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Abstract

Despite the wide availability of several safe and effective vaccines that can prevent
severe COVID-19 disease, the emergence of SARS-CoV-2 variants of concern (VOC) that can
partially evade vaccine immunity remains a global health concern. In addition, the emergence of
highly mutated and neutralization-resistant SARS-CoV-2 VOCs such as BA.1 and BA.5 that can
partially or fully evade (1) many therapeutic monoclonal antibodies in clinical use underlines the
need for additional effective treatment strategies. Here, we characterize the antiviral activity of
GS-5245, Obeldesivir (ODV), an oral prodrug of the parent nucleoside GS-441524, which
targets the highly conserved RNA-dependent viral RNA polymerase (RdRp). Importantly, we
show that GS-5245 is broadly potent in vitro against alphacoronavirus HCoV-NL63, severe
acute respiratory syndrome coronavirus (SARS-CoV), SARS-CoV-related Bat-CoV RsSHC014,
Middle East Respiratory Syndrome coronavirus (MERS-CoV), SARS-CoV-2 WA/1, and the
highly transmissible SARS-CoV-2 BA.1 Omicron variant in vitro and highly effective as
antiviral therapy in mouse models of SARS-CoV, SARS-CoV-2 (WA/1), MERS-CoV and Bat-
CoV RsSHCO014 pathogenesis. In all these models of divergent coronaviruses, we observed
protection and/or significant reduction of disease metrics such as weight loss, lung viral
replication, acute lung injury, and degradation in pulmonary function in GS-5245-treated mice
compared to vehicle controls. Finally, we demonstrate that GS-5245 in combination with the
main protease (MP™) inhibitor nirmatrelvir had increased efficacy in vivo against SARS-CoV-2
compared to each single agent. Altogether, our data supports the continuing clinical evaluation of
GS-5245 in humans infected with COVID-19, including as part of a combination antiviral
therapy, especially in populations with the most urgent need for more efficacious and durable

interventions.
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INTRODUCTION

The emergence of three highly pathogenic novel coronaviruses (CoVs) into
immunologically naive human populations in the last two decades underlines an urgent need to
develop broad-acting countermeasures. While broad-spectrum vaccines (2-4) and monoclonal
antibodies (5-8) show promise in animal models against the sarbecovirus subgenus, the spike
protein has extensively mutated throughout the COVID-19 pandemic and has partially and/or
fully evaded vaccine and monoclonal antibody therapies in clinical use (1). In contrast, highly
conserved viral enzymes, like the RNA-dependent RNA polymerase (RdRp, non-structural
protein 12, NSP12) or main protease (i.e. MP™, NSP5) are more genetically stable and thus
represent rational targets for broad-based antivirals. As broadly acting antivirals targeting the
CoV RdRp, both remdesivir and molnupiravir have antiviral activity in vitro and in vivo against
SARS-CoV-2 and divergent coronaviruses (9-16) and have been deployed for human use in the
COVID-19 pandemic (17, 18). The MP™ inhibitor nirmatrelvir (PF-07321332 or PF-332), the

active antiviral agent in Paxlovid™, exerts strong antiviral activity in vitro and in SARS-CoV-2

animal models (19). Importantly, Veklury® (remdesivir), Lagevrio™ (molnupiravir), and

Paxlovid™ (nirmatrelivr/ritonavir) all improve outcomes in COVID-19-infected patients when
given early in the course of infection (18, 20-22) and thus far have retained their antiviral activity
against SARS-CoV-2 VOC including Omicron (16, 23). However, with the continued emergence

of SARS-CoV-2 variants and increased use of antiviral monotherapy, it is critical to strengthen
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87  our armamentarium of orally bioavailable drugs and their combinations to treat COVID-19 in all
88  populations, reduce its impact on the health care system, and minimize the development of
89  antiviral resistance.
90 Here, we tested the antiviral efficacy of an oral prodrug, GS-5245 (ODV), of the
91 nucleoside analog, GS-441524 (24). The prodrug is rapidly cleaved pre-systemically to generate
92  (S-441524 into systemic circulation at higher exposures than what is achieved through direct
93  oral dosing of GS-441524. We demonstrate that GS-5245 has broad therapeutic efficacy against
94  endemic, enzootic, and pandemic coronaviruses in vitro and in vivo following oral delivery,
95 including NL63, bat SARS-related RsSHC014-CoV, SARS-CoV, MERS-CoV, the ancestral
96 SARS-CoV-2 WAL, and the highly transmissible SARS-CoV-2 Omicron variant. Moreover,
97  therapy with a combination of GS-5245 and nirmatrelvir resulted in increased efficacy against
98 SARS-CoV-2 replication in mice than either agent alone. These results support the continued
99  exploration of GS-5245 in human clinical trials and confirms the need to develop an antiviral
100 COVID-19 combination therapy in humans.
101
102 RESULTS
103  GS-5245 is broadly active against enzootic, endemic, and pandemic coronaviruses in
104  primary human airway cells
105 We first evaluated the antiviral activity of the GS-5245, its parent nucleoside GS-441524,
106  remdesivir, and the MP™ inhibitor PF-07321332 (PF-332), against a SARS-CoV-2 WA/1
107  nanoluciferase reporter virus in A549 cells that overexpress human ACE2 (Fig. 1A). SARS-
108 CoV-2 was strongly inhibited by these antivirals with ECso values of 0.74, 4.6, 0.19, and 0.07

109  uM for GS-5245, GS-441524, remdesivir, and PF-332, respectively, and where applicable,
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110  consistent with previously reported in vitro tests (11, 19). The improved potency for the prodrug
111  GS-5245, compared to parent GS-441524, was also observed in other SARS-CoV-2 cell culture
112 assessments and is thought to be due to the improved permeability properties, such as

113  unexpectedly favorable interactions with intestinal nucleoside transporters, of the prodrug (24).
114  We observed a strong reduction in SARS-CoV-2-expressed nanoluciferase activity (Fig. S1A)
115  without cytotoxicity (Fig. S1B). To assess the antiviral breadth of GS-5245 against

116  alphacoronavirus, we designed a nanoluciferase (nLuc)-expressing NL63 infectious clone and
117  recovered recombinant reporter virus (Fig. S2A). NL63nLuc replicated with similar kinetics
118  compared to a wild-type isolate (Fig. S2B) and expressed nanoluciferase to high levels in

119 infected cells (Fig. S2C). Using NL63nLuc virus, we then tested the antiviral activity of GS-
120 441524, remdesivir, and GS-5245 and observed robust antiviral activity in LLC-MK2 cells with
121 respective ECso values of 0.52, 0.49, and 0.62 uM (Fig. S3Aand S3C) without evidence of

122  cytotoxicity (Fig. S3B).

123 To further evaluate the breadth of GS-5245 antiviral activity against enzootic, endemic,
124 epidemic, and pandemic coronaviruses, including highly transmissible SARS-CoV-2 variants,
125  we evaluated GS-5245 in primary human airway epithelial (HAE) cells from two different

126 human donors. The HAE platform is a highly biologically relevant three-dimensional culture
127  system which models the structure and cellular complexity of the conducting airway and

128  importantly contains epithelial target cells of the CoVs (25). Importantly, we observed a GS-
129 5245 dose-dependent reduction in infectious virus production for all viruses tested including
130  SARS-CoV Urbani, Bat-CoV RsSHC014, SARS-CoV-2 WA/1, the highly transmissible

131  Omicron BA.1 variant, and MERS-CoV in HAE derived from two unique human donors (Figs.

132 1B and 1C). In addition, we did not observe measurable cytotoxicity of GS-5245 at the tested
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133  concentrations in HAE (Fig. S4). These studies demonstrate that the prodrug GS-5245

134  effectively releases parent GS-441524 in these cell experiments to generate the active

135 triphosphate metabolite leading to antiviral activity. In conclusion, GS-441524 has potent

136  activity against a broad array of genetically distinct CoVs including current SARS-CoV-2 VOC
137 inthe cell lines employed such as the biologically relevant primary HAE.

