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Pan-antiviral effects of a PIKfyve inhibitor on respiratory virus 
infection in human nasal epithelium and mice
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ABSTRACT Endocytosis, or internalization through endosomes, is a major cell entry 
mechanism used by respiratory viruses. Phosphoinositide 5-kinase (PIKfyve) is a critical 
enzyme for the synthesis of phosphatidylinositol (3, 5)biphosphate (PtdIns (3, 5)P2) and 
has been implicated in virus trafficking via the endocytic pathway. In fact, antiviral effects 
of PIKfyve inhibitors against SARS-CoV-2 and Ebola have been reported, but there is 
little evidence regarding other respiratory viruses. In this study, we demonstrated the 
antiviral effects of PIKfyve inhibitors on influenza virus and respiratory syncytial virus 
in vitro and in vivo. PIKfyve inhibitors Apilimod mesylate (AM) and YM201636 concentra­
tion-dependently inhibited several influenza strains in an MDCK cell-cytopathic assay. 
AM also reduced the viral load and cytokine release, while improving the cell integrity 
of human nasal air-liquid interface cultured epithelium infected with influenza PR8. In 
PR8-infected mice, AM (2 mg/mL), when intranasally treated, exhibited a significant 
reduction of viral load and inflammation and inhibited weight loss caused by influenza 
infection, with effects being similar to oral oseltamivir (10 mg/kg). In addition, AM 
demonstrated antiviral effects in RSV A2-infected human nasal epithelium in vitro and 
mouse in vivo, with an equivalent effect to that of ribavirin. AM also showed antiviral 
effects against human rhinovirus and seasonal coronavirus in vitro. Thus, PIKfyve is found 
to be involved in influenza and RSV infection, and PIKfyve inhibitor is a promising 
molecule for a pan-viral approach against respiratory viruses.

KEYWORDS Apilimod, PIKfyve, influenza, respiratory syncytial virus, human rhinovirus, 
coronavirus, air-liquid interface

R espiratory virus infections cause an enormous disease burden both in children and 
in adults throughout the world. Influenza A and B viruses, respiratory syncytial 

virus (RSV), as well as SARS-CoV-2 are responsible for the highest numbers of deaths 
and hospitalizations worldwide, but other respiratory viruses, including rhinovirus, 
parainfluenza viruses, adenovirus, human bocavirus, and seasonal coronaviruses, are 
also currently known to cause severe diseases in addition to mild upper respiratory 
tract infections, especially in patients with chronic respiratory diseases (1, 2). It is 
now recognized that virus-induced exacerbations are preventable through COVID-19 
pandemic experiences (3). To tackle respiratory virus infection, the one-target-one-drug-
paradigm approach is usually taken, which is characterized by many failures and great 
uncertainty. Especially, the initiation of the treatment requires an appropriate diagno­
sis of the specific virus, or prophylaxis treatment is difficult without the prediction of 
particulate virus infection. Particularly, to prepare for unforeseen pandemics or protect 
from several respiratory viruses, a pan-viral approach is more attractive.

The endosome/lysosome system is crucial for the activity-dependent internaliza­
tion of membrane proteins and contributes to the regulation of lipid levels on the 
plasma membrane (4). Some viruses hijacked this route to deliver their genome 
into cells for replications (5). Phosphatidylinositol 3-phosphate 5-kinase (PIKfyve) is 
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a phosphoinositide 5-kinase that phosphorylates phosphatidylinositol-3-phosphate (PI 
(3)P), synthesizing PtdIns5P and PtdIns (3, 5) biphosphate, which, in turn, regulates 
endomembrane homeostasis. In fact, PIKfyve is reported to be involved in the entry of 
viruses into host cells, including the Ebola virus, the Marburg virus, and SARS-CoV-2 (6).

Apilimod mesylate (AM) is a well-known PIKfyve inhibitor with a sub-nano molar 
potency, originally developed for the treatment of Crohn’s disease and rheumatoid 
arthritis due to inhibitory activities of interleukins 12 and 23 production (7, 8). However, 
the clinical trials’ results were disappointing, and the development of Apilimod for this 
application was halted, mainly due to poor pharmacokinetics (unexpected low plasma 
concentration and poor bioavailability) (9, 10). PIKfyve inhibitors have recently been 
re-discovered as potential antiviral agents against filovirus and SASR-CoV-2 (6, 11–13). 
The inhibitor is also reported to disrupt the entry or replication of RNA viruses broadly, 
including enterovirus, coxsackievirus B3, poliovirus, Zika virus, and vesicular stomatitis 
virus (14). AM is reported to impair SARS-CoV-2 entry into mammalian cell lines and 
potentially suppress viral replication (13, 15). The results of a clinical trial against 
COVID-19 (NCT04446377) are not yet available, but until improved pharmacokinetics are 
achieved, an issue with use possibly remains. In this report, to overcome these problems, 
the potential of intranasal route delivery was explored rather than oral treatment.

