black. 
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less effective for type II FIPVs, it becomes more effective when combined 
with GS-441524. Between the two serotypes of FCoVs, type I FCoV is 
more prevalent (Addie et al., 2003; Hohdatsu et al., 1992; Kummrow 
et al., 2005). However, the incidence of type II FCoV infection is higher 
in Japan and Taiwan compared with European countries (Hohdatsu 
et al., 1992; Lin et al., 2009). Thus, in countries where type II FCoV 
infection has been reported, the combination of GS-441524 and ICZ may 
be an effective treatment strategy against FIP. 

IC50 of GS-441524 and ICZ against type I FIPVs were equivalent. In 
contrast, while IC90 of GS-441524 alone against type I FIPVs was 
2.0–2.2 times higher compared with IC50, IC90 of ICZ was 39.0–60.3 
times higher compared with IC50. This finding indicates that a high dose 
of ICZ may be required for the treatment of FIP. However, when com-
bined with GS-441524, the same antiviral effect could be achieved using 
0.7–21.7% of ICZ concentration as measured by DRI. Similarly, only 
3.0–6.4% of GS-441524 concentration was needed to achieve the same 
effect. These findings indicate that the dose of GS-441524 and ICZ may 
be reduced when the two drugs are combined to have the same treat-
ment effect against FIP. Although GS-441524 is currently unavailable 
for use in animals, it will likely be very costly when it becomes 
commercially available. Thus, long-term treatment with GS-441524 will 
likely be challenging from the perspective of cost. Thus, the combination 
therapy may be more advantageous as the dose of GS-441524 can be 
reduced to continue the treatment. The doses of GS-441524 and ICZ 
indicate 100% plaque reduction were excluded from the calculation of 
DRI. The DRIs with high FI values were extrapolated and may differ from 
the original rate of drug reduction. Further studies are needed to eval-
uate DRI for FIP treatment. 

We examined the cytotoxicity of GS-441524 and ICZ using fcwf-4 
cells and demonstrated that the combination did not result in a signifi-
cant increase in cytotoxicity. Thus, at the concentrations we tested, the 
combination did not enhance the cytotoxic effect on cells. Notably, there 
is possibility that high-dose ICZ cause damage to the liver. Although 
there is no evidence that ICZ causes direct damage to the liver in FIP 
cats, the side effects of the combination of ICZ with other drugs have not 
been fully elucidated (Doki et al., 2020; Kameshima et al., 2020). 
Furthermore, studies also demonstrated that when combined, ICZ affects 
the plasma concentration and clearance of individual drugs. The side 
effects of GS-441524 in cats have not been fully elucidated. While a 
study demonstrated that 5–10 mg/kg GS-441524 did not induce acute 
toxicity in cats, another study demonstrated that a repeated adminis-
tration of GS-441524 (2–4 mg/kg, SID) over several weeks resulted in 
focal injection site reactions (Murphy et al., 2018; Pedersen et al., 2019). 
Thus, it is important to determine whether the administration of the 
combination of GS-441524 and ICZ increases the plasma concentration 
of each drug and causes more severe side effects in cats. Future studies 
should also be performed in vivo in FIP cats to determine the treatment 
effect of the combination of GS-441524 and ICZ in comparison to each 
drug alone. 

In conclusion, we demonstrated that GS-441524 and ICZ act syner-
gistically against FIPV in vitro. Future studies are needed to determine in 
vivo metabolism and pharmacokinetics, as well as the treatment effect of 
the combination therapy against FIP. 
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