138 Residues in the nsp12 RdRp polymerase F-motif (V557 and A558) and B-motif (T687)
139  help position the template in the active site (26). The conservation of residues in the active site
140  that could impact incorporation, as well as residues responsible for both delayed chain

141 termination and template-dependent inhibition. While the RdRp protein surface amino acid

142  residue conservation was as low as 59% in HCoV-NL63 compared to SARS-CoV-2, the residues
143 which would directly impact the efficacy of GS-5245 were 100% conserved across these and
144 several other human and zoonotic coronaviruses (Fig. S5), demonstrating the potential for broad
145  antiviral activity of small molecular inhibitors like GS-5245.

146

147  Efficacy of GS-5245 and molnupiravir against SARS-CoV-2 in BALB/c mice

148 To determine the optimal therapeutic dose of GS-5245 in mice, we performed a

149  therapeutic dose-ranging study in SARS-CoV-2 MA10-infected (1x10% plaque forming units;
150 PFU) BALB/c mice. We initiated therapy 12 hours post infection (hpi) with vehicle or 3, 10, or
151 30 mg/kg GS-5245 diluted in vehicle and mice were dosed orally twice daily (bis in die; BID)
152  through 4 days post infection (dpi). The daily systemic exposure of GS-441524 following oral
153  dosing at 30 mg/kg of GS-5245 across the different mice strains ranged from 81-108 puM.h and

154  no intact GS-5245 prodrug was observed (Fig. S6B). This exposure of GS-441524 is consistent
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155  with the daily GS-441524 exposures achieved following oral administration of a tri-ester prodrug
156  of GS-441524, GS-621763, dosed at 30 mg/kg BID in our earlier efficacy studies (24, 27).

157 We also included a cohort treated orally with molnupiravir at 100 mg/kg BID, a human
158 equivalent dose determined based on the area under the curve (AUC) exposure. Overall, there
159  was a distinct GS-5245 dose-dependent reduction in virus replication and pathogenesis (Figs.
160  2A-F). Mice treated with 3 mg/kg GS-5245 had measurable weight loss similar to vehicle, but
161  only trended towards reductions in virus replication, macroscopic lung discoloration, and viral-
162  induced pulmonary dysfunction. A higher GS-5245 dose of 10 mg/kg improved efficacy, as

163  observed by significant protection from weight loss (Fig. 2A), lung virus titer, and gross lung
164  pathology (i.e. lung discoloration). However, protection from pulmonary dysfunction and

165 histological measures of acute lung injury (ALI) was not observed in the 10 mg/kg GS-5245
166  group. Mice treated with 30 mg/kg of GS-5245 were protected against weight loss (Fig. 2A) and
167  had undetectable virus in lung tissue (Fig. 2B) similar to the 100 mg/kg molnupiravir-treated
168  group. Macroscopic (Fig. 2C) and microscopic (Figs. 2E and F) measures of lung pathology and
169  physiologic measures of lung function by whole body plethysmography (WBP) (Fig. 2D) were
170  all significantly improved as compared to the vehicle control arm. These data demonstrate the
171  strong dose-dependent relationship between the dose of GS-5245 and protection from SARS-
172  CoV-2 disease. Moreover, GS-5245 affords similar protection at a lower dose (30 mg/kg) to that
173 of molnupiravir (100 mg/kg) in mice.

174

175  Early treatment with GS-5245 reduces SARS-CoV-2 pathogenesis in BALB/c mice

176 To determine the time at which GS-5245 therapy fails to improve outcomes in mice, we

177  performed a therapeutic efficacy study initiating treatment in SARS-CoV-2 MA10 infected
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178  (1x10* PFU) BALB/c mice at 12, 24, and 36 hpi. We chose 30 mg/kg BID GS-5245 as it

179  provided the most robust efficacy in prior studies. As expected, protection from virus replication
180 and disease was dependent on the time of initiation of therapy (14). We observed complete

181  protection from weight loss, lung viral replication, gross lung pathology, and degradation of

182  pulmonary function (Fig. STA-D) in the 12 and 24 hpi groups. In contrast, in the cohort where
183  we initiated 30 mg/kg GS-5245 at 36 hpi, we did not observe protection from weight loss, lung
184  pathology, or respiratory function, despite the significant decrease in lung viral replication

185  compared to the vehicle group (Fig. S7A-D). Given the success of 30 mg/kg therapy at 24 hpi,
186  we next aimed to determine the degree of protection with a lower dose of 10 mg/kg GS-5245
187  administered at the same timepoints post infection (Fig. S8). As we had seen with 30 mg/kg

188  therapy, mice treated with 10 mg/kg GS-5245 at 12 hpi were protected from weight loss (Fig.
189  S8A); had reduced virus lung titers (Fig. S8B), macroscopic lung discoloration (Fig. S8C),

190 histologic acute lung injury scores (Fig. S8D, S8E), and degradation of pulmonary function (Fig.
191  S8F). Treatment with 10 mg/kg at 24 or 36 hpi did not prevent body weight loss (Fig. S8A), but
192  did reduce virus titer (Fig. S8B), gross pathology (Fig. S8C) and one of two histologic acute lung
193  injury scores (Fig. S8D, 24 hpi only). Altogether, these data suggests that the therapeutic activity
194  of GS-5245 at either 10 or 30 mg/kg is most effective early after infection (12 or 24 hpi) prior to
195  the peak of viral replication, which is at 48 hpi in this SARS-CoV-2 mouse model (28).

196

197  GS-5245 is effective against SARS-related Bat-CoV RsSHCO014 in K18-hACE mice

198 We next aimed to understand the breadth of antiviral efficacy in vivo against

199  coronaviruses that are more distantly related to SARS-CoV-2, including SARS-related Bat-CoV

200 RsSHCO014 and MERS-CoV, which frequently emerges. As we aimed to use transgenic mice on
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201  adifferent genetic background, C57BL/6, than that used in the above efficacy studies, we first
202  performed a pharmacokinetic (PK) study with GS-5245 in K18-human angiotensin-convertase
203  enzyme 2 (hACE2) mice and those with humanized human dipeptidyl peptidase 4 (hDPP4) (Fig.
204 S6A), which are susceptible to RsSHC014 and MERS-CoV, respectively. After oral dosing with
205  GS-5245 at 30 mg/kg, we measured the nucleoside parent GS-441524 in mouse plasma over
206  time. We observed no differences in the plasma levels of GS-441524 in either transgenic line
207  when compared to control BALB/c, supporting the use of similar oral doses of GS-5245 in our
208  planned in vivo efficacy studies in these transgenic mice (Fig. S6B).