Historically, virus infection research was conducted using submerged culture 
monolayer (2D) cancer lines which are susceptible to specific virus species. However, 
especially through the COVID-19 pandemic, it was realized that positive outcomes from 
cancer cell lines were not necessarily translational to the clinic. Air-liquid interface 
(ALI) cultured airway epithelium are being increasingly recognized for their ability to 
overcome many of the disadvantages of submerged cell culture models (16–18). It 
consists of pseudostratified fully differentiated cells cultured in transwell inserts, wherein 
the apical cells are exposed to the air and the basolateral cells submerged in a cul­
ture medium, and thus a more structurally and biologically accurate representation 
of the human respiratory microenvironment. Attempts to repurpose existing drugs for 
SARS-CoV-2 treatment identified the anti-malaria drug chloroquine, which demonstrated 
potent antiviral activity against SARS-CoV-2 in a submerged cancer cell culture model 
(Vero E6 cells) (19). However, it was later proved to have limited efficacy in clinical 
trials and was confirmed to have unsuccessfully reduced SARS-CoV-2 infection in ALI 
tissue culture models (20–22), perhaps indicating that these ALI models more accurately 
simulate human airway tissue responses. In addition, virus replication kinetics observed 
in ALI airway epithelium are similar to the outcomes from human challenge studies with 
SARS-CoV-2, influenza, and RSV (23–26). Furthermore, we can mimic intranasal treatment 
using ALI two-chamber systems, by applying compounds apically.

Thus, the aim of this study is to investigate the pan-viral potentials of AM using 
influenza and RSV-infected ALI-cultured airway epithelium in vitro and mice in vivo by 
intranasal route. The antiviral effects of AM against human rhinovirus and seasonal 
coronaviruses were also evaluated in vitro.

RESULTS

Anti-viral profiles of PIKfyve inhibitors against respiratory virus panel

First, the antiviral activities of PIKfyve inhibitors Apilimod and YM201636 were assessed 
in in vitro cytopathic effect (CPE) assays in MDCK cells against influenza strains includ­
ing pandemic, amantadine resistant, or oseltamivir resistant. AM potently inhibited 
CPE induced by influenza (H1N1, H3N2, H5N1, influenza B) with IC50 ranged from 
3.8 to 24.6 µM with E-max of 100% (Table 1; Fig. 1). AM did not affect cell viability 
at the concentrations up to 54 µM, and consequently showed a large safety margin 
with respect to mammalian cell toxicity (Table 1; Fig. 1). The inhibitory effects of 
AM were similar to or more potent than those of known antiviral, ribavirin (Table 
1). In addition, another PIKfyve inhibitor, YM201636 showed potent antiviral effects 
against H1N1 A/California/07/2006, H3N2 Perth/16/2009and H5N1 Duck/MN/12525/81, 
suggesting a potential class effect. However, YM201636 did not inhibit influenza B at all 
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concentrations up to 21.4 µM. As the highest concentration was found not to be toxic, 
further testing at higher concentrations will be required to confirm the result.

AM and YM also exhibited potent inhibition of CPE induced by seasonal coronavirus 
(229E, OC43) and human rhinovirus (HRV14 and HRV1B), and particularly, the effects 
against seasonal CoV were very potent (Table 2). The effects of AM against RSV A2 and 
PIV-3 were inconclusive as they produced cell toxicity in cells used for this assay (MA104 
cells, an epithelial cell line from the kidney of an African green monkey). YM did not 
inhibit the replication of RSV A2 and PIV3 up to 21 µM (Table 2). As the concentration did 
not show the cell toxicity, it is inconclusive until higher concentrations are tested.

Effects of AM on H1N1 infection in ALI-cultured human nasal epithelium

The antiviral effects of AM were also evaluated using ALI-cultured fully differentiated 
human primary nasal epithelium. Following inoculation with a low level of influenza PR8 
strain (0.02 MOI), the quantity of virus in apical washes, as determined by TCID50 assay, 
increased from Day 1 to a peak at Days 1–2 followed by a modest reduction on Day 3 
(Fig. 2A). We also found that the viral load waned gradually and modestly up to Day 7 
(data not shown). Treatment with AM to the apical surface, once daily from Day 0 (10 
min before and 60 min together with virus inoculum) to Day 1 (15-min exposure only), 
induced a concentration-dependent inhibition of H1N1 virus release on Day 2 post-virus 
inoculation, and the effect of 0.2 mg/mL AM was statistically significant (Fig. 2B). In a 
separate experiment, we found the effects of AM 2 mg/mL were similar to that with 
Oseltamivir carboxylate 0.2 mg/mL (Table 3).

H1N1 infection modestly reduced cell integrity determined as TEER (trans epithelial 
electrical conduct) on Day 1 post-inoculation, and then gradually increased (Fig. 2C). 
The level of TEER was also restored by apical AM treatment at 0.2 mg/mL, although it 
is not statistically significant (Fig. 2D). H1N1 infection also caused RANTES and CXCL8 
production in the apical surface, determined in apical washes. Both peaked on Day 
2 post-virus inoculation (Fig. 2E). AM 0.2 mg/mL statistically significantly inhibited the 
release of RANTES and CXCL8 on Day 2 post-inoculation (Fig. 2F and G).

Effects of Apilimod mesylate on H1N1 infection in mice in vivo

Once daily treatment with Apilimod base (AB: 0.5, 2 mg/mL) in phosphate-buffered 
saline (PBS) with 10% dimethyl sulfoxide (DMSO), on days 0 to 3, by intranasal (i.n.) 
administration, was found to inhibit body weight loss by PR8 influenza virus infection 
in BALB/c mice where oral treatment oseltamivir 10 mg/kg demonstrated marked 
protection (Fig. 3A). The effects of AM dissolved in water at 2 mg/mL (40 µg/mouse 
[approx. 1.6 mg/kg)]) showed similar protective effects against body weight loss (Fig. 3B). 

