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ABSTRACT 26 

 27 

Emerging variants of concern of SARS-CoV-2 can significantly reduce the prophylactic 28 

and therapeutic efficacy of vaccines and neutralizing antibodies due to mutations in the 29 

viral genome. Targeting cell host factors required for infection provides a complementary 30 
strategy to overcome this problem since the host genome is less susceptible to variation during 31 
the life span of infection. The enzymatic activities of the endosomal PIKfyve phosphoinositide 32 
kinase and the serine protease TMPRSS2 are essential to meditate infection in two 33 
complementary viral entry pathways. Simultaneous inhibition in cultured cells of their enzymatic 34 
activities with the small molecule inhibitors apilimod dimesylate and nafamostat mesylate 35 
synergistically prevent viral entry and infection of native SARS-CoV-2 and vesicular stomatitis 36 
virus (VSV)-SARS-CoV-2 chimeras expressing the SARS-CoV-2 surface spike (S) protein and of 37 
variants of concern. We now report prophylactic prevention of lung infection in mice intranasally 38 
infected with SARS-CoV-2 beta by combined intranasal delivery of very low doses of apilimod 39 
dimesylate and nafamostat mesylate, in a formulation that is stable for over 3 months at room 40 
temperature. Administration of these drugs up to 6 hours post infection did not inhibit infection of 41 
the lungs but substantially reduced death of infected airway epithelial cells. The efficiency and 42 
simplicity of formulation of the drug combination suggests its suitability as prophylactic or 43 
therapeutic treatment against SARS-CoV-2 infection in households, point of care facilities, and 44 
under conditions where refrigeration would not be readily available.  45 
 46 
  47 
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INTRODUCTION  48 
To productively infect cells, SARS-CoV-2 must fuse its lipid envelope membrane with membranes 49 
of the host cell1. This fusion event reaches its maximal efficiency when the viral surface protein 50 
spike (S) is exposed to low pH2 and results in delivery of the viral RNA genome into the cytoplasm 51 
of the host cell where synthesis of viral proteins and genome replication occur3. To trigger fusion, 52 
the viral S must first bind to a cellular receptor, e.g. angiotensin-converting enzyme 2 (ACE2)4, 53 
and then be cleaved by cellular proteases such as transmembrane serine protease 2 54 
(TMPRSS2)4 localized at the cell surface and early endosomes, or cathepsin-L and -B in late 55 
endosomes and lysosomes5. Thus, depending on the pH of the extracellular space and the 56 
plasma membrane availability of proteases, the fusion can occur at the cell surface or, following 57 
virus endocytosis, in the endosomal system2,5. 58 
 59 
It has been shown previously that SARS-CoV-2 infection can be blocked by serine protease 60 
inhibitors such as nafamostat mesylate in cells that express TMPRSS2 but not cathepsins (e.g. 61 
Calu-3 cells)6. In cells that instead express cathepsins but not TMPRSS2 (e.g. VeroE6 or A549 62 
cells), infection depends on the delivery of endocytosed viruses to endo/lysosomes, a process 63 
that can be efficiently inhibited by drugs that interfere with endosome maturation and acidification 64 
such as Bafilomycin A1, chloroquine or ammonium chloride.  65 
Infection was efficiently blocked in cells devoid of TMPRSS2 by inhibiting PIKfyve 66 
phosphoinositide kinase, a host enzyme involved in early-to-late endosome maturation, with 67 
either apilimod dimesylate or Vacuolin6,7. In cells that express both TMPRSS2 and cathepsins, 68 
full inhibition of infection was achieved by combined use of nafamostat mesylate and apilimod 69 
dimesylate 6. Unexpectedly, however, this antiviral activity was synergistic even in Calu-3 cells 70 
that did not respond to apilimod dimesylate alone6 through a mechanism that remains to be 71 
elucidated. 72 
 73 
The rise of immune-resistant variants, the challenge of delivering vaccines in under-developed 74 
countries, and the fraction of the global population that does not want to or cannot be vaccinated 75 
highlights the importance for the development of alternative prophylactic and curative strategies. 76 
Current antiviral therapies that complement vaccine treatment against SARS-CoV-2 are based 77 
on systemic delivery (i.e. oral or intravenous administration) of agents that directedly target viral 78 
components, including neutralizing monoclonal antibodies8, small molecules that interfere with 79 
viral RNA synthesis (e.g. remdesivir9, molnupiravir10), or inhibitors of viral proteases (e.g. 80 
Paxlovid11). The use and efficacy of these treatments, however, are limited by several important 81 
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factors, including the rise of drug-resistant viral mutants12,13, achieving the required effective drug 82 
concentration at the site of infection (i.e. the respiratory tract), bioavailability , and potential 83 
harmful side effects. 84 
 85 
Because of the significantly lower mutational rate of the host genome, targeting host rather than 86 
virus factors required for infection has the potential to limit the rise of drug-resistant virus mutants. 87 
Targeted delivery to the respiratory track instead of systemic treatment should also decrease the 88 
required dosages, particularly when the treatment is intended for short periods of times (e.g., a 89 
few days or weeks). thereby lowering the risk for potential harmful side effects. Here we report 90 
