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ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative
agent of coronavirus disease 2019 (COVID-19), has radically altered daily life. Effective anti-
viral therapies to combat COVID-19, especially severe disease, remain scarce. Molnupiravir
is an antiviral that has shown clinical efficacy against mild-to-moderate COVID-19 but
failed to provide benefit to hospitalized patients with severe disease. Here, we explained
the mechanism behind the failure of molnupiravir in hospitalized patients and identified
alternative dosing strategies that would improve therapeutic outcomes in all patients with
COVID-19. We showed that delaying therapy initiation markedly decreased the antiviral
effect of molnupiravir, and these results were directly related to intracellular drug triphos-
phate pools and intracellular viral burden at the start of therapy. The adverse influence of
therapeutic delay could be overcome by increasing drug exposure, which increased intra-
cellular molnupiravir triphosphate concentrations that inhibited viral replication. These
findings illustrated that molnupiravir must be administered as early as possible following
COVID-19 symptom onset to maximize therapeutic efficacy. Higher doses may be effective
in patients hospitalized with severe disease, but the safety of high-dose molnupiravir regi-
mens is unknown. Our findings could be extended to design effective regimens with
nucleoside analogs for other RNA viruses, especially those with pandemic potential.

IMPORTANCE In this study, we showed that early intervention with molnupiravir
resulted in a greater antiviral effect, and we explained the mechanism behind this
phenomenon. Our results predicted and explained the failure of molnupiravir in hospi-
talized patients and highlighted the utility of preclinical pharmacodynamic studies to
design optimal antiviral regimens for the treatment of viral diseases. This contrasts
with the procedure that was implemented early in the pandemic in which clinical
studies were conducted in the absence of preclinical experimentation. These findings
are significant and demonstrated the importance of experimental approaches in antivi-
ral development for treatments against COVID-19 as well as other viral diseases.

KEYWORDS antivirals, hollow fiber infection model, molnupiravir, SARS-CoV-2,
pharmacodynamics

evere acute respiratory coronavirus 2 (SARS-CoV-2), the RNA virus that is the causa-

tive agent of coronavirus disease 2019 (COVID-19), has radically changed modern
society by decimating economies, overwhelming healthcare systems, and forcing
entire populations of people into lockdown and isolation. These conditions were exacer-
bated by significant morbidity and mortality rates associated with infection. The rapid
production of safe and effective vaccines for SARS-CoV-2 has helped to change the
course of the pandemic, providing high levels of protection against severe disease and
death in the fully vaccinated (1, 2). However, vaccine hesitancy (3-5) and immune escape
by SARS-CoV-2 variants (6-8) demonstrate some of the challenges associated with
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vaccination and highlight the gaps left by the vaccine as well as monoclonal antibody
treatments. Antiviral agents are essential to fill these therapeutic gaps to control the
ongoing COVID-19 pandemic.

Historically, antivirals have played a pivotal role in the management of several viral
diseases, including human immunodeficiency virus (HIV), hepatitis C virus (HCV), and
influenza virus (9-12). Nucleoside/nucleotide polymerase inhibitors are a class of drugs
that have demonstrated activity against a wide variety of viruses and often serve as
the backbone for both HIV and HCV combination therapeutic regimens (13-15). These
agents are frequently considered the first line of defense for emerging viral infections
(i.e., SARS-CoV-2) due to their broad-spectrum activity and high genetic barrier to re-
sistance (15-18). Consequently, nucleoside/nucleotide analogs, including favipiravir,
remdesivir, and galidesivir have all been examined to combat COVID-19 and yielded
various degrees of efficacy (19-21). Therapeutic outcomes with these agents have
been uniformly disappointing in hospitalized patients, but some have shown promis-
ing results in preventing severe disease and hospitalization in outpatients who
received treatment early in infection (20, 22, 23). These trial results illustrate the impor-
tance of early treatment initiation for nucleoside/nucleotide antivirals to maximize effi-
cacy against COVID-19. To initiate antiviral therapy early, orally available agents are
essential because they allow patients to self-medicate shortly after symptom onset and
documentation of infection without the need for a clinical setting.

Molnupiravir is a new nucleoside polymerase inhibitor with good oral bioavailability
that has demonstrated potent antiviral activity against SARS-CoV-2 (24). Clinical trial
results revealed that 800 mg molnupiravir twice daily reduces the risk of hospitaliza-
tion or death in outpatients who received the early therapeutic intervention (MOVe-
OUT Trial ClincialTrials registration number NCT04575597) (25). However, molnupiravir
failed to improve clinical outcomes in hospitalized patients (MOVe-IN Trial ClinicalTrials
registration number NCT04575584) (26). Here, we sought to investigate the mecha-
nism behind the disparate conclusions between the inpatient and outpatient trials. In
turn, we also sought to identify alternative dosing strategies for molnupiravir that hold
promise to improve therapeutic outcomes in patients infected with SARS-CoV-2.