TABLE 1 Antiviral effects of PIKfyve inhibitors against influenza isolates in MDCK cells, evaluated by CPEa

Virus strain Apilimod mesylate YM201636 Ribavirin

IC50 (µM) IC90 (µM) CC50 (µM) SI IC50 (µM) IC90 (µM) CC50 (µM) SI IC50 (µM) IC90 (µM) CC50 (µM) SI

H1N1 A/California/07/2009 (exp1) 9.5 27.8 >54 >5.7 3.0 21.4 >21.4 >7.1 11.1

H1N1 A/California/07/2009 (exp 2) 9.2 31.1 >54 >5.9 −b − − − 25.0 221.1 >4095 >164

H1N1 A/Hong Kong/2369/2009 6.1 22.9 >54 >8.9 − − − − 28.7 151.5 >4095 >143

H1N1 A/Massachusetts/15/2013 10.8 31.1 >54 >5.0 − − − − 21.7 118.8 >4095 >189

H1N1 A/Louisiana/08/2013 6.7 29.5 >54 >8.0 − − − − 29.5 176.1 >4095 >139

H1N1 A/Pennsylvania/30/2009 24.6 47.5 >54 >2.2 − − − − 24.6 139.2 >4095 >167

H1N1 A/Michigan/45/2015 10.6 34.4 >54 >5.1 − − − − 24.6 86.0 >4095 >167

H3N2 A/Ohio/88/2012v(H3N2) 3.8 18.0 >54 >14 − − − − 15.6 86.0 >4095 >263

H3N2 Perth/16/2009 5.1 19.6 >54 >11 0.7 3.4 >21.4 >29 4.9 32.3 7272 1480

H5N1 Duck/MN/1525/81 4.7 19.6 >54 >11 5.6 14.8 >21.4 >3.8 13.5 73.7 6220 460

FluB Florida/4/2006 16.4 47.5 >54 >3.3 >21.4 >21.4 >21.4 ND 6.1 33.6 6220 1013
aIC50 IC90 = concentration required for 50% and 90% inhibition, respectively, CC50 = concentration to show 50% of cell death, SI: safety index = CC50/IC50.
b "-": not done.
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Viral loads in the lungs of H1N1 (PR8)-infected mice were also significantly inhibited by 
intranasal AB and AM (both 2 mg/mL) as well as oral oseltamivir (Fig. 3C). In addition, AB 
at 2 mg/mL showed a significant reduction in the viral loads in the nasal tissue, although 
AM showed a trend of reduction (P = 0.0501) (Fig. 3D). The treatment also showed the 
inhibition of neutrophil and lymphocyte accumulation in nasal and lung lavage on 5 
days post-virus inoculation (Table 4).

FIG 1 Antiviral effects of PIKfyve inhibitors against influenza isolates. (A) Concentration-dependent cell toxicity and antiviral 

effects of apilimod mesylate (AM) in MDCK cells infected with H1N1 A/California/07/2009. (B) Concentration-dependent cell 

toxicity and antiviral effects of YM201636 (YM) in MDCK cells infected with H1N1 A/California/07/2009. (C) Antiviral effects of 

AM and YM in MDCK cells infected with H3N2, A/Ohio/88/2012 v. (D) Antiviral effects of AM and YM in MDCK cells infected 

with H5N1, Duck/MN/1525/81. Compounds were treated at the same time when the virus was inoculated, and CPE was 

determined on Day 3 post-inoculation by neutral red staining.

TABLE 2 Antiviral effects of PIKfyve inhibitors against other respiratory virusesa

Virus strain Apilimod mesylate YM201636 Reference

IC50

(µM)
IC90

(µM)
CC50

(µM) SI
IC50

(µM)
IC90

(µM)
CC50

(µM) SI
IC50

(µM)
IC90

(µM)
CC50

(µM) SI

HRV14 12.3 40.9 >54 >4.4 7.5 23.5 >21.4 >2.9 Pirodavir 0.003 0.019 37.9 14,000
HRV1B 0.52 2.8 >54 >103 − − − − Pirodavir 0.016 0.053 40.9 2,500
hCoV-229E 0.04 0.23 >54 >1375 4.5 >21.4 >21.4 >4.8 M128533b 0.19 1.1 >10 >53
hCoV-OC43 0.007 0.030 1.3 193 0.9 4.1 >21.4 >25 M128533b 0.12 1.1 >10 >83
RSV A2 19.6 44.2 29.5 1.5 >21.4 >21.4 >21.4 − Ribavirin 8.6 53.2 2047 238
PIV-3 31.1 52.4 18.0 0.58 >21.4 >21.4 >21.4 − Ribavirin 73.7 356 606 8.2
aIC50 IC90 = concentration required for 50% and 90% inhibition, respectively, CC50 = concentration to show 50% of cell death. SI: safety index = CC50/IC50.
bµg/mL
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Effects of Apilimod mesylate on RSV A2 infection in ALI-cultured human nasal 
epithelium in vitro and in mice in vivo

The antiviral effect of AM was also evaluated using ALI-cultured fully differentiated 
human primary nasal epithelium infected with RSV A2. Following inoculation with a 
low level of RSV A2 (0.01 MOI), the quantity of RSV in apical washes, as determined by 
plaque assay, increased from Day 1 to Day 2 (Fig. 4A). Treatment with AM to the apical 

FIG 2 Effects of Apilimod mesylate on H1N1(PR8) infected ALI-cultured nasal epithelium. (A) Kinetics of 