209 The SARS-like Bat-CoV RsSHCO014 can efficiently replicate in human airway epithelial
210  cells and can evade existing SARS-CoV-2 vaccines and mAb countermeasures against SARS-
211  CoV (4, 29). Thus, we evaluated the therapeutic efficacy of GS-5245 in RsSHCO014 infected

212  K18-hACE2 mice initiating treatment at times post-infection (i.e. 12 and 24 hpi) with

213  demonstrable success in SARS-CoV-2 models described above. Unlike the SARS-CoV-2 MA10
214  BALB/c model, marked weight loss is not a hallmark of RsSSHC014 infection in K18-hACE2
215  mice through day 4, although we did observe increased weight in the infected animals dosed with
216 30 mg/kg initiated at 12 hpi compared to vehicle-treated mice (Fig. 3A). While we observed a
217  trend in reduced virus replication (Fig. 3B) and gross lung pathology (Fig. 3C) with the 10 mg/kg
218  dose, only the 30 mg/kg dose initiated at either 12 or 24 hpi significantly reduced virus lung

219  titers, and gross lung pathology. As done in the SARS-CoV-2 MA10 model, we next evaluated
220  histologic manifestations of acute lung injury (ALI) using two different scoring tools (Figs. 3D
221  and E). Mice dosed with 30 mg/kg initiated at either 12 or 24 hpi had significant reductions in
222 ALl Thus, a significant reduction in SARS-related enzootic virus replication and disease was

223  observed with GS-5245 therapy.
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224

225  The therapeutic efficacy of GS-5245 against SARS-CoV in BALB/c mice

226 With ~10% mortality rate in humans, the highly virulent SARS-CoV strain emerged in
227  2002-2003 in Guangdong Province China ultimately causing over 8000 cases in 29 countries and
228  over 800 deaths (30, 31). Therefore, we next aimed to evaluate the antiviral activity of GS-5245
229  against emerging coronaviruses distinct from SARS-CoV-2 with clear human epidemic potential.
230  To increase the stringency of our in vivo assessment of GS-5245, we designed a therapeutic

231  efficacy study using the highly pathogenic mouse-adapted SARS-CoV MA15 virus in BALB/c
232 mice (32). Only early therapeutic intervention with 30 mg/kg initiated at 12 hpi protected from
233  significant body weight loss (Fig. 4A). We observed a trend towards reduced virus replication
234 (Fig. 4B), and gross lung pathology (Fig. 4C) with GS-5245 at 10 mg/kg, and significant

235  reductions in these metrics was afforded by 30 mg/kg initiated at 12 hpi. As SARS-CoV MA15
236 infection causes mortality in BABL/c mice, we observed a high degree of protection in the 12
237  hpi 30 mg/kg group with 100% survival in this group compared to vehicle-treated mice which
238  exhibited 80% mortality by day 4 post infection (Fig. 4D). We also observed 30% mortality in
239  the 12 hpi 10mg/kg group. In contrast, both the 24 hpi 10 and 30 mg/kg treatments had similar
240  mortality rates to the vehicle group. In our assessment of ALI using the ATS (Fig. 4E) or DAD
241  (Fig. 4F) histologic scoring tools, only 30 mg/kg initiated at 12 hpi significantly reduced

242 microscopic lung pathology. Although the lower dose of GS-5245 did not afford much protection
243  in the metrics above, all dose groups had improved pulmonary function by 3 dpi (Fig. 4G). In
244 addition, 30 mg/kg initiated at 12 hpi prevented the loss of pulmonary function observed in the
245  vehicle on days 1 and 2 (Fig. 4G). Thus, early treatment with a 30 mg/kg dose of GS-5245 is

246  highly protective against SARS-CoV disease symptoms and mortality in mice.
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247

248  Successful in vivo efficacy with GS-5245 against MERS-CoV in DPP4 288/330-modified
249  mice

250 We next aimed to assess therapeutic efficacy against MERS-CoV using a mouse model
251 that utilizes a modified dipeptidyl peptidase 4 (DPP4) at amino acid positions 288 and 330 (33,
252  34). Since initiating therapy at 12 hpi offered the most protection in the SARS-CoV model

253  above, we evaluated the therapeutic efficacy of GS-5245 at 10 or 30 mg/kg in MERS-CoV
254  infected animals at 12 hpi. In agreement with the SARS-CoV-2, and SARS-CoV in vivo data
255  above, GS-5245 at 30 mg/kg provided the strongest protection against signs of clinical disease
256 including weight loss, lung viral titers, acute lung injury, and degradation in respiratory function
257  (Figs. 5A-F). While the lower 10 mg/kg dose only afforded partial protection from weight loss
258  (Fig. 5A), it markedly reduced lung viral replication (Fig. 5B). Unlike the 30 mg/kg dose, the
259  lower 10 mg/kg dose did not reduce gross lung pathology (Fig. 5C), pulmonary function as
260  measured by whole body plethysmography (Fig. 5D), or ALI as measured by quantitative

261  histologic scoring tools (Figs. 5E and F). Thus, GS-5245 protects against MERS-CoV

262  pathogenesis in mice when therapy is initiated soon after infection.

263

264  GS-5245 therapy is highly effective at reducing SARS-CoV-2 Omicron replication in K18-
265 hACE2 mice

266 As we observed a high degree of protection against bat RsSHC014-CoV, SARS-CoV,
267 MERS-CoV, and a mouse-adapted SARS-CoV-2 based on the Wuhan-1 isolate, we sought to
268  evaluate GS-5245 against the highly transmissible Omicron (B.1.1.529/BA.1.) variant in K18-

269  hACE2 mice. As previous studies did not find that B.1.1.529 caused severe disease in K18-
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270  hACE2 mice including weight loss or lung pathology (35), we performed a therapeutic efficacy
271  study where the main readout was BA.1 replication in the lung. Consistent with Halfman et al.,
272  we did not observe weight loss through day 4 post infection nor severe lung pathology in

273  vehicle-treated mice (Figs. 6A and 6C-E). Mice treated with GS-5245 at 30 mg/kg 12 hpi had
274 significantly lower lung viral titers relative to vehicle-treated groups at 2-, 3-, and 4-days post
275 infection (Fig. 6B), and protection from macroscopic and microscopic lung pathology compared
276  to vehicle (Figs. 6C, 6D, and 6E). We conclude that GS-5245 demonstrates a high degree of
277  protection against lung viral replication in vivo against the highly transmissible BA.1 variant.
278

279  Combination therapy of PF-07321332 and GS-5245 against SARS-CoV-2 in BALB/c mice
280 As the oral antiviral nirmatrelvir (PF-332) demonstrated a high degree of efficacy in mice
281  and humans (19, 20), we sought to evaluate if combination of PF-332 with GS-5245 could

282  further diminish SARS-CoV-2 pathogenesis in mice. PF-332 inhibits MP™ by preventing

283  processing of the viral polyprotein whereas GS-5245 inhibits the RdRp by terminating

284  transcription and replication (36) and/or excessive polymerase pausing (37). We first performed
285  adose-de-escalation experiment to determine the doses of PF-332 that provides optimal and
286  suboptimal protection from SARS-CoV-2 replication and disease in mice. At 12 hpi, we initiated
287  therapy with 400, 120, 40, or 12 mg/kg PF-332 BID or 1.2 mg/kg GS-5245 BID. We observed
288  that PF-332 protected mice from weight loss (Fig. 7A), lung viral replication (Fig. 7B), lung
289  discoloration (Fig. 7C), and degradation in pulmonary function (Fig. 7D) at the highest drug
290 treatment doses but not at lower doses. Similarly, the 1.2 mg/kg GS-5245 dose was highly

291  suboptimal and little protection was observed.
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292 As virus replication is the main driver of disease in this model, we sought to determine if
293  combination therapy initiated at 12 hpi with sub-optimal doses of PF-332 and GS-5245 would
294  result in an increased reduction in virus lung titers than either drug alone. Thus, we designed a
295  therapeutic efficacy study in mice infected with SARS-CoV-2 treated with suboptimal doses of
296  single agents administered BID (GS-5245 at 1.2 or 4 mg/kg, PF-332 at 12 or 40 mg/kg) or

297  several combinations of the two administered BID: “low dose combination” of 1.2 mg/kg GS-
298 5245 + 12 mg/kg PF-332, “medium dose combination” of 1.2 mg/kg GS-5245 + 40 mg/kg PF-
299 332, or “high dose combination” of 4 mg/kg GS-5245 + 40 mg/kg PF-332. As compared to

300  vehicle-treated animals, SARS-CoV-2 lung titers were not reduced following therapy with

301  suboptimal doses of single agents at multiple dose levels including 1.2 mg/kg of GS-5245 or PF-
302 332 at 12 or 40 mg/kg (Fig. 7E). In contrast, intervention of GS-5245 at 4 mg/kg singly

303  significantly reduced viral titers in the lung (Fig. 7E). Impressively, combination of GS-5245 at
304 1.2 mg/kg and PF-332 at 40 mg/kg resulted in significantly more profound levels of lung viral
305 replication compared to vehicle and single agent groups. Similarly, by increasing the

306  concentration of each component of combination therapy (4 mg/kg GS-5245 and 40 mg/kg PF-
307  332), we observed a marked reduction in viral titers in the lung that was significantly lower than
308 either single agent (Fig. 7E). Altogether, these data suggest that combination therapy of GS-5245
309 and PF-332 is highly effective at suppressing lung viral replication in mice even when combined
310  at suboptimal doses.