that combined intranasal delivery of nafamostat mesylate and apilimod dimesylate in relatively 91 
small amounts during brief periods displayed a strong synergistic antiviral activity towards acute 92 
SARS-CoV-2 infection of laboratory mice together with a significant protective effect against cell 93 
death in the lower airway epithelium of the infected mice. We further report a drug formulation 94 
whose antiviral properties remained stable for over three months at room temperature, particularly 95 
beneficial for transportation in households, point-of-care facilities, and areas with limited access 96 
to refrigeration.   97 
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RESULTS 98 
Combined treatment with apilimod dimesylate and nafamostat mesylate prevents SARS-99 
COV-2 Wuhan, Alpha, Beta, Delta, or Omicron infections in cell culture. 100 
We recently demonstrated a synergistic full infection inhibition of chimeric VSV-SARS-CoV-2 101 
(vesicular stomatitis virus, VSV, where the attachment and fusion glycoprotein G was replaced 102 
by the S protein of SARS-CoV-2 Wuhan) or native SARS-CoV-2 Wuhan by combined use of the 103 
PIKfyve phosphoinositide kinase inhibitors apilimod dimesylate or Vacuolin with the TMPRSS2 104 
serine protease inhibitor, camostat mesylate6. A similar synergism was also observed using 105 
apilimod dimesylate together with nafamostat mesylate, another inhibitor of TMPRSS26.  106 
 107 
Here we confirmed that combined treatment with apilimod dimesylate and nafamostat mesylate 108 
of VeroE6 cells expressing low levels of TMPRSS2 was essential to inhibit infection by native 109 
SARS-CoV-2 Wuhan and extended similar observations to Alpha, Beta, Delta and Omicron 110 
variants14 (Fig. 1A, B, VeroE6-TMPRSS2). As shown before by us6 and others4, separate use of 111 
these inhibitors failed to fully prevent infection, as expected for cells that rely on TMPRSS2 and 112 
cathepsins as supplementary proteases in the complementary infection entry pathways.  113 
 114 
Significant inhibition of SARS-CoV-2 Wuhan infection of human small lung adenocarcinoma-115 
derived A549-AT cells stably expressing ACE2 and high levels of TMPRSS2-eGFP was also 116 
obtained by combined use of apilimod dimesylate and nafamostat mesylate. (Figures 1 A, B; 117 
A549-AT). 118 
 119 
A stable aqueous formulation composed of apilimod dimesylate and nafamostat mesylate 120 
preserves its antiviral potency for several months. 121 
During our first experiments, we observed the development of turbidity of apilimod dimesylate and 122 
nafamostat mesylate, particularly at concentrations of 1 mg/ml or higher in solutions including 123 
PBS or DMEM culture media. Due to concerns about the potential decrease in effective drug 124 
concentration with aggregation or precipitation, particularly at the higher drug doses often required 125 
for animal studies, we investigated alternative formulations. We found that  using water instead 126 
of salt-containing solutions as carriers for the drugs prevented precipitation; the solutions 127 
remained clear, even at concentrations of up to 1 mg/ml for apilimod dimesylate and 2 mg/ml for 128 
nafamostat mesylate when the mixture was dissolved in deionized water (Figures S1 A, B). 129 
 130 
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We then compared the antiviral potency of the stock solutions prepared in deionized water with 131 
the conventional way of preparing stock solutions dissolved in DMSO, or instead prepared in PBS 132 
or DMEM. We found that the antiviral potency in A549-AT cells of aqueous and DMSO stock 133 
solutions were indistinguishable from each other (Figures S2 A, B; Figure 1 B). Importantly, media 134 
containing drugs diluted from stocks made in PBS or DMEM and not water appeared toxic for 135 
cells, as they detached (Figures S2 C, D). Stock solutions directly prepared in deionized water 136 
were stable and maintain their antiviral activity, whether they were kept at -20 °C or 23.5 °C for 137 
up to 3 months (Figures 1 C, D). Based on these observations, all the animal inhibition infection 138 
studies that followed were undertaken using stock solutions of drugs dissolved in deionized water.  139 
 140 
Intranasal combined administration of apilimod dimesylate and nafamostat mesylate 141 
concurrent with virus inoculation prevents lung infection in mice. 142 
We used a non-lethal self-limiting mouse model of SARS-CoV-2 infection to test the antiviral 143 
effects of apilimod dimesylate and nafamostat mesylate, administered alone or in combination15.  144 
Wild type BALB/c  mice were infected intranasally with a SARS-CoV-2 Beta isolate that harbours 145 
mutations (including N501Y) on the S protein known to enhance the interaction of the virus with 146 
the murine ACE2 receptor16,17; this variant led to infection of the upper and lower airways and, to 147 
a lesser extent, of the pulmonary parenchyma (i.e. alveoli)  2 days after intranasal infection with 148 
a dose of 2 x 105 plaque forming units (pfu)15. 149 
 150 
A schematic timeline of the infection protocol is provided in Figure 2A. Mildly anesthetized mice 151 
received an intranasal dose of 5x105 pfu of SARS-CoV-2 Beta suspended in 20 µl tissue culture 152 
media (DMEM containing 2% FBS), administered within 10-20 seconds after delivering 30 µl of 153 
either deionized water (vehicle control for the drugs) or apilimod dimesylate and nafamostat 154 
mesylate (diluted in deionized water), alone or in combination. Freshly dissolved drugs were 155 
administered intranasally twice daily, with 6-hour intervals, until the mice were euthanized for 156 