H1N1 viral load in apical washes post-virus inoculation. On Day 0, the virus was inoculated and removed 

after 60 min of absorption. Apical washes were collected after 1-hour incubation (and wash) on Day 0, 

and once daily from Day 1 to Day 3. (B) Viral load determined by TCID50 assay in apical washes from 

the inserts treated vehicle and AM, which were collected on Day 2 post-inoculation. (C) Kinetics of cell 

integrity determined as TEER post-virus inoculation. (D) TEER determined in epithelium inserts treated 

with vehicle and AM on Day 2 post-inoculation. (E) The kinetics of Rantes and CXCL8 release in apical 

washed from the epithelium inserts infected with H1N1, and the effects of AM on Rantes (F) and CXCL8 

(G) in apical washes collected on Day 2 post-inoculation.
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surface, once daily from Day 0 (15 min before virus inoculation +60 min with virus) 
to Day 1 (30-min incubation), induced a concentration-dependent inhibition of RSV A2 
replication. Particularly, the effect at a concentration of 2 mg/mL (approximately 1.5 Log 

FIG 3 Effects of intranasal apilimod (Apilimod base: AB, and Apilimod mesylate: AM) treatment on 

H1N1-infected BALB/c mice. Mice were inoculated intranasally with H1N1 PR8 (1.0 × 105 PFU/mouse), 

and the animals were sacrificed 5 days post-virus inoculation. Apilimod was treated once daily on day 

0 (4 hours before infection), and then on Days 1, 2, and 3. Body weight loss triggered by virus infection 

(A, B), viral load in lung tissue (C) and nasal tissue (D), and neutrophil accumulation in BALF (E) were 

evaluated. For viral load, individual data have been plotted as geometric mean. For body weight. mean ± 

SEM was shown. *P < 0.05, ***P < 0.001 vs H1N1-infected control.

TABLE 3 H1N1 viral load in apical wash from ALI nasal epithelium treated with Apilimod or oseltamivir

Hour post-H1N1 inoculation
(Log, pfu/mL: geometric mean ± SD, n = 3)

24 hours 48 hours

Vehicle (H2O) Apical 2.9 ± 0.22 3.5 ± 0.39
Apilimod mesylate
(0.2 mg/mL)

Apical 2.7 ± 0.30 2.9 ± 0.32

Apilimod mesylate
(2 mg/mL)

Apical 2.2 ± 0.16b 2.0 ± 0.14b

Oseltamivir carboxylate
(0.2 mg/mL)

Basal 2.1 ± 0.10b 2.1 ± 0.20b

aChanges in each group were compared to virus-infected epithelium treated with the vehicle using Dunnett’s 
one-way analysis of variance.
bP < 0.05.
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reduction) was statistically significant, which was similar to the effects of ribavirin at 
100 µg/mL, treated in a basal chamber, allowing exposure for 48 hours.

Twice daily treatment with AM in mice, on days 0 to 3, by i.n. administration, was 
found to show beneficial effects on body weight loss triggered by virus infection where 
oral ribavirin at 25 mg/kg showed good protection (Fig. 4B). The viral load in the lungs 

FIG 4 In vitro and in vivo antiviral effects of Apilimod against RSV infection. (A) Effects of Apilimod mesylate and ribavirin 

on viral load in apical washes collected from RSV A2-infected ALI-cultured nasal epithelium. Apilimod M was treated apically 

on Day 0 and Day 1 (and removed each time) or ribavirin was treated basally without removal. Viral load was determined by 

plaque assay. (B) Effects of intranasal Apilimod (Apilimod mesylate: AM) treatment on RSV A2-infected BALB/c mice. Mice were 

inoculated intranasally with RSV A2 (1.0 × 105 PFU/mouse), and the animals were sacrificed 4 days post-virus inoculation. AM 

was treated once daily on Day 0 (4 hours before infection), and then on Days 1 and 2. Body weight loss triggered by virus 

infection (B), viral load in lung tissue (C) and nasal tissue (D), and neutrophil accumulation in BALF (E) and nasal lavage (F) were 

evaluated. For viral load, individual data have been plotted and Geomean. For body weight and neutrophils, mean ± SEM were 

shown. *P < 0.05, **P<0.01, ***P < 0.001 vs RSV-infected control.
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and nasal tissue of RSV A2 infected BALB/c mice were significantly inhibited by 2 mg/mL 
intranasal AM, effects were similar to that of oral ribavirin at 25 mg/kg (Fig. 4C and D). 
The AM treatment also inhibited neutrophil accumulation in bronchoalveolar and nasal 
lavage, but the effects of AM were statistically significant only in nasal lavage (Fig. 4E and 
F).

DISCUSSION

Considerable efforts to identify the antiviral agents to the recent pandemic COVID-19 
were made since it was outbroken, and further works have continued to develop 
pan-viral agents to prepare next potential pandemic. In this manuscript, we demon­
strated that Apilimod is one of the promising pan-antiviral agents to tackle several 
respiratory virus infections.