311

312 DISCUSSION

313 The SARS-CoV-2 spike protein, which is the primary target of neutralizing antibodies,

314  has undergone extensive changes conferring an increased ability to evade existing antibody-
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315  based countermeasures (1). The emergence of the Omicron (BA.1) and several Omicron sub-
316 lineages have continually eroded the neutralizing activity of vaccine-elicited antibodies in the
317  COVID-19 vaccines (38). The natural waning of vaccine-elicited serum immune responses may
318  contribute to the surge in infections with highly transmissible SARS-CoV-2 VOCs (39).

319  Moreover, the emergence of more immune-evasive variants such as BQ.1.1 and XBB evade all
320  human monoclonal antibodies in clinical use whereas antivirals like remdesivir remain active
321  against these variants (40). In the setting of continued SARS-CoV-2 spike protein evolution and
322  waning vaccine immunity, it is critical to develop orally bioavailable drugs that can broadly

323  inhibit SARS-CoV-2 and its current and future VOCs.

324 Intravenously administered remdesivir (Veklury®) has received full Food and Drug

325  Administration (FDA) approval; and orally administered molnupiravir and nirmatrelvir have
326  received Emergency Use Authorization (EUA) for the treatment of COVID-19 in the U.S.

327  Molnupiravir similarly exhibits broad-spectrum activity against zoonotic and pandemic

328  coronaviruses in primary HAE cells, mice, and humans (13, 21). In contrast to remdesivir and
329  molnupiravir, which target the RdRp albeit through different mechanisms of action, nirmatrelvir
330 targets MP™, Nirmatrelvir alone showed a high degree of protection against SARS-CoV-2

331  pathogenesis in mice (19), and when combined with ritonavir (Paxlovid™) showed protection in
332 human clinical trials (20). When given early after infection, remdesivir demonstrates efficacy
333  and reduces risk of hospitalization due to COVID-19 (22). Consistent with this, early remdesivir
334  treatment of SARS-CoV and SARS-CoV-2-infected mice offered the most protection against
335  viral pathogenesis (11, 14).

336 Despite the promising efficacy of remdesivir, (22) its intravenous administration has been

337  amajor barrier for broad use due to the requirement of trained medical personnel to administer
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338  drug in outpatient settings such as infusion centers. To overcome this challenge, an oral prodrug
339  (GS-5245; ODV) of the parent nucleoside GS-441524, was developed (24). GS-5245 ultimately
340  forms the same active triphosphate in lung tissue as remdesivir. Here, we show that GS-5245 is
341  highly effective at diminishing replication and disease pathogenesis for enzootic, epidemic,

342  emerging, and pandemic coronaviruses including the highly transmissible SARS-CoV-2

343  Omicron variant following oral administration. The twice daily 30 mg/kg dose was effective
344 across the different SARS-CoV-2 models and corresponded to daily GS-441524 exposures

345  ranging from 81-108 uM.h. This exposure is consistent with the estimated GS-441524 exposure
346  at efficacious oral doses of GS-5245 in a non-human primate SARS-CoV-2 infection model and
347  the targeted exposures in humans (24) . Thus, GS-5245 is potentially an additional oral antiviral
348  for outpatients with COVID-19. In the context of pandemic preparedness, drugs targeting highly
349  conserved viral proteins, like the RdRp, are advantageous as they may retain activity against
350 future VOCs and emerging coronavirus threats. Viruses like SARS-CoV, MERS-CoV and

351 SARS-CoV-2 have been found circulating among wild animals and as a result present a threat to
352  our public health security. Thus, GS-5245 may not only prove to be important for treating

353 SARS-CoV-2 infections but could also be deployed to outbreaks of new coronaviruses that may
354  emerge in the future. Despite the high degree of conservation in the RdRp and MP™,

355  coronaviruses can evolve to escape single-agent therapies in a laboratory setting (41, 42). Like
356  HIV-1 antiviral therapy treatments that combine antivirals with different mechanisms or action,
357  such as protease and polymerase inhibitors (43), we demonstrate that combination oral antiviral
358 therapy to treat acute SARS-CoV-2 infections may be advantageous to increase efficacy of

359 antiviral interventions. An additional benefit of combining oral antiviral therapies to treat

360 COVID-19 may be the reduced risk of monotherapy drug-resistant SARS-CoV-2 variants as has
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361  been documented in remdesivir-treated immunocompromised patients (44-46). Moreover, in

362  vitro selection studies demonstrate that SARS-CoV-2 can acquire mutations that confer the Mpro
363  protease with resistance to nirmatrelvir (47). Therefore, it will be critical to explore combination
364  therapy in humans to not only increase the efficacy of antivirals that have different viral targets
365  but also to potentially reduce risk of antiviral resistance in the setting of monotherapy,

366  particularly in immunocompromised patients who invariably experience prolonged viral

367  replication. Combination antiviral interventions may also diminish COVID-19 progression to
368  Post-Acute Sequelae of SARS-CoV-2 infection (PASC)/long COVID manifestations (48).

369  Moreover, as SARS-CoV-2 infectious virus rebound following Paxlovid™ treatment occurs in
370  patients (49, 50), combination drug intervention strategies may be clinically useful in reducing or
371  eliminating cases of viral rebound.

372 Altogether, our data indicates that GS-5245 may have clinical utility against highly

373  transmissible SARS-CoV-2 variants as well as zoonotic coronaviruses that may emerge in the
374  future. Moreover, GS-5245 demonstrated efficacy against common-cold human

375  alphacoronavirus NL63 and pre-emergent SARS-CoV-related viruses, underlining the broad

376  antiviral efficacy of this drug and its potential treatment of common-cold human coronaviruses,
377  which can progress to severe life-threatening illnesses in the very young and aged (51). GS-5245
378 s currently being investigated in two international Phase 3 trials in standard and high risk

379  COVID-19 patients (ClinicalTrials.gov: NCT05715528 and NCT05603143). The present in vitro
380 and in vivo data support the continued clinical evaluation of GS-5245 for the treatment of

381 COVID-19 and potentially other coronaviruses.

382

383  Limitations of the study
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Despite the strong efficacy of GS-5245 in vivo, our study has limitations. The breadth of
protection was only tested in mice and not in additional animal models of coronavirus
pathogenesis. While remdesivir exhibits clinical efficacy across broad patient populations and
stages of COVID-19 disease, the testing of GS-5245’s clinical efficacy is ongoing. The clinical
efficacy of GS-5245 may be established based on ongoing controlled, randomized, and powered
Phase 111 clinical trials in humans; the study results are pending. Similarly, while GS-5245 and
nirmatrelvir exhibited enhanced efficacy when tested in combination in SARS-CoV-2-infected
mice, the clinical efficacy of GS-5245 in combination with Paxlovid™ based on properly
designed human clinical studies has not yet been established. Therefore, it will be important to
continue evaluating both GS-5245 monotherapy and combination therapy with Paxlovid™ in

future human clinical trials.
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421

422 MATERIALS AND METHODS

423 Viruses

424  Recombinant viruses utilized for in vitro studies include SARS-CoV Urbani expressing

425  nanoluciferase (SARS-nLuc, nLuc replaces ORF7) and MERS-CoV EMC Strain, SARS-CoV-2

426  WA1, Bat SARS-related CoV RsSHC014, HCoV-NL63 were created from molecular cONA
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427  clones as described (52-54) previously. SARS-CoV-2 Omicron BA.1 isolate was obtained as a
428  gift from Dr. Yoshihiro Kawaoka from the University of Wisconsin, Madison.