further analysis at 48 hours post-infection (hpi). The right lung of the mice was utilized for 157 
quantifying viral RNA levels using three primer sets by quantitative real-time PCR (qRT-PCR), 158 
targeting regions encompassing the viral RNA-dependent RNA polymerase (RdRp), and the 159 
envelope (E) protein gene (E, subE). The left lung and the head were used to evaluate 160 
pathological alterations and expression of viral nucleoprotein (NP) in upper airways and lungs by 161 
histology and immunohistology. 162 
  163 
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A robust and reproducible infection was demonstrated in mice pre-treated with vehicle control by  164 
presence of viral RNA in the left lung (Figure 2 B, vehicle) and by expression of viral NP in sections 165 
of the contralateral lung, particularly in the respiratory epithelium in bronchioles and adjacent 166 
alveoli (type I and II pneumocytes); viral RNA (Fig 2 B) or viral NP were not detected in non-167 
infected control animals (Figure 3 A, non-infected and vehicle). Viral infection was associated with 168 
mild degeneration of respiratory and alveolar epithelial cells, together with some infiltrating 169 
neutrophils and mild peribronchial lymphocyte infiltration, features not observed in non-infected 170 
control mice (Supplementary Table 1). The nasal mucosa exhibited widespread viral NP 171 
expression in the respiratory and olfactory epithelium (Figure 3 B, vehicle; Supplementary Table 172 
1).  173 
 174 
Intranasal treatment with apilimod dimesylate alone (2 mg/Kg) failed to prevent infection, as 175 
evidenced by presence of viral RNA in the lung and substantial expression of viral NP in nasal 176 
mucosa and lung (Figure 2B; Figures 3A-B). A similar lack of antiviral activity towards SARS-CoV-177 
2 beta was reported for mice treated with apilimod dimesylate (50 mg/Kg daily) delivered 178 
intraperitoneally18.Intranasal treatment with nafamostat mesylate alone (4 mg/Kg) reduced lung 179 
infection as demonstrated by decrease in the amounts of viral RNA (Figure 2 B) and restricted 180 
viral NP expression in the lungs (Figure 3 A). The extent of nasal infection, however, appeared 181 
not to be affected by the treatment (Figure 3 B). A similar partial block of infection after intranasal 182 
delivery of SARS-CoV-2 Wuhan in animals treated intranasally with similar doses of nafamostat 183 
mesylate has been reported in Bablc mice transduced with adenoviruses expressing human 184 
ACE2 or in the highly susceptible transgenic K18-hACE2 mice expressing the human ACE2 under 185 
the control of the K18 promoter, highly expressed in the respiratory epithelial cells18, and  186 
hamsters that are also naturally infectable by the Wuhan strain of SARS-CoV-219.  187 
 188 
In glaring contrast to single drug treatment, combined intranasal administration of apilimod 189 
dimesylate and nafamostat mesylate fully prevented pulmonary infection over a wide range of 190 
concentrations even when using only 0.8 mg/Kg and 0.2 mg/Kg respectively. (Figures 2 B; Figure 191 
3 A). Viral RNA levels were similar to or below detection limits (Figure 2 B), with no evidence of 192 
viral NP expression or tissue damage (Figure 3 A; Supplementary Table 1). While the combined 193 
drug administration regime did not prevent nasal infection as assessed by viral NP expression, it 194 
nevertheless appeared to be significantly less widespread and restricted to caudal areas of the 195 
respiratory and olfactory epithelium (Figure 3 B; Supplementary Table 1).  196 
 197 
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Our in vivo animal results are in full agreement with previous observations we obtained in vitro by 198 
infection of cells in culture conditions6, which showed strong inhibitory synergy rather than an 199 
additive inhibitory response to the combined delivery of both drugs.  A quantitative assessment 200 
of the in vivo synergy is shown here by the enhanced decrease of viral RNA in lungs of mice 201 
treated with both drugs at very low concentrations (Figure 2 B, compare using 2 mg/Kg apilimod 202 
dimesylate and 4 mg/Kg nafamostat mesylate alone, and in combination).  203 
 204 
Intranasal combined delivery of apilimod dimesylate and nafamostat mesylate after 205 
infection strongly decreases bronchiolar cell death 206 
We also tested the temporal span of protection offered by the combined intranasal delivery of 207 
either 2 mg/Kg apilimod dimesylate/4 mg/Kg nafamostat mesylate at 3 h.p.i., or 0.8 mg/Kg 208 
apilimod dimesylate/0.2 mg/Kg nafamostat mesylate at 6 hpi. Both regimes, compared to drug 209 
administration at the time of virus inoculation were equally less effective in diminishing the viral 210 
RNA load determined at 48 h.p.i. (Figure 4A), when (Figure 2 B; Figure 3 A). This lack of viral 211 
RNA load inhibition was expected for drugs administered 3-6 hours post virus inoculation, since 212 
at this time the first round of virus cell entry and concomitant onset of infection had already 213 
ensued. 214 
 215 
As previously shown with vehicle-treated mice 15, infection of the bronchiolar epithelium was 216 
associated with substantial degeneration and sloughing of infected epithelial cells, as shown in 217 
consecutive sections stained with hematoxylin and eosin (HE) and for viral NP antigen (Figure 4 218 
B). Staining of a further consecutive section for cleaved caspase-3 (clvCSP-3), a marker of 219 
apoptosis, confirmed that apoptosis was the main mode of cell death in the infected respiratory 220 