First, Apilimod (base or mesylate [water soluble form]) inhibited replication of several 
influenza strains including Oseltamivir/Amantadine-resistant isolates in MDCK cells in 
vitro (Table 1; Fig. 1). These data suggest that Apilimod potentially inhibits influenza 
species broadly. YM, another PIKfive inhibitor, also inhibited viral replication, and 
therefore this appears to be a class effect. However, we found some differences in the 
antiviral profile between Apilimod and YM. For example, YM did not work on influenza 
B at the concentrations tested (21.4 µM non-toxic), although it is still inconclusive until 
higher concentrations of YM are tested. YM is a pyridofuropyrimidine compound with 
a morpholino-pyrimidine core, which has been identified in a screen for PI3K (phosphati­
dylinositol-3 kinase) class IA inhibitors (27). YM is a potent PIKfyve inhibitor but also has a 
PI3K p110α inhibitory activity (27). By contrast. Apilimod is found to be a more selective 
PIKfyve inhibitor without inhibitory activities against other lipid kinases (7). In addition, 
YM and PI-103 (a YM analog and PI3K inhibitor) are also found to be potent human 
two-pore channel (TPC2) blockers although Apilimod does not have the same effect (28). 
Thus, these compounds have strong PIKfyve activities but have different characteristics, 

TABLE 4 Effects of Apilimod mesylate administered intranasally on H1N1-induced inflammation detected in bronchoalveolar lavage and nasal lavage of 
H1N1-infected micea

Treatment

N

Cell number (mean ± SD, x104, [%inhibition]) Cell number (mean ± SD, [% inhibition])

Bronchoalveolar lavage Nasal lavage

Neutrophils
Alveolar 
macrophage Lymphocyte Neutrophils

Alveolar 
macrophage Lymphocyte

Experiment 1
  Vehicle (1% DMSO saline) + virus 5 7.9 ± 1.2 36 ± 7.0 7.3 ± 0.94 2.2 ± 0.48 5.1 ± 0.49 1.8 ± 0.14
  AB (0.5 mg/mL, in) + virus 5 6.8 ± 1.5

[14]
36 ± 4.7
[0]

6.1 ± 0.42b

[16]
2.0 ± 0.48
[9]

4.4 ± 0.35
[14]

2.0 ± 0.30
[−11]

  AB (2 mg/mL, in) + virus 5 4.9 ± 0.76c

[38]
26 ± 3.3b

[28]
5.4 ± 0.87c

[26]
1.2 ± 0.38c

[45]
4.0 ± 0.56c

[22]
1.3 ± 0.10c

[28]
  Oseltamivir (10 mg/kg, po) 5 2.0 ± 0.96d

[75]
11 ± 4.3d

[69]
2.0 ± 0.71d

[73]
1.2 ± 0.38c

[45]
3.8 ± 0.53c

[25]
1.3 ± 0.30c

[28]
Experiment 2
  Vehicle (water) + virus 4 7.5 ± 1.6 38 ± 3.9 7.5 ± 1.3 2.1 ± 0.57 4.7 ± 1.1 1.8 ± 0.18
  AM (2 mg/mL, in) + virus 4 4.7 ± 0.91b

[37]
25 ± 4.8b

[34]
5.1 ± 1.1b

[32]
1.1 ± 0.38b

[48]
3.9 ± 0.76
[17]

1.1 ± 0.18b

[39]
Experiment 3
  Vehicle (water) + virus 4 8.3 ± 2.5 40 ± 3.6 8.1 ± 1.6 2.2 ± 0.58 5.2 ± 1.0 1.8 ± 0.32
  AM (2 mg/mL, in) + virus 4 6.2 ± 0.86b

[25]
24 ± 4.8c

[40]
5.0 ± 0.66b

[38]
1.0 ± 0.23c

[55]
3.6 ± 0.38b

[31]
0.93 ± 0.21c

[48]
aAB: Apilimod base, AM: Apilimod mesylate, BAL: bronchoalveolar lavage, NL: nasal lavage, For experiment 1, changes in each group were compared to virus-infected 
animals treated with vehicle using Dunnett’s one-way analysis of variance.*P < 0.05, **P < 0.01, , ***P < 0.001, For experiment 2 and 3, changes in each group were compared 
to respective vehicle control infected animals using un-paired t-test followed by Mann-Whitney test.
bP < 0.05.
cP < 0.01.
dP < 0.001.
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and the difference might affect the antiviral profile although it is still speculation. Based 
on the specificity, the following experiments (ALI epithelium and in vivo) were conducted 
with Apilimod.

Human influenza can infect and replicate in a number of animal species used 
for pre-clinical evaluation (29) and most work of this nature is conducted in mice 
or in ferrets. The inbred mouse strains are characterized as “semi-permissive” for the 
replication of human respiratory viruses, and viral replication and associated symptoms 
were more marked in ferrets (30). Therefore, we used H1N1 PR8, which is relatively 
adapted to mice. In addition, as clinical trials of oral Apilimod demonstrated limited 
systemic exposure, intra-nasal treatment was used to achieve appropriate concentrations 
locally. As demonstrated in this study, topical administration of Apilimod to the lungs 
through nostrils produced profound inhibition of virus production in the lung and nasal 
tissue and exhibited a dose-dependent steep inhibition curve in H1N1 infected BALB/c 
mice (Fig. 3).

The human respiratory virus is semi-permissive to animals in most cases and the 
outcome of non-respiratory cancer cell lines or animal cell lines is not translational. 
Instead, ALI-cultured airway epithelium is being increasingly recognized for its ability 
to overcome many of the disadvantages of submerged cell culture models (16–18) 
as described in the Introduction section, and, therefore, ALI-cultured primary airway 
cells are often used as a respiratory virus infection model (31, 32). The cellular layer 
consists of ciliated cells and some goblet cells, and the system shows apical shedding 
of progeny virions that are subsequently spread by the coordinated motion of the 
beating cilia, mimicking human influenza infection (33, 34). In fact, the addition of 
influenza at a low level of infectious particles (0.01 MOI) apically to ALI nasal epithelium, 
resulted in a robust, persistent infection that generated amplified viral concentrations 
over 7 days (Fig. 2E, and unpublished data). In addition, virus replication kinetics 
observed in ALI airway epithelium are similar to the outcomes from human challenge 
studies with SARS-CoV-2, influenza, and RSV (23–26). We were also able to translate 
ALI outcome (efficacy and dose) to human clinical trials (24, 35) for RSV infection. Even 
more importantly, we can use different treatment routes to mimic intranasal/inhaled 
and oral/intravenous systemic treatment using ALI two-chamber systems. In this ALI 
system, Apilimod displayed a concentration-dependent inhibition of influenza replica­
tion determined by TCID50 assay following daily apical exposure (mimicking a topi­
cal/aerosol delivery to the respiratory tract) on Day 0 and Day 1 post-inoculation.