429

430  Preclinical experiments

431  Mouse strains and infections

432  Eight-week-old female BALB/c mice were purchased from Envigo (#047). Eight-week-old

433  female K18-humanized ACE2 mice on a B6 background were purchased from Jackson

434  Laboratory (#034860). 288/330** dipeptidyl peptidase 4 (DPP4) mice were bred at the

435  University of North Carolina at Chapel Hill and were described previously (34). For SARS-CoV-
436 2 infections in BALB/c mice, a mouse-adapted SARS-CoV-2 virus (MA10) was used and mice
437  were infected with 1 x 10* PFU intranasally (28). For SARS-CoV infections in BALB/c mice, an
438 intranasal infectious of 1 x 10* PFU was used (32). For RsSHC014-CoV and SARS-CoV-2

439  Omicron (BA.1) infections, K18-hACE2 mice were infected with 1 x 10* PFU intranasally.

440  Finally, 288/330** DPP4 mice were infected intranasally with 5 x 10* PFU with a mouse-adapted
441  MERS-CoV (maM35c4) virus as described previously (33, 34). Infected mice were weighed

442  daily and were monitored for signs of disease in all infection and treatment studies.

443

444 GS-5245, molnupiravir, and PF- 07321332 formulations

445  GS-5245 was synthesized at Gilead Sciences, Inc., and their chemical composition and purity
446  was quality controlled by nuclear magnetic resonance, high resolution mass spectrometry, and
447  high-performance liquid chromatography. Molnupiravir was purchased from MedChemExpress
448  (Monmouth Junction, NJ). Nirmatrelvir (PF-07321332) was purchased from MedChemExpress

449  (Monmouth Junction, NJ) or WuXi AppTec (Shanghai, China). GS-5245 was solubilized in
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450  2.5% dimethyl sulfoxide, 10% Kolliphor HS-15; 10% Labrasol; 2.5% propylene glycol; 75%
451  water; pH 2-3 or 10% ethanol, 90% propylene glycol for mouse in vivo studies. Molnupiravir
452  was solubilized in 2.5% Kolliphor RH 40, 10% polyethylene glycol, 87.5% water for mouse in
453  vivo studies. PF-07321332 was formulated in 10% ethanol, 90% propylene glycol. Oral antiviral
454 drugs were made available to UNC Chapel Hill under an existing material transfer agreement
455  with Gilead Sciences, Inc.

456

457  Structural analysis of nsp12 conservation

458 A model of the pre-incorporation state of the GS-5245 active metabolite in the SARS-CoV-2
459  polymerase complex was based on the cryo-EM structure 6 XEZ (55) and previously described
460  (56). Homology models using Schrodinger Release 2022-2 (Prime, Schrodinger, LLC, New
461  York, NY) were generated for the nsp12 subunit were generated for the viral strains used in this
462  study.

463

464  Mouse GS-5245 pharmacokinetic studies

465  Mouse pharmacokinetic (PK) studies were performed at LabCorp Drug Development. Briefly,
466  n=4 female BALB/c and n=3 female and n=3 male mice from each different strain of K18-
467 hACE2 and 288/330** DPP4 were dosed with 30 mg/kg of GS-5245 by oral gavage. Plasma
468  concentrations (UM) of GS-411524 were quantitated in each mouse strain at select timepoints
469  over 24 hours as described previously (27).

470

471  Antiviral activity of GS-5245 against SARS-CoV-2
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472  We employed an antiviral assay as described (27). Briefly, human lung epithelial cell line A549
473 (ATCC # CCL185) stably expressing hACE2 were plated at a density of 20,000 cells per well in
474 100 pL in black-walled clear-bottom 96-well plates 24 hours prior to infection. GS-5245, RDV,
475  GS-441524, remdesivir, and PF-07321332 were diluted in 100% DMSO (1:2) resulting in a

476  1000X dose response from 10 to 0.039 mM 10 to 0.039 uM. All conditions were performed in
477  triplicate. In a Biosafety Level 3 Laboratory (BSL3), medium was removed, and cells were

478  infected with 100 uL SARS-CoV-2 nLUC (multiplicity of infection (MOI) = 0.5) for 1 hour at
479 37 °C. After this incubation, virus was removed and wells were washed (150 pL) with infection
480 media (Dulbecco’s Modified Eagle’s Medium (DMEM), 4% fetal bovine serum (FBS), 1X

481  antibiotic/antimycotic). Infection media (100 pL) containing diluted drug in dose response was
482  then added. DMSO remained at 0.1% across the dilution series. Plates were incubated at 37 °C
483  for 48 hours. NanoGlo assay was performed at 48 hpi. Sister plates were exposed to drug but not
484  infected to gauge cytotoxicity using a CellTiter-Glo assay (CTG, Promega) at 48 hours post

485  treatment. Values were normalized to the uninfected and infected DMSO controls (0% and 100%
486 infection, respectively). Data was fit using a four-parameter non-linear regression analysis using
487  GraphPad Prism. ECso and CCso values were then determined as the concentration reducing the
488  signal by 50%.

489

490  Antiviral activity of GS-5245 against HCoV-NL63

491  An antiviral assay was performed with recombinant NL63 reporter virus expressing

492  nanoluciferase as described (57). Briefly, LLCMK?2 cells stably expressing TMPRSS2 were
493  seeded at 20,000 cells per well and infected with NL63 nLUC at an MOI of 0.02 for 1 hr after

494  which virus was removed, cultures were washed with medium, and a dose response of each drug
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495  was added in triplicate. After 48 hr, virus replication was quantitated by measuring

496  nanoluciferase expression. For cytotoxicity, sister plates were exposed to the same dose response
497  asthose infected. Cytoxicity was quantitated using CellTiter Glo assay at 48 hours post

498  exposure. Three independent studies were performed. Values were normalized to the uninfected
499  and infected DMSO controls (0% and 100% infection, respectively). Data was fit using a four-
500 parameter non-linear regression analysis using GraphPad Prism. ECso and CCso values were then
501 determined as the concentration reducing the signal by 50%.

502

503  Antiviral activity in primary human airway epithelial cells

504  Human airway epithelial (HAE) cell cultures were obtained from the Tissue Procurement and Cell
505  Culture Core Laboratory in the Marsico Lung Institute/Cystic Fibrosis Research Center at UNC.
506  Prior to infection, HAE were washed with PBS and moved into ALI media containing a dose
507  response of 10, 1, or 0.1uM GS-5245 or DMSO. HAE were infected at an MOI of 0.5 for 1.5 hr
508  at 37°C after which virus was removed, cultures were washed with PBS and then incubated at 37°C
509 for 72hr. Virus replication/titration was performed as previously described. Similar data was
510 obtained in two independent studies using cells from two different patient donors. Cytotoxicity
511  was measured via ToxiLight Assay (Lonza) in triplicate HAE cell cultures treated with 10, 1, or
512  0.1uM GS-5245 or DMSO. DMSO remained at 0.1% for all conditions. As a positive control,
513  duplicate wells were exposed to Promega nanoluciferase lysis buffer for 10 minutes prior to
514  Toxilight Assay.