epithelium (Figure 4 B). The same staining approach was taken on the lungs of animals that had 221 
received apilimod dimesylate and nafamostat mesylate 3-6 h post virus inoculation, since the 222 
histology (HE stained section) suggested that there was less cell degeneration in the infected 223 
bronchioles. Indeed, viral NP expression was not associated with overt sloughing of infected 224 
epithelial cells, and there were only very rare apoptotic cells (Figure 4B). 225 
 226 
  227 
These results show reduced cytopathic effect of the virus in the respiratory epithelium even when 228 
combined treatment with apilimod dimesylate and nafamostat mesylate was initiated after 229 
establishment of lung infection. .  230 
 231 
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Intranasal combined delivery of apilimod dimesylate and nafamostat mesylate limits 232 
infection rebound  233 
Lung infection determined 48 h.p.i. was prevented by treatment of mice with combined intranasal 234 
administration with 2 mg/Kg apilimod dimesylate and 4 mg/Kg nafamostat mesylate at the time of 235 
virus inoculation followed by a second dose 6 h.p.i. .  To determine if infection rebound could 236 
occur when the drug treatment was stopped, we treated animals with vehicle or combined 2 237 
mg/Kg apilimod dimesylate and 4 mg/Kg nafamostat mesylate twice daily for two days, and 238 
determined the levels of viral RNA and the extent of viral antigen expression in the lungs 239 
immediately after (at 48 h.p.i.) and two days later (at 96 h.i.) (Figure 5 A). The results confirmed 240 
that the combined drug treatment blocked lung infection over the 2-day treatment period (Figures 241 
5 B, C). At 4 dpi, the vehicle-treated infected animals had not cleared the infection as their 242 
olfactory epithelium still harboured a few viral NP positive cells, consistent with limited residual 243 
infection (Supplemental Table 1). However, while there was evidence of lung infection based on 244 
the sporadic individual viral NP positive alveolar and bronchiolar cells (Figure 5 C; Supplemental 245 
Table 1), this infection was limited, as indicated by the lack of viral RNA in the lungs (Figure 5 B). 246 
 247 
DISCUSSION 248 
In this animal study we show potent block of SARS-CoV-2 infection by combined intranasal drug 249 
delivery of inhibitors for the host phosphoinositide kinase PIKfyve and TMPRSS2serine protease 250 
required for infection. Combined simultaneous intranasal delivery of both drugs was essential to 251 
prevent infection in mice inoculated intranasally with a human isolate of SARS-CoV-2 Beta, 252 
following the same inhibitory synergy we previously uncovered using native SARS-CoV-2 Wuhan 253 
and VSV-SARS-CoV-2 chimeras in in vitro tissue culture experiments 6, and repeated here with 254 
native SARS-CoV-2 Wuhan and Alpha, Beta, Delta and Omicron variants.  255 
 256 
Robust inhibition of mice infection was obtained using drug concentrations significantly lower 257 
when compared to those reported in mouse COVID-19 models treated with other antivirals11,20. 258 
For example, two consecutive doses of 0.8 and 0.2 mg/Kg delivered intranasally were sufficient 259 
in our study  to block infection 2 d.p.i.  In contrast, orally administered 300-1000 mg/Kg Paxlovid 260 
(viral RNA polymerase inhibitor)11 and 10-30 mg/Kg Remdesivir (viral protease inhibitor)20  261 
administered twice daily to BALB/c mice was required for full lung protection determined 2 d. p.i. 262 
It remains to be determined whether the required differences in drug amounts are explained by 263 
the route of administration, e.g., intranasal vs oral.  264 
 265 
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We note that intranasal administration of these drugs, alone or in combination, did not induce 266 
clinical signs or histological changes in nasal cavity and lung that would suggest harmful effects 267 
in mice. Safety of Nafamostat or apilimod for humans, when used alone and administered 268 
intravenously or orally, has already been shown by the preliminary outcome from Phase I clinical 269 
trials. It remains to be determined whether their combined use, as proposed here, will also be 270 
tolerated by humans.  271 
 272 
Importantly, here we show that aqueous solutions of apilimod dimesylate and nafamostat 273 
mesylate prepared with no other salts are stable and maintain inhibitory infection activity even 274 
after months of storage at room temperature. The enhanced solubility and long-term stability of 275 
stock aqueous solutions of nafamostat mesylate and apilimod dimesylate prepared with no other 276 
salts highlight the importance if these formulations when considering their potential use for 277 
therapeutics or prophylaxis against SARS-CoV-2 infection in households, point of care facilities, 278 
and in places where refrigeration would not be readily available.  279 
 280 
Finally, we suggest the possibility of developing a system for intranasal delivery, using relatively 281 
low concentrations of the drugs, provided by a simple nasal spray or as an inhalation-administered 282 
treatment. The concept of access to an acute treatment is appealing, particularly in situations 283 
where a new SARS-CoV-2 variant might emerge that is unresponsive to previous immunization 284 
and for which a fast response is required before appropriate vaccines are available. 285 
  286 
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MATERIAL AND METHODS 287 
Animals 288 
A total of 30 female BALB/c mice (Envigo, Indianapolis, IN, USA) were transferred to the 289 