A highly desirable feature of inhaled medicines is an extended longer duration 
of action, thereby ensuring that therapeutic activity is maintained throughout the 
dosing interval. The persistence of action of Apilimod was not fully investigated, but 
at least once daily treatment retains effective antiviral activity in both ALI cultured 
fully differentiated nasal epithelium in vitro, as well as in mice in vivo (Fig. 2 and 3C). 
The observed persistence of the effect of Apilimod may be particularly valuable in the 
context of the potential use of Apilimod in prophylaxis.

Apilimod did not show strong antiviral effects against RSV A2 in the African green 
monkey cell line, but it demonstrated marked antiviral effects in vitro ALI human nasal 
epithelium and also mouse in vivo. The African green monkey cell line might be not 
suitable to evaluate a PIKfyve inhibitor due to toxicity. From our results with human 
primary nasal epithelium, the antiviral effect of Apilimod was confirmed in influenza 
and RSV, which are negative-sense single-stranded RNA viruses. Even more importantly, 
Apilimod also showed antiviral effects against positive-strand RNA viruses, such as HRV 
and CoV. Particularly, the effects of seasonal CoV were marked. Apilimod was also 
reported to show a very potent antiviral activity against SARS-CoV-2 infection in Vero 
cells and confirmed in Calu3 and primary lung tissue (15) although Dittmer et al. found 
the antiviral effects of Apilimod to be weaker in Calu3 cells compared to Vero cells (36). 
We preliminarily found that Apilimod also inhibited viral load in CoV229E and HRV16-
infected nasal epithelium (personal communication). Further studies with different virus 
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species should be tested in ALI airway epithelium to prove a pan-antiviral profile of 
Apilimod.

Thus, Apilimod demonstrated promising antiviral potentials in this study, but there 
are some limitations for interpretation. First, we have not tested other animal species. 
Mouse has some drawbacks, especially for influenza infection due to antiviral MX-1 
protein mutation (37). Ferrets for influenza and cotton rats for RSV would be preferred 
systems to test the effects of Apilimod in the future, although we already evaluated 
the antiviral effects against H1N1 and RSV in human cells using translational ALI 
human nasal epithelium. Secondarily, we only tested the PR8 influenza strain, largely 
adapted to mice, in ALI epithelium and mice. As we observed the efficacy of Apilimod 
against other human influenza isolates (Table 1), the animal and ALI studies with 
recent human influenza clinical isolates should be conducted in the future. For exam­
ple, H5N1 Duck/MN/1525/81 is less pathogenic, and more clinically relevant or highly 
pathogenic isolates such as H5N1 2344b (38) should be tested in vitro and also in 
vivo. Third, we need to test with ALI epithelium from several donors, as donor-donor 
variation is not negligible in general in this primary cell system. In fact, previously, 
we reported to require, at least, four different donors to show statistically significant 
antiviral effects of compounds in the RSV infection system in ALI epithelium based 
on power calculation (24, 39). However, to resolve the issue partially, we used 13 
different donor-pooled ALI-nasal epithelium in this study, provided by Epithelix. Fourth, 
although an advantage of pan-viral agents targeting host cell factors would be a limited 
development of resistant mutants, we have not evaluated the emergence of resistant 
mutants in this system yet. At least we confirmed Apilimod did not induce resistant 
variants up to 8 passages in 229E coronavirus-infected MRC5 human fibroblast cells 
where Nirmatrelvir-induced mutants after five passages (data not shown). Finally, a 
PIKfyve inhibitor potentially inhibits virus antigen presentation due to inhibition of 
endosome systems (40), which potentially inhibits antigen-specific T-cell activation in 
vivo. Therefore, treatment of Apilimod after virus infection is established might block 
antiviral immune responses. However, in the current study, we designed experiments for 
prophylaxis or early intervention and also experimental period is too short to determine 
the antiviral-antibody level. Thus, an impact of treatment on immune response should be 
explored in appropriately designed experiments in the future.

In summary, we found Apilimod as a potential host-directed pan-viral small-molecule 
inhibitor against respiratory viruses including influenza and RSV in ALI human epithe­
lium in vitro and in vivo mouse and also against seasonal CoV and HRV in vitro, which 
constitutes a promising candidate for the treatment of respiratory virus infection in 
humans via intranasal delivery.

MATERIALS AND METHODS

Materials

Apilimod base, Apilimod mesylate, YM201636, oseltamivir phosphate, and oseltamivir 
carboxylate were purchased from MedChemExpress LLC (Monmouth Junction, NJ), 
ribavirin were purchased (confirmed by Pharmidex).