515

516  Animal care
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517  Animal efficacy studies were performed in accordance with the recommendations for care and
518 use of animals by the Office of Laboratory Animal Welfare (OLAW), National Institutes of

519  Health and the Institutional Animal Care and Use Committee (IACUC) protocol number: 20-059
520  at University of North Carolina (UNC permit no. A-3410-01). All mice were anesthetized prior
521 toviral inoculation and great efforts were undertaken to reduce animal suffering. Mice were fed
522  standard chow diets and housed in groups of five.

523

524  Lung pathology scoring

525  Acute lung injury was quantified with two distinct lung pathology scoring tools. The first scoring
526  tool is the Matute-Bello scoring system developed by the American Thoracic Society (ATS), and
527  the second scoring tool is the Diffuse Alveolar Damage (DAD) to score lung damage caused by
528 acute viral infections as described previously (14). Lung scoring and scoring analyses were

529  performed by a Board-Certified Veterinary Pathologist who was blinded to the treatment groups.
530 Lung pathology slides were read and scored at 600X total magnification.

531

532  Laboratory biosafety

533  Cell culture and animal studies were approved by the UNC Institutional Biosafety Committee
534  approved under laboratory and animal protocols used in the Baric laboratory. All work described
535 here, including coronavirus work, was performed with approved standard operating procedures
536  for SARS-CoV, SARS-CoV-2, and MERS-CoV in a biosafety level 3 (BSL-3) facility which
537  met and exceeded requirements recommended in the Microbiological and Biomedical

538 Laboratories, by the U.S. Department of Health and Human Service, the U.S. Public Health
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Service, and the U.S. Center for Disease Control and Prevention (CDC), and the National

Institutes of Health (NIH).

Quantification and statistical analysis

Statistical analyses were performed in Prism version 9.0, SAS Software version 9.4, and the R

statistical package version 3.6.1. Figure legends describe each statistical test used in each figure.

Materials availability
Material and reagents generated in this study will be made available upon installment of
a standard material transfer agreement (MTA) through UNC, while other reagents and viruses

are available through BELI.
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696  Figure legends

697

698  Fig. 1. GS-5245 is broadly active against enzootic, endemic and pandemic coronaviruses in
699  primary human airway cells

700  (A) The mean percent inhibition and cytotoxicity of SARS-CoV-2 replication by GS-5245 and
701  control compounds GS-441524, remdesivir, and PF-07321332 in A459-hACE2 cells is shown
702  (triplicate samples were analyzed). Data is representative of two independent experiments.

703  (B) Antiviral activity of GS-5245 in primary human airway epithelial cell donor 1 against SARS-
704  CoV and related bat-CoV SHC014, SARS-CoV-2 WAL and SARS-CoV-2 Omicron BA.1 and
705 MERS-CoV. Human airway epithelial cell cultures (HAE) were treated with different doses of
706  drug or DMSO and then infected with SARS-CoV-2 at an MOI of 0.5. After 2 hours of infection,
707  input virus was removed, cultures were washed once, and infectious virus titers in plaque

708  forming units (PFU) was measured in apical washes after 72 hours. Cultures remained in the

709  presence of drug for the duration of the study.

710  (C) Antiviral activity of GS-5245 in primary human airway epithelial cell donor 2 against SARS-
711  CoV and related bat-CoV SHC014, SARS-CoV-2 WAL, and SARS-CoV-2 Omicron BA.1 and
712 MERS-CoV. This was performed similarly but independent of the study in panel B. For B and C,
713  each symbol represents the virus titer per triplicate culture and the line is at the mean and *

714 indicates p<0.05 as determined by One-Way ANOVA/Tukey’s multiple comparison test.

715

716  Fig. 2. Dose-dependent therapeutic efficacy of GS-5245 against SARS-CoV-2 MA10 in

717 BALB/c mice
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718  (A) Percent starting weight through 4 dpi in 10-week-old female BALB/c mice infected with
719 SARS-CoV-2 MA10 at 1 x 10* PFU. Mice were treated BID with vehicle (veh: gray squares), 3
720  mg/kg GS-5245 (upside-down red triangles), 10 mg/kg GS-5245 (right-side-up blue triangles),
721 30 mg/kg GS-5245 (green circles), and 100 mg/kg molnupiravir (purple diamonds) starting at 12
722  hpi. N=10 mice per group. Rx = drug. Asterisks denote p values from a two-way ANOVA after a
723 Dunnett’s multiple comparisons test. * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001
724  (B) SARS-CoV-2 MA10 lung infectious viral titers 4 dpi in mice treated with vehicle or GS-
725 5245 at increasing concentrations and 100 mg/kg molnupiravir (Mol.). Asterisks denote p values
726  from a Kruskal-Wallis test after a Dunnett’s multiple comparisons test.

727  (C) Macroscopic lung discoloration at 4 dpi in therapeutically treated mice compared to vehicle.
728  Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s multiple comparisons test.
729 (D) Pulmonary function (PenH) monitored by whole-body plethysmography from day zero

730  through 4 dpi in SARS-CoV-2-infected treated mice. Asterisks denote p values from a two-way
731  ANOVA after a Dunnett’s multiple comparisons test.

732  (E) Microscopic ATS acute lung injury pathology scoring at day 4 post infection in vehicle vs.
733  GS-5245 or molnupiravir-treated mice. Asterisks denote p values from a Kruskal-Wallis test
734  after a Dunnett’s multiple comparisons test.

735  (F) Microscopic DAD acute lung injury pathology scoring at 4 dpi in vehicle, GS-5245, or

736  molnupiravir-treated mice. Asterisks denote p values from a Kruskal-Wallis test after a

737  Dunnett’s multiple comparisons test.

738

739  Fig. 3. Therapeutic efficacy of GS-5245 against pre-emergent bat SARS-related RsSHC014-

740 CoV in K18-hACE2 mice
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(A) Percent starting weight in 10-week-old female K18-hACE2 mice infected with 1 x 10* PFU
therapeutically treated BID with vehicle (veh: gray squares), 10 mg/kg GS-5245 (right-side-up
light blue triangles), 30 mg/kg GS-5245 (dark green circles) at 12 hpi, and 10 mg/kg GS-5245
(right-side-up dark blue triangles), and 30 mg/kg GS-5245 (light green circles) at 24 hpi. N=10
mice per group. Asterisks denote p values from a two-way ANOVA after a Dunnett’s multiple

comparisons test.

(B) RsSHCO014-CoV lung infectious viral titers 4 dpi in mice treated with vehicle or GS-5245 at
10 and 30 mg/kg at either 12 or 24 hpi. Asterisks denote p values from a Kruskal-Wallis test

after a Dunnett’s multiple comparisons test.

(C) Macroscopic lung discoloration at 4 dpi in therapeutically treated K18-hACE2 mice
compared to vehicle. Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s
multiple comparisons test.

(D) Microscopic ATS acute lung injury pathology scoring at day 4 post infection in vehicle vs.
GS-5245-treated mice. Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s
multiple comparisons test.

(E) Microscopic DAD acute lung injury pathology scoring at day 4 post infection in vehicle vs.
GS-5245-treated mice. Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s

multiple comparisons test.

Fig. 4. GS-5245 protects against SARS-CoV MA15 mortality in BALB/c mice
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761  (A) Percent starting weight in 10-week-old female BALB/c mice infected with 1 x 10* PFU
762  therapeutically treated BID with vehicle (veh: gray squares), 10 mg/kg GS-5245 (right-side-up
763  light blue triangles), 30 mg/kg GS-5245 (dark green circles) at 12 hpi, and 10 mg/kg GS-5245
764  (right-side-up dark blue triangles), and 30 mg/kg GS-5245 (light green circles) at 24 hpi. N=10
765  mice per group. Asterisks denote p values from a two-way ANOVA after a Dunnett’s multiple

766  comparisons test.