University of Helsinki biosafety level-3 (BSL-3) facility and acclimatized to individually ventilated 290 
biocontainment cages (ISOcage; Scanbur, Karl Sloanestran, Denmark) for seven days with ad 291 
libitum water and food (rodent pellets). For subsequent experimental infection, the mice were 292 
placed under isoflurane anaesthesia and inoculated intranasally with 20 µl of virus dilution or 293 
DMEM (non-infected control). The animals were held in an upright position for a few seconds to 294 
allow the liquid to flush downwards in the nasal cavity. All mice were weighed daily. Their 295 
wellbeing was further monitored carefully for signs of illness (e.g. changes in posture or behaviour, 296 
rough coat, apathy, ataxia). Euthanasia was performed under terminal isoflurane anaesthesia 297 
with cervical dislocation. Experimental procedures were approved by the Animal Experimental 298 
Board of Finland (license number ESAVI/28687/2020). 299 
 300 
Cells 301 
A549 stably expressing human ACE2 and TMPRSS2 fused to GFP(A549-AT) were generated by 302 
transduction in two sequential steps. First, by using a third-generation lentivirus pLenti7.3 ACE2-303 
blasticidine14 where the expression of blasticidine is driven by a separate promoter downstream 304 
of the ACE2 coding sequence. Second, after selection of transduced cells with 3 µg/ml 305 
blasticidine for 7 days, the resulting A549-ACE2 cells where transduced again with a commercially 306 
available third-generation lentivirus encoding human TMPRSS2 with a C-terminally fused 307 
histidine tag followed by the mGFP protein, and using a separate promoter to express the 308 
puromycin resistant gene (Angio-Proteomie, catalogue number vAP-0101). Lentiviral infections 309 
were carried in Dulbecco's modified eagle's medium (DMEM), 2 mM glutamine, 0,5 % bovine 310 
serum albumin (BSA), and 1x penicillin/streptomycin antibiotic mix, at an MOI of 0.3 infectious 311 
units/cells (lentivirus titre provided by the manufacturer’s). After 7 day selection  with 3 µg/ml 312 
puromycin, the cell population was were expanded with three sequential passages and stored in 313 
liquid nitrogen. During infection experiments, blasticidine and puromycin were not included in the 314 
media. VeroE6-TMPRSS214  and A549-ACE2-TMPRSS2-GFP21 were grown at 37 °C  and 5% 315 
CO2 in DMEM supplemented with 2 mM glutamine, 10 % foetal bovine serum (FBS), and 1x 316 
penicillin/streptomycin antibiotic mix. 317 
 318 
Virus isolation, propagation, and sequencing 319 
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The Wuhan/D614G and Alpha, Beta, Delta, Omicron SARS-CoV-2 variants viruses were isolated 320 
from infected patient nasopharyngeal samples as described14 and amplified using 321 
transmembrane serine protease 2 (TMPRSS2)-expressing Vero E6 cells (VeroE6-TMPRSS214). 322 
Once propagated,  their genomic sequence was confirmed using an Illumina platform available at 323 
the Department of Virology, University of Helsinki14. The Wuhan and beta variant sequences are 324 
described in detail in15 and have been deposited in the NCBI GenBank database under accession 325 
numbers MZ962407 and MW717678, respectively. At three days post inoculation, the collected 326 
medium from the infected cell dishes was centrifuged twice at 4500xg for 10 min at 4°C, and the 327 
cleared supernatant aliquoted in cryotubes and stored at -80 °C in the BSL3 facility. All viruses 328 
were propagated in Minimum essential medium (MEM) containing 2% FBS, 20 mM HEPES, pH 329 
7.2, 2 mM glutamine and 1x penicillin/streptomycin antibiotic mix. Virus titrations were performed 330 
by standard plaque assay in VeroE6-TMPRSS2 cells as previously described14. Infected cells 331 
were maintained in incubators at 37 °C and 5% CO2 in the BSL3 facility of the Helsinki University 332 
Hospital.  333 
 334 
Virus infection and drug treatments in cell cultures 335 
VeroE6-TMPRSS2 and A549-ACE2-TMPRSS2-GFP cells were seeded in MEM containing 2% 336 
FBS, 20 mM HEPES pH 7.2, 2 mM glutamine and 1x penicillin/streptomycin antibiotic mix at 337 
15,000 cells per well in 96 well imaging plates (catalogue number 6005182; PerkinElmer)  24 h 338 
before infection in the same medium with the various SARS-CoV-2 strains. Stocks of Apilimod 339 
dimesylate (Tocris, catalogue number 7283) and Nafamostat mesylate (Tocirs, catalogue number 340 
3081) were diluted in the same medium and added at indicated times.   341 
The amount of virus used to infect the cells was adjusted to obtain15-20% infected cells as 342 
determined by immunofluorescence 20 h.p.i.  using high-content imaging and automated image 343 
analysis after fixation with 4 % paraformaldehyde (in PBS), for 20 min at room temperature.  344 
 345 
Immunofluorescence 346 
Fixed cells were washed three times with Dulbecco-modified PBS containing 0.2% BSA 347 
(DPBS/BSA), permeabilized with 0.1% Triton X-100 in DPBS/BSA and processed for 348 
immunodetection of viral N protein, automated fluorescence imaging, and image analysis. Briefly, 349 
viral NP was detected with an in-house-developed rabbit polyclonal antibody22 counterstained 350 
with Alexa Fluor 647-conjugated goat anti-rabbit secondary antibody (ThermoFisher Scientific, 351 
catalogue number A32733); nuclear staining was done using Hoechst DNA dye (ThermoFisher 352 
Scientific, catalogue number H3570). Automated fluorescence imaging was done using a 353 
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Molecular Devices Image-Xpress Nano high-content epifluorescence microscope equipped with 354 
a 10× objective and a 4.7-megapixel CMOS  camera (pixel size, 0.332 μm). Image analysis was 355 