Cells and virus

MDCK (ATCC CCL-34) and human larynx epithelial (HEp-2) cells (ATCC CCL-23) were 
purchased from the American Type Culture Collection (ATCC, Manassas, VA) and 
maintained in 10% fetal bovine serum (FBS) supplemented DMEM with phenol red (# 
4190-094: Life Technologies Ltd, Paisley, UK) at 37°C/5% CO2. MucilAir pooled donor 
nasal epithelium was provided as 24-well plate sized inserts by Epithelix Sàrl (Geneva, 
Switzerland). Twice weekly, MucilAir inserts were transferred to a new 24-well plate 
containing 780 µL of MucilAir culture medium (EP04MM), and once weekly the apical 
surface was washed once with 400 µL PBS. MucilAir cultures were incubated at 37°C, 
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5% CO2. RSV A2 Strain (#0709161v, NCPV, Public Health England, Wiltshire, UK or ATCC 
VR-1540) and influenza PR8 (ATCC VR-95) were propagated in HEp-2 and MDCK cells, 
respectively, for in-house in vitro work.

Antiviral panel screening

The effects of Apilimod mesylate and YM201636 against a panel of viruses were 
evaluated at the Institute for Antiviral Research in Utah State University. The assays were 
conducted as follows: Plaque reduction assay (5 days) in HEp-2 cells for RSV A (Long 
strain), CPE (6 days) in LLC-MK2 7.1 cells for Parainfluenza (PIV3 C243 strain), CPE (10 days) 
in MRC5 cells for Measles virus (Edmonton strain), CPE (5 days) in A549 cells for Influenza 
A virus (A/PR/34 strain), CPE (3 days) in HeLa cells for human Rhinovirus (HRV16 strain), 
CPE (5 days) in CEM-SS cells for HIV-1(IIIB strain), CPE (4 days) in Vero cells for Herpes 
Simplex Virus-1 (HF strain), and GT1b replicon luciferase assays (3 days) in Huh-7 cells for 
HCV.

H1N1 or RSV infection and treatment on ALI-cultured nasal epithelium

For the first H1N1 infection study, on the day of infection (“Day 0”), the apical surface 
of each insert was washed once with 300 µL of sterile PBS and the inserts were then 
transferred to new 24-well plates containing 780 µL of fresh MucilAir culture medium 
(Epithelix Sarl. Switzerland). PR8 virus stock was diluted in MucilAir culture medium to 
give a final inoculation concentration of 4,000 PFU in 100 µL (an approximate MOI of 
0.02) for influenza and incubated onto cells for 1 hour at 34°C, 5% CO2. Virus inoculum 
was removed with a pipette and inserts were washed twice with 300 µL of sterile media. 
A Day 0 sample was harvested by adding 200 µL of culture media to the apical surface 
of each well for 10 minutes. The 200 µL sample was then removed and transferred 
to 0.5 mL tubes and the tubes were stored at −80°C. This harvesting procedure was 
repeated daily. Transepithelial electrical resistance (TEER) was measured to investigate 
the integrity of tight junction dynamics in air-liquid interface-cultured pseudostratified 
epithelium before and after influenza infection as a surrogate for epithelial damage. 
Chopstick electrodes were placed in the apical and basolateral chambers and the TEER 
was measured using a dedicated volt-ohm meter (EVOM2, Epithelial Volt/Ohm Meter for 
TEER) and expressed as Ohm/cm2. 50 µL of compound solution was applied on Day 0, 
and incubated for 10 min, and virus inoculum was applied on top of the treatment for 
1 hour. On Day 1, 50 µL of compound solution was applied, incubated for 15 min, and 
then removed. Oseltamivir was applied in a basolateral chamber 10 min before virus 
inoculation, and it was applied again on Day 1. Viral load was assessed by TCID50 assay.

For the second H1N1 study shown in Table 3 and RSV A2 study, 50 µL of the 
compound solution or PBS was carefully applied to the apical site and incubated at 
37°C/5% CO2 for 15 min. H1N1 PR8 virus or RSV A2 virus stock was diluted in MucilAir 
culture medium to give a final inoculation concentration of 4,000 PFU in 50 µL, and 
applied to the apical site on top of the treatment (2,000 PFU in final, approximately an 
MOI of 0.01). Cells were incubated for another hour at 37°C/5% CO2, and then the apical 
media including virus inoculum was carefully removed with a pipette. After the apical 
wash twice with PBS, the third apical wash was collected as Day 0 sample. Apical wash 
from the RSV study was collected in 12.5% sucrose solution (final concentration). On Day 
1 (next day), 300 µL of warm PBS was applied to the apical surface, and after 5 min, 
the first wash was collected for viral load. Following the first wash, 50 µL of compound 
solution or PBS was applied to the apical surface and removed after 30 min incubation. 
On Day 2, 300 µL of warm PBS was applied to the apical surface, and after 5 min, the 
first wash was collected daily for viral load assessment by plaque assay. Oseltamivir 
carboxylate or ribavirin was also applied to a basal chamber for the H1N1 and RSV A2 
study, respectively.
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In vivo H1N1 infection

BALB/c mice (male, 20–30 g) were inoculated intranasally on Day 0 with H1N1 PR8 (0.65 
× 105 PFU/mouse) in Pharmidex UK. Animals were sacrificed 3 days after the inoculation, 
and bronchoalveolar lavage and nasal lavage were collected for inflammation. The lungs 
and nasal tissue were also collected for the preparation of tissue homogenate. Apilimod 
base (Santa Cruz Biotechnolgy, Heidelberg, Germany) was prepared as a suspension in 
10% DMSO/90% isotonic saline and delivered using an intranasal installation of 40 µL/
mouse at doses of 0.5, or 2 mg/mL on Day −1, again on Day 0 (1 hour before inocu­
lation) and then once daily on Days 1, 2, and 3 post-inoculations. Apilimod mesylate 
was also prepared as a solution in sterile water and treated intranasally. Oseltamivir 
phosphate (Sigma-Aldrich) was suspended in PBS and was administered by oral gavage 
(10 mL/kg). Viral load was determined by plaque assay using MDCK cells in the presence 
of L-1-tosylamido-2-phenylethyl chloromethyl ketone (TPCK)-treated trypsin 1.0 µg/mL, 
and the plaque was detected by crystal violet staining 3 days after inoculation. The 
detection limit was 50 PFU/mL of tissue homogenate. Viral load was corrected to the 
weight of lung homogenate and shown as PFU/g tissue. All animal works were reviewed 
by the internal AWERB (Animal Welfare Ethical Review) committee in Pharmidex Ltd. and 
have been conducted under the United Kingdom home office project license PP0969406.