767  (B) SARS-CoV MAI5 lung infectious viral titers 4 dpi in mice treated with vehicle or GS-5245
768  at 10 and 30 mg/kg at either 12 or 24 hpi. Asterisks denote p values from a Kruskal-Wallis test
769  after a Dunnett’s multiple comparisons test.

770  (C) Macroscopic lung discoloration at 4 dpi in therapeutically treated BALB/c mice compared to
771  vehicle. Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s multiple

772  comparisons test.

773 (D) Percent survival in vehicle vs GS-5245-treated mice. Asterisks denote p values from a Log-
774 rank Mantel-Cox test.

775  (E) Microscopic ATS acute lung injury pathology scoring at 4 dpi in vehicle vs. GS-5245-treated
776 mice. Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s multiple

777  comparisons test.

778  (F) Microscopic DAD acute lung injury pathology scoring at 4 dpi in vehicle vs. GS-5245-

779  treated mice. Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s multiple

780  comparisons test.

781  (G) Pulmonary function monitored by whole-body plethysmography from day zero through 4 dpi
782  in SARS-CoV-infected treated mice. Asterisks denote p values from a two-way ANOVA after a

783  Dunnett’s multiple comparisons test.
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784

785  Fig. 5. GS-5245 inhibits MERS-CoV disease in 288/330** DPP4-modified mice

786  (A) Percent starting weight in 20-week-old male and female 288/330** DPP4-modified mice
787  infected with a mouse-adapted MERS-CoV with 5 x 10* PFU. Mice were therapeutically treated
788  BID starting at 12 hpi with vehicle (veh: gray squares), 10 mg/kg GS-5245 (right-side-up light
789  blue triangles), 30 mg/kg GS-5245 (dark green circles). N=8 total mice per group. Male and
790  female mice were distributed as equally as possible in each group. Asterisks denote p values

791  from a two-way ANOVA after a Dunnett’s multiple comparisons test.

792  (B) MERS-CoV lung infectious viral titers 5 dpi in mice treated with vehicle or GS-5245 at 10
793  and 30 mg/kg at 12 hpi. Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s
794  multiple comparisons test.

795  (C) Macroscopic lung discoloration at 5 dpi in therapeutically treated mice compared to vehicle.
796  Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s multiple comparisons test.
797 (D) Pulmonary function monitored by whole-body plethysmography from day zero through 5 dpi
798 in MERS-CoV-infected treated 288/330** DPP4 mice. Asterisks denote p values from a two-way
799  ANOVA after a Dunnett’s multiple comparisons test.

800 (E) Microscopic ATS acute lung injury pathology scoring at 5 dpi in vehicle vs. GS-5245-treated
801  mice. Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s multiple

802  comparisons test.

803  (F) Microscopic DAD acute lung injury pathology scoring at 5 dpi in vehicle vs. GS-5245-

804  treated mice. Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s multiple

805  comparisons test.

806
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807  Fig. 6. Therapeutic efficacy of GS-5245 against the highly transmissible and neutralization-

808  resistant BA.1 (Omicron B.1.1.529) variant in K18-hACE2 mice

809  (A) Percent starting weight in 10-week-old female K18-hACE2 mice infected at 1 x 10* PFU
810  with a BA.1 clinical isolate. Mice were therapeutically treated BID starting at 12 hpi with vehicle
811  (veh: gray squares) and 30 mg/kg GS-5245 (dark green circles). N=10 mice per group. Asterisks

812  denote p values from a two-way ANOVA after a Dunnett’s multiple comparisons test.

813 (B) BA.1 lung infectious viral titers 2, 3, and 4 dpi in mice treated with vehicle or GS-5245 and
814 30 mg/kg at 12 hpi. Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s

815  multiple comparisons test.

816  (C) Macroscopic lung discoloration at 4 dpi in therapeutically treated mice compared to vehicle.
817  Asterisks denote p values from a Mann-Whitney test.

818 (D) Microscopic ATS acute lung injury pathology scoring at 4 dpi in vehicle vs. GS-5245-treated
819  mice. Asterisks denote p values from a Mann-Whitney test.

820 (E) Microscopic DAD acute lung injury pathology scoring at 4 dpi in vehicle vs. GS-5245-

821 treated mice. Asterisks denote p values from a Mann-Whitney test.

822

823  Fig. 7. The effect of GS-5245 and PF-332 combination therapy on SARS-CoV-2 MA10

824  pathogenesis in BALB/c mice

825  (A) Percent starting weight in 10-week-old female BALB/c mice infected at 1 x 10* PFU with a
826 SARS-CoV-2 MAL10. Mice were treated BID starting at 12 hpi with vehicle (veh: gray squares)

827 400 mg/kg PF-332 (purple diamonds), 120 mg/kg PF-332 (light green diamonds), 40 mg/kg PF-
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828 332 (blue diamonds), 12 mg/kg PF-332 (dark green diamonds), and 1.2 mg/kg GS-5245 (upside-
829  down red triangles). N=10 mice per group. Asterisks denote p values from a two-way ANOVA

830  after a Dunnett’s multiple comparisons test.

831 (B) SARS-CoV-2 MA10 lung infectious viral titers 4 dpi in mice treated at 12 hpi with vehicle
832  and at decreasing doses of PF-332 and a sub-protective dose of 1.2 mg/kg GS-5245. Asterisks
833  denote p values from a Kruskal-Wallis test with a Dwass-Steel-Critchlow-Fligner procedure for
834  pairwise comparisons.

835  (C) Macroscopic lung discoloration at 4 dpi in therapeutically treated mice compared to vehicle.
836  Asterisks denote p values from a Kruskal-Wallis test with a Dwass-Steel-Critchlow-Fligner

837  procedure for pairwise comparisons.

838 (D) Pulmonary function as measured by whole-body plethysmography in SARS-CoV-2-infected

839  mice starting at day O through 4 dpi.

840  (E) Sub-protective oral drug combination therapy and its effect on lung infectious SARS-CoV-2
841 viral titers. Vehicle (gray squares), 1.2 mg/kg GS-5245 (right-side-up red triangles), 4 mg/kg
842  GS-5245 (red circles), 12 mg/kg PF-332 (right-side-up blue triangles), 40 mg/kg PF-332 (blue
843  circles), combination 1.2 mg/kg GS-5245/12 mg/kg PF-332 (pink circles), combination 1.2

844  mg/kg GS-5245/40 mg/kg PF-332 (purple circles), combination 4 mg/kg GS-5245/40 mg/kg PF-
845 332 (purple hexagons). Kruskal-Wallis test was used to compare the group samples, and Dwass-

846  Steel-Critchlow-Fligner procedure was used for pairwise comparisons.

847

848
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849  Supplementary Materials

850 Fig. S1. Measuring the antiviral and cytotoxic activity of GS-5245, GS-441524, remdesivir,
851 and PF-07321332 in A549-hACE2 cells (related to Fig. 1).

852  (A) A549-hACE2 were plated at 20,000 cells per well and infected with SARS-CoV-2 nLUC at
853 an MOI of 0.5 for 1hr after which virus was removed, cultures were washed with medium and
854  then a dose response of each drug was added in triplicate. After 48hr, virus replication was

855  quantitated by measuring nLUC expression.

856  (B) For cytotoxicity, sister plates were exposed to the same dose response as those infected.

857  Cytotoxicity was quantitated using CellTiter Glo assay at 48 hr post exposure.

858

859  Fig. S2. Generation, recovery, and characterization of an NL63 infectious clone (ic)

860  expressing nanoluciferase (nLuc) (related to Fig. 1).