performed with CellProfiler-4 software (www.cellprofiler.org). Automated detection of nuclei was 356 
performed using the Otsu algorithm inbuilt in the software. To automatically identify infected cells, 357 
an area surrounding each nucleus (5-pixel expansion of the nuclear area) was used to estimate 358 
the fluorescence intensity of the viral NP immunolabeled protein, using an intensity threshold such 359 
that <0.01% of ‘positive cells’ were detected in noninfected wells. 360 
 361 
Mice infection and drug treatments in vivo 362 
9-week-old female BALB/c mice were anesthetized using isoflurane intranasally inoculated (n = 363 
4 per group) with 2 × 105 plaque forming units (PFU) in 20 µl of DMEM of the beta variant of 364 
SARS-CoV-2, or mock-infected with deionized water (n = 2)15. Drugs solubilized in deionized 365 
water were administered intranasally in 50 µl volume per mouse, at the indicated time points. The 366 
50 µl drop was applied at the opening of the animal nostrils and the liquid was naturally inhaled 367 
while breathing. At 2 or 4 d.p.i., animals were euthanized under terminal isoflurane anaesthesia 368 
with cervical dislocation and dissected immediately after sacrifice; the right lungs were dissected 369 
and collected and frozen at -80 °C before PCR analysis of viral RNAs, whereas the left lung and 370 
heads were fixed in 10% buffered formalin for 48 h and stored in 70% ethanol for histological and 371 
immunohistochemical examinations. 372 
 373 
RNA Isolation and RT-qPCR 374 
RNA was extracted from lung samples using Trizol (Thermo Scientific) according to the 375 
manufacturers’ instructions. Isolated RNA was subjected to one-step RTqPCR analysis as 376 
described using primers specific for the viral genome encoding for the RNA-dependent RNA 377 
polymerase (RdRp)23 and for E24 genes with TaqMan fast virus 1-step master mix (ThermoFisher 378 
Scientific, catalogue number 4444432) using AriaMx instrumentation (Agilent, Santa Clara, CA, 379 
USA). The actin RT-qPCR is described in25. 380 
 381 
Primer and probe sequences used in the RT-qPCR. 382 
 383 
Target Sequence 384 
RdRp Forward gtgaratggtcatgtgtggcgg23  385 
Probe caggtggaacctcatcaggagatgc23  386 
Reverse caratgttaaasacactattagcata23  387 
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 388 
Subgenomic E Forward cgatctcttgtagatctgttctc 24 389 
Probe acactagccatccttactgcgcttcg24 390 
Reverse atattgcagcagtacgcacaca 24 391 
 392 
Genomic E Forward acaggtacgttaatagttaatagcgt 24 393 
Probe acac-tagccatccttactgcgcttcg 24 394 
Revere atattgcagcagtacgcacaca 24 395 
 396 
Beta-actin Forward actgccgcatcctcttcct 25 397 
Probe cctggagaagagctatgagctgcctgatg 25 398 
Reverse tcgttgccaatggtgatgac 25 399 
 400 
Histology and Immunohistochemistry 401 
The left lungs and heads of the sacrificed mice were trimmed for histological examination and 402 
paraffin-wax embedded. The heads were sawn longitudinally in the midline using a diamond saw 403 
(Exakt 300; Exakt, Oklahoma, OK, USA), then decalcified and processed as previously 404 
described15. Consecutive sections (3–5 µm) were prepared from lungs and heads and stained 405 
with haematoxylin–eosin (HE) or subjected to immunohistology for the detection of SARS-CoV-2 406 
antigen expression using a rabbit polyclonal anti-SARS-CoV NP antibody that cross reacts with 407 
NP of SARS-CoV-2 (Rockland Immunochemicals, Limerick, USA, catalogue number 200-402-408 
A50); cleaved caspase 3 was detected with the antibody (rabbit anti-cleaved caspase-3 (Asp175), 409 
clone 5A1E; 9664; Cell Signalling Technologies) as previously described15. 410 
  411 
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FIGURE LEGENDS 412 
Figure 1. The combination of apilimod dimesylate and nafamostat mesylate inhibits SARS-413 
COV-2 and its variants in vitro, and it is stable at room temperature. 414 
A. Representative fluorescence images of VeroE6-TMPRSS2 and A549-AT cells pre-treated with 415 
DMSO (Ctrl) or 2 µM apilimod dimesylate and 25 µM nafamostat mesylate, and one hour later 416 
infected for 20 h with indicated SARS-CoV-2 variants. Cells were stained with nuclear DNA dye 417 
Hoechst (nuclei, cyan) and immunostained with an antibody against the viral N protein (N, 418 
magenta). Scale bar = 200 µm. 419 
B-C. Quantification of the experiment shown in A. The percentage of N positive cells was 420 
determined by automated image analysis. Values represent the mean of three independent 421 
experiments and data are normalized to the infection levels obtained in DMSO vehicle treated 422 
infected cells (indicated as 1) in each experiment. The error bars represent the standard deviation.  423 
D. Representative fluorescence images of cells treated as in B with indicated drugs that had been 424 
stored either at -20 ºC or room temperature (r.t.), for three months. One hour after drug treatment, 425 
cells where infected with SARS-CoV-2 Wuh strain for 20 h before fixation and 426 
immunofluorescence analysis as described in A. Scale bar 200 µm. 427 
E. Quantification of the experiment shown in D. The percentage of viral N positive cells was 428 
determined by automated image analysis. Values represent the mean of three independent 429 
experiments and data are normalized to the infection levels obtained in DMSO vehicle treated 430 
infected cells (indicated as 1) in each experiment. The error bars represent standard deviation.  431 
 432 
Figure 2. Intranasal delivery of combined drugs at low concentrations prevents SARS-433 
CoV-2 beta lung infection in mice. 434 
A. Schematic description of the intranasal drug treatment and SARS-CoV-2 beta infection. 435 