In vivo RSV infection

BALB/c mice (male, 20–30 g) were inoculated intranasally on Day 0 with RSV A2 (0.65 × 
105 PFU/mouse) in Pharmidex UK. Animals were sacrificed 4 days after the inoculation, 
and the lungs were collected for preparation of lung homogenate. Apilimod base was 
prepared as a suspension in 10% DMSO/90% isotonic saline and delivered using an 
intratracheal installation of 20 µL/mouse or intranasal installation of 40 µL/mouse at 
doses of 0.2, or 2 mg/mL on Day −1, again on Day 0 (1 hour before inoculation) and then 
once daily on Days 1, 2, and 3 post-inoculations. All animal works were reviewed by the 
internal AWERB (Animal Welfare Ethical Review) committee in Pharmidex Ltd. and have 
been conducted under the United Kingdom home office project license PP0969406.

TCID50 assay for H1N1

Serial dilutions of the apical wash samples with media containing 0.1 µg/mL TPCK 
Trypsin were applied to plate wells containing an 80% confluency of MDCK cells and 
incubated at 35°C with 5% CO2 for 3–5 days until the cytopathic effects of vehicle control 
became visible. TCID50 was calculated using the Reed-Muench formula (41).

Plaque assay for H1N1

Serial dilutions of the apical wash samples from ALI culture or mouse lavage samples 
were applied to plate wells containing an 80% confluency of MDCK cells. The inoculated 
cells were incubated at 37°C with 5% CO2 for 1 hour after which the inoculum was 
removed from the wells and the cells washed (twice) with PBS before applying an overlay 
of 1% methylcellulose agar media (including growth media plus TPCK trypsin) to each 
well. Once the agar media had been set, the plates were placed in an incubator at 37°C 
with 5% CO2 for 3 days after which the resulting plaques will counted. A second count 
was conducted once the agar had been removed by fixing and staining the cells with 
crystal violet. Data were presented as mean ± sem of pfu for each group.

Plaque assay for RSV

HEp2 cells were grown in 24-well plates prior to infection in DMEM containing 
10% vol/vol FBS until they attained 100% confluency. Apical wash samples from ALI 
culture were thawed out at room temperature and serial dilutions were prepared in 
serum-free DMEM. The growth medium from HEp2 cells was aspirated and replaced 
with 300 µL of serially diluted lung/nasal tissue homogenate (along with stock RSV-only 
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positive control) or ALI culture apical wash, and left to infect at 37°C/5% CO2 for 
4 hours. The infectious media was then aspirated and replaced with 500 µL Plaque 
Assay Overlay (1% wt/vol methylcellulose in MEM, 2% vol/vol FBS, 1% wt/vol pen/strep, 
0.5 µg/mL amphotericin B), and left for 7 days at 37°C/5% CO2. Cells were fixed with 
ice-cold methanol for 10 minutes after which they were washed twice with sterile PBS. 
Anti-RSV F-protein antibody [2F7] was diluted to a 1:150 concentration in blocking buffer 
(5% wt/vol powdered milk (Marvel) in 0.05% vol/vol PBS-Tween 20) and 150 µL was 
added to cells for 2 hours at room temperature with shaking. Cells were washed 2× using 
PBS before 150 µL of secondary antibody (goat anti-mouse/HRP conjugate) diluted 1:400 
in blocking buffer were added to cells for 1 hour at room temperature, with shaking. 
The secondary antibody solution was removed, and cells were washed twice with PBS. 
150 µL of the metal-enhanced development substrate DAB prepared in ultra-pure water 
was applied to the cells until plaques were visible. Plaques were counted by eye and 
confirmed using light microscopy, allowing the calculation of plaque-forming units per 
mL.

Lactose dehydrogenase Assay

Lactose dehydrogenase (LDH) concentrations of collected samples were measured using 
a commercial ELISA kit (Abcam, UK) as per the manufacturer’s instructions. Optical 
density was measured at 450 nM using a microplate reader (SpectraMax 340PC). 
Concentrations of LDH were determined using SoftMax Pro v. 6.4 (Molecular Devices).

Statistical analysis

Results were represented as mean ± standard error of the mean. The IC50, IC 90, and CC50 
values were calculated using GraphPad Prism (GraphPad Software Inc., La Jolla, CA). The 
safety index was calculated as the ratio of the CC50 and IC50 values. Multiple comparison 
was performed by ANOVA followed by Dunnett’s multiple comparison test performed 
using the PRISM 6 software program. If no significance was achieved using ANOVA 
analysis, non-parametric Kruskal-Wallis analysis followed by Dunn’s multiple compari­
son test was conducted. The comparison between the two groups was performed by 
unpaired t-test with Welch’s correction or Mann-Whitney test. Statistical significance was 
defined as P < 0.05.
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