861  (A) Infectious clone diagram of NL63 open reading frames (top) and the fragments used in

862  assembly (bottom). ORF3a was replaced with a gene encoding nanoluciferase.

863  (B) Growth kinetics of icNL63 (blue, triangle) and icNL63-nLuc (black, square).

864  (C) Luciferase signal of icNL63-nLuc 72 hpi. Background luciferase in virus without infecting
865 cells (open square). Luciferase signal after infecting cells (filled square).

866

867  Fig. S3. The antiviral activity of GS-5245 against human coronavirus NL63 (related to Fig.
868 1).

869 (A) LLCMK?2 cells stably expressing TMPRSS2 were seeded at 20,000 cells per well and

870 infected with NL63 nLUC at an MOI of 0.02 for 1 hr after which virus was removed, cultures
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871  were washed with medium and then a dose response of each drug was added in triplicate. After
872 48 hr, virus replication was quantitated by measuring nLUC expression.

873  (B) For cytotoxicity, sister plates were exposed to the same dose response as those infected.

874  Cytotoxicity was quantitated using CellTiter Glo assay at 48 hr post exposure.

875  (C) The percent antiviral inhibition for each drug is shown.

876

877  Fig. S4. Cytotoxicity of GS-5245 in HAE (related to Fig. 1).

878  Primary human airway epithelial cell cultures from donors 1 and 2 were treated with different
879  doses of GS-5245 or DMSO for 72hr in triplicate, after which cytotoxicity was assessed by

880  ToxiLight Assay which measures alkaline phosphatase released by dead and dying cells. As a
881  positive control (+ Control), duplicate wells were exposed to Promega nanoluciferase lysis buffer
882  for 10 minutes prior to Toxilight Assay.

883

884  Fig. S5. Homology models of nsp12 show the polymerase active site is well conserved across
885  coronaviruses (related to Fig. 1).

886  (A) Model of the pre-incorporated GS-5245 active triphosphate metabolite (purple) in SARS-
887 CoV-2 WA-1 nsp12 was based on the cryo-EM structure 6XEZ. (B) A homology model of

888  Omicron BA.1 with the single mutation, P323L (shown in red), was generated from the WA-1
889  model. Additional homology models were generated for (C) SARS-CoV, (D) RsSHC014-CoV,
890 (E) MERS-CoV EMC strain and (F) HCoV-NL63, where non-conserved residues with respect to
891  WA-1 are also shown in red. (G) A detail of the NL63 active site, the least conserved virus

892  among this set, shows the active site, and particularly the residues which recognize the important

893  1’-CN of the active triphosphate produced from GS-5245, are completely conserved.
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894  Fig. S6. Pharmacokinetics of GS-441524 following oral administration of GS-5245 in

895 different mouse strains (related to Figs. 2, 3, 4, and 5)

896  (A) Plasma pharmacokinetics of GS-441524 in different mouse strains.

897 (B) BALB/c, K18-hACE2, and 288/330"" DPP4 mice were orally gavaged with 30 mg/kg of GS-
898 5245 and plasma concentrations (UM) of GS-411524 were quantified. A total of n=4 females in
899 BALB/c and n=3 males and n=3 females per mouse strain in K18-hACE2, and 288/330** DPP4
900  were used.

901

902 Fig. S7. 30 mg/kg GS-5245 treatment Kkinetics in SARS-CoV-2-infected BALB/c mice

903 (related to Fig. 2).

904  (A) Percent starting weight through 4 dpi in 10-week-old female BALB/c mice infected with
905 SARS-CoV-2 MA10at 1 x 10* PFU. Mice were treated BID with vehicle (gray squares), 30
906 mg/kg GS-5245 at 12 hpi (dark green circles), 30 mg/kg GS-5245 at 24 hpi (light green circles),
907 and 30 mg/kg GS-5245 at 36 hpi (orange circles). N=10 mice per group. Asterisks denote p

908 values from a two-way ANOVA after a Dunnett’s multiple comparisons test. * p <0.05, ** p <
909 0.01, ***p<0.001, **** p <0.0001

910 (B) SARS-CoV-2 MA10 lung infectious viral titers 4 dpi in mice treated with vehicle or 30

911 mg/kg GS-5245 at 12, 24, and 36 hpi. Asterisks denote p values from a Kruskal-Wallis test after
912  a Dunnett’s multiple comparisons test.

913  (C) Macroscopic lung discoloration at 4 dpi in therapeutically treated mice with GS-5245 at
914  various intervention timepoints compared to vehicle. Asterisks denote p values from a Kruskal-

915  Wallis test after a Dunnett’s multiple comparisons test.
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916 (D) Microscopic ATS acute lung injury pathology scoring at 4 dpi in vehicle vs. GS-5245-treated
917  mice. Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s multiple

918  comparisons test.

919 (E) Microscopic DAD acute lung injury pathology scoring at 4 dpi in vehicle vs. GS-5245-

920 treated mice. Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s multiple

921  comparisons test.

922  (F) Pulmonary function monitored by whole-body plethysmography from day zero through 4 dpi
923  in SARS-CoV-2-infected 30 mg/kg GS-5245 vs. vehicle treated mice. Asterisks denote p values

924  from a two-way ANOVA after a Dunnett’s multiple comparisons test.

925
926  Fig. S8. 10 mg/kg GS-5245 treatment kinetics in SARS-CoV-2-infected BALB/c mice

927  (related to Fig. 2)

928  (A) Percent starting weight through 4 dpi in 10-week-old female BALB/c mice infected with
929 SARS-CoV-2 MA10 at 1 x 10* PFU. Mice were treated BID with vehicle (gray squares), 10
930 mg/kg GS-5245 at 12 hpi (dark green circles), 10 mg/kg GS-5245 at 24 hpi (light green circles),
931 and 10 mg/kg GS-5245 at 36 hpi (orange circles). N=10 mice per group. Asterisks denote p

932  values from a two-way ANOVA after a Dunnett’s multiple comparisons test. * p <0.05, ** p <
933 0.01, *** p<0.001, **** p <0.0001

934 (B) SARS-CoV-2 MA10 lung infectious viral titers 4 dpi in mice treated with vehicle or 10

935 mg/kg GS-5245 at 12, 24, and 36 hpi. Asterisks denote p values from a Kruskal-Wallis test after

936  a Dunnett’s multiple comparisons test.
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937  (C) Macroscopic lung discoloration at 4 dpi in therapeutically treated mice with GS-5245 at

938 various intervention timepoints compared to vehicle. Asterisks denote p values from a Kruskal-
939  Wallis test after a Dunnett’s multiple comparisons test.

940 (D) Microscopic ATS acute lung injury pathology scoring at 4 dpi in vehicle vs. GS-5245-treated
941  mice. Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s multiple

942  comparisons test.

943  (E) Microscopic DAD acute lung injury pathology scoring at 4 dpi in vehicle vs. GS-5245-

944  treated mice. Asterisks denote p values from a Kruskal-Wallis test after a Dunnett’s multiple
945  comparisons test.

946  (F) Pulmonary function monitored by whole-body plethysmography from day zero through 4 dpi
947  in SARS-CoV-2-infected 10 mg/kg GS-5245 vs vehicle treated mice. Asterisks denote p values

948  from a two-way ANOVA after a Dunnett’s multiple comparisons test.

949
950

951
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Figure S2
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Figure S4

GS-5245 HAE Cellular Toxicity
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Figure S6
A Oral prodrug GS-5245
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Figure S7
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Figure S8
A Percent Starting Weight B  SARS-CoV-2Lung Titer 4dpi C Lung discoloration 4dpi
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