Anesthetized mice received drugs intranasally in aqueous solution (30 µl) 10-20 seconds prior 436 
intranasal inoculation of SARS-CoV-2 beta (5x105 plaque forming units in 20 µl DMEM). The drug 437 
treatment was repeated twice a day at 6 hours intervals at day 0 and day 1.  At 48 hpi (day 2), 438 
mice were euthanized, and their right lung processed for real time quantitative PCR analysis to 439 
detect viral replication. The left lung and heads of the fixed animals were processed for immuno-440 
histology using anti N antibodies to monitor the integrity of the tissue and the distribution of viral 441 
antigens. 442 
B. PCR quantification of viral RNA in the lungs of mice treated with indicated drugs as described 443 
in A. For each mouse, the levels of viral RNA were detected using three non-overlapping primer 444 
sets, one targeting the viral genomic RNA dependent RNA polymerase gene (RdRp), and two 445 
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sets against the viral gene E (E, subE). For each mouse, the obtained values were normalized 446 
first to the levels of actin in the same lung tissue and then to the mean viral RNA obtained in 447 
vehicle control treated infected mice (indicated as 100%). For each treatment, the mean (white 448 
bar) and standard deviation of the mean are indicated. The data were collected over two 449 
independent experiments each including vehicle controls. Each data point represents the RNA 450 
reads from one mouse. The concentration of apilimod dimesylate and nafamostat mesylate in 451 
mg/kg are indicated on the X axis. ***p<0.001. 452 
 453 
Figure 3. Immunohistological analysis confirms that intranasal apilimod dimesylate 454 
nafamostat mesylate treatment prevents lung infection and limits nasal infection.  455 
Immunohistology images of lungs and nasal mucosa from mice infected with the drugs as in 456 
Figure 2. Virus infected cells were identified with an antibody against the viral NP protein, using 457 
the horseradish peroxidase method (brown) and haematoxylin counterstain. Insets depict 458 
magnified images of the areas indicated by the arrows. Apilimod dimesylate: 2 mg/kg; nafamostat 459 
mesylate: 4 mg/kg; Apilimod dimesylate + nafamostat mesylate: 0.2 mg/kg + 0.8 mg/kg. Scale 460 
bars = 500 µm.    461 
A. Lungs. B. Nasal mucosa. Non infected mice exhibit no viral antigen in lung and nasal mucosa, 462 
whereas vehicle treated infected mice exhibit widespread SARS-CoV-2 NP expression in the 463 
lungs, both in bronchiolar epithelial cells and in pneumocytes in large groups of alveoli. This is 464 
also seen in epithelial cells in the entire nasal mucosa. In mice treated with Apilimod alone, the 465 
viral antigen expression pattern is identical, but its extent slightly reduced in the lung. After 466 
Nafamostat treatment, it is further reduced and only seen in small patches of alveolar epithelial 467 
cells. After combined Nafamostat and apilimod treatment, there is no evidence of viral antigen 468 
expression in the lung. In the nasal mucosa, positive cells are mainly seen in caudodorsal areas, 469 
in olfactory epithelial cells. 470 
 471 
Figure 4. Intranasal delivery of combined drugs 3 h and 6 h post infection strongly 472 
decreases pulmonary cell death. 473 
A. PCR quantification of viral RNA in the lungs of mice treated intranasally with indicated drugs 474 
at 0 h (i.e., 10-20 seconds prior infection), 3 h and 6 h post SARS-CoV-2 beta infection. For each 475 
mouse, the levels of viral RNA were detected using two primer sets, targeting the viral genomic 476 
RNA dependent RNA polymerase gene (RdRp) and the sub-genomic viral gene E (subE), 477 
respectively. For each mouse, the obtained values were normalized first to the levels of actin in 478 
the same lung tissue and then to the mean viral RNA value obtained in vehicle control-treated 479 
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infected mice (indicated as 100%). For each treatment, the mean (white bar) and standard 480 
deviation of the mean are indicated. Each data point represents the RNA reads from one mouse. 481 
The concentration of apilimod dimesylate and nafamostat mesylate in mg/kg, and the time of drug 482 
administration are indicated on the X axis.  483 
B, C. Immunohistology images of lungs from mice infected and treated as described in A. Virus 484 
infected cells were identified with an antibody against the viral N protein (B, C) and apoptotic cells 485 
were visualised with an antibody against cleaved caspase 3 (C), using the horseradish peroxidase 486 
method (brown) and haematoxylin counterstain. B. Mice treated with vehicle or with nafamostat 487 
(4 mg/kg) and apilimod (2 mg/kg), starting at 3 h.p.i. or 6 h.p.i. Vehicle treated mice exhibit 488 
widespread SARS-CoV-2 NP expression in epithelial cells of bronchi (arrows) and in groups of 489 
alveoli (arrowheads). With onset of treatment at 3 h.p.i., lung infection is seen, but is less 490 
widespread than in the vehicle treated animals. With onset of treatment at 6 h.p.i., viral antigen 491 
expression is also less extensive than in the vehicle treated animals, but the reduction is less 492 
marked. Scale bars = 500 µm.    493 
C. Mice treated with vehicle or with nafamostat (4 mg/kg) and apilimod (2 mg/kg), starting at 6 494 
h.p.i. Consecutive sections of a bronchiole stained with hematoxylin-eosin (HE), for SARS-CoV-495 
2 NP and for cleaved caspase-3. Insets represent higher magnifications of areas indicated by the 496 
arrows in the overview images. In the vehicle treated mouse, abundant degenerate cells are 497 
present in the lumen of the bronchiole, the epithelium exhibits several degenerating cells 498 
(arrowheads in inset). There is extensive viral NP expression in epithelial cells, including 499 
degenerate cells in the lumen (arrowheads). Staining for cleaved caspase-3 shows that infected 500 
epithelial cells die via apoptosis. Inset: apoptotic epithelial cells (arrowheads); arrow: sloughed off 501 
apoptotic epithelial cell). In the nafamostat and apilimod treated animals, the bronchiolar lumina 502 
are free of degenerate cells and the epithelium appears intact, although the majority of cells are 503 
virus infected as shown by the expression of viral NP. The extreme rarity of cleaved caspase 3-504 
positive apoptotic cells (arrow; inset: arrowhead) confirms that infected cells are viable. Scale 505 
bars = 25 µm  506 
 507 
Figure 5. Intranasal delivery of combined drugs limits infection rebound. 508 
A. Schematic description of the intranasal drug treatment and SARS-CoV-2 beta infection in mice. 509 
The drug treatment was repeated twice a day at 6 hours intervals at day 0 and day 1. At 48 hpi 510 
(day 2) and 96 hpi (day 4) mice were euthanized and lungs processed for PCR analysis and 511 
Immunohystochemistry to detect viral RNA and the tissue distribution of infection, respectively.  512 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 20, 2023. ; https://doi.org/10.1101/2023.07.19.549731doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.19.549731
http://creativecommons.org/licenses/by-nc-nd/4.0/


B. PCR quantification of viral RNA in the lungs of mice treated intranasally with indicated drugs 513 
and infected with SARS-CoV-2 beta. For each mouse, the levels of viral RNA were detected using 514 
two primer sets, one targeting the viral genomic RNA dependent RNA polymerase (RdRp) gene 515 
and other the sub-genomic viral gene E (subE). For each mouse, the obtained values were 516 
normalized first to the levels of actin in the same lung tissue and then to the mean viral RNA value 517 
obtained in vehicle control-treated infected mice (indicated as 100%). For each treatment, the 518 
mean (white bar) and standard deviation of the mean are indicated. Each data point represents 519 
the RNA reads from one mouse. For each treatment group, the day of euthanasia is indicated on 520 
the X axis. Apilimod dimesylate 2 mg/kg, nafamostat mesylate 4 mg/kg. 521 
C. Immunohistology for SARS-CoV-2 NP in the lungs at 2 and 4 days post infection with SARS-522 
CoV-2 beta and treated as described above. Virus infected cells were identified with an antibody 523 
against the viral N protein, using the horseradish peroxidase method (brown) and haematoxylin 524 
counterstain. Bars = 500 µm. At 2 dpi, vehicle treated mice exhibit widespread SARS-CoV-2 N 525 
expression both in bronchiolar epithelial cells and in pneumocytes in groups of alveoli. In 526 
nafamostat and apilimod treated mice, there is no evidence of viral antigen expression. At 4 dpi, 527 
the infection has been cleared in the vehicle treated mouse, i.e. there is no evidence of viral 528 
antigen expression. In mice treated with nafamostat and apilimod for the first two days after 529 
intranasal virus challenge, there are a few small groups of alveoli with viral antigen expression in 530 
pneumocytes (inset: arrowhead; the inset is a higher magnification of the area highlighted by the 531 
arrowhead in the overview image).   532 
 533 
Supplementary figure 1. Solubility of apilimod dimesylate and nafamostat mesylate in 534 
different solutions. 535 
A. Apilimod dimesylate (1 mg/ml) and nafamostat mesylate (2 mg/ml) were solubilized in DMEM, 536 
PBS, or de-ionized water (d-H2O). A visible cloudy precipitate formed when the drugs were 537 
solubilized in DMEM and PBS, but not in d-H2O. 538 
B. After centrifugation at 10.000xg for 1 minute, at room temperature, a visible pellet formed if the 539 
drugs were solubilized in DMEM or PBS (white arrows), but not in the drugs solubilized as in A 540 
precipitate d-H2O. 541 
 542 
Supplementary figure 2. Antiviral activity and cell toxicity of apilimod dimesylate and 543 
nafamostat mesylate in different solutions.   544 
Stock solutions of apilimod dimesylate (1 mg/ml) and nafamostat mesylate (2 mg/ml) were 545 
prepared in DMEM, PBS, or de-ionized water (d-H2O). The drugs were further diluted in DMEM 546 
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2%FBS and added to Vero-E6 (apilimod dimesylate) or A549-AT cells (nafamostat mesylate) in 547 
96-well plates at the indicated concentrations, 30 min before infection with SARS-CoV-2 Wuh 548 
(MOI= 0.5). Cells were fixed at 20 hours post infection and processed for immunofluorescence 549 
analysis using antibodies against the viral protein N to identify infected cells and Hoechst DNA 550 
staining to identify the cells nuclei. High-content imaging and automated image analysis were 551 
used to determine the number of infected cells in each sample. 552 
A-B. Number of infected cells for each drug treatment relative to the values obtained from infected 553 
cells treated with vehicle controls (indicated as 1). Values represent the mean and standard 554 
deviation of three independent experiments. 555 
C-D. Number of cells attached to the surface of the plates for each drug treatment relative to the 556 
values obtained from infected cells treated with vehicle controls (indicated as 1). Values represent 557 
the mean and standard deviation of three independent experiments. 558 
 559 
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