RESULTS

Antiviral potency of nucleoside/nucleotide analogs against SARS-CoV-2. Upon
oral administration, the molnupiravir prodrug is rapidly converted to EIDD-1931 (B-5-N4-
hydroxycytidine [NHC]) in human plasma (27). EIDD-1931 is systemically distributed to various
tissues where it is further converted intracellularly into the active EIDD-1931 5’-triphosphate
moiety by host cell kinases (27). We evaluated the antiviral activity of molnupiravir by study-
ing its major systemic circulating metabolite, EIDD-1931, against a clinical isolate of SARS-
CoV-2 (USA-WA1/2020) on A549 cells expressing high levels of angiotensin-converting
enzyme 2 (ACE2). Antiviral activity was compared to that of remdesivir, an approved nucleo-
tide analog for COVID-19, and its major systemic circulating metabolite GS-441524 (28).
Reduction in infectious viral burden served as the virological endpoint for our assays.

The EIDD-1931 metabolite was more potent against SARS-CoV-2 on ACE2-A549 cells
than molnupiravir. The effective concentration associated with 50% of maximum effect
(ECs,) for EIDD-1931 was 11.5-fold lower than that reported for the molnupiravir pro-
drug, resulting in values of 0.146 ug/mL and 1.617 ug/mL, respectively. EC,5 concen-
trations were even more dissimilar with EIDD-1931 yielding a value of 0.324 ng/mL
compared to 11.651 wg/mL for molnupiravir, a difference of 36-fold. In contrast,
remdesivir was more effective against SARS-CoV-2 than its major circulating metabolite
GS-441524. The EC,, values for remdesivir were 4.3-fold lower than those reported for
GS-441524 (0.218 ug/mL versus 0.927 wg/mL) and ECys values were 3.8-fold lower
(0.356 wg/mL versus 1.336 ng/mL). It is important to note that the EC,, and ECgys values
for EIDD-1931 were comparable to the values observed for remdesivir and were mark-
edly lower than those for GS-441524. These findings illustrated the clinical potential of
molnupiravir, given that its major circulating metabolite EIDD-1931 was more potent
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FIG 1 Evaluating the influence of therapy initiation on EIDD-1931 antiviral activity. A549 cells that stably expressed ACE2 were mixed with SARS-CoV-2
(MOl = 10 to 5) and inoculated into the hollow fiber infection model (HFIM). EIDD-1931 therapy (tx) was administered into hollow fiber (HF) cartridges at
concentrations equivalent to 0.146 wg/mL (A), 0.324 ng/mL (B), and 3.5 ug/mL (C) beginning at 0 h (tx at 0 h), 24 h (tx at 24 h), 48 h (tx at 48 h), or 72 h (tx
at 72 h) postinfection. HF cartridges were sampled daily, and the infectious viral burden was quantified by plaque assay on Vero E6 cells. Data points are
reported in log,, PFU per mL and represent the mean of two biological replicates = one standard deviation. The dashed line corresponds to the plaque assay
limit of detection (2 log,, PFU/mL). Two independent studies were conducted.

than the major circulating metabolite of remdesivir, a drug that was already approved
for the treatment of COVID-19.

Impact of therapy delay on the antiviral activity of EIDD-1931. We evaluated the
influence of delayed therapy initiation on antiviral activity for EIDD-1931 in the hollow
fiber infection model (HFIM) inoculated with ACE2-A549 cells and SARS-CoV-2. The
major circulating metabolite in the bloodstream (EIDD-1931) was studied instead of
the molnupiravir prodrug. EIDD-1931 was administered into the HFIM as a continuous
infusion at exposures equivalent to the EC, (0.146 nwg/mL) and ECys (0.324 wg/mL)
concentrations. Therapy was initiated at 0 h (immediately) or delayed by 24 h, 48 h, or
72 h after infection for each exposure. Antiviral activity directly correlated with time to
therapy initiation, as immediate therapy administration provided the greatest amount
of viral suppression followed by a 24 h delay for both EC,, and EC,; (Fig. 1A and B). The
impact of time to therapy initiation was more obvious at the ECys exposure because
the ECs, exposure was only able to delay viral replication for 72 h in the 0 h and 24 h
delay arms. By 96 h postinfection, the viral burden was the same in all experimental
arms (Fig. TA). Immediate therapy administration at the EC,y5 exposure resulted in a 3
log,, plaque forming unit (PFU)/mL decline in infectious viral burden relative to the
control (Fig. 1B) at 72 h postinfection whereas a 24 h delay yielded a 2.2 log,, PFU/mL
decrease after 3 days of infection. By 96 h, target cell limitation set in from cell death
via viral infection, resulting in the expected decline in viral burden in the control
(Fig. 1A and B). A therapy administration delay of 48 h and 72 h completely abrogated
the antiviral effect. (Fig. 1A and B). This scenario of therapy initiation late in the infec-
tion process may reflect the situation in hospitalized patients.

We hypothesized that the adverse effects on antiviral activity for EIDD-1931 result-
ing from therapy initiation delay can be overcome by increasing drug exposure. To
examine this hypothesis, we repeated the above-described experiment in the HFIM
and administered EIDD-1931 at a concentration equivalent to ~10x ECy4s (3.5 ng/mL).
Viral replication kinetics in the control arm were slower (Fig. 1C) in this experiment
compared to the previous experiment (Fig. 1A and B). For that reason, we conducted
this high-concentration experiment over 120 h. The higher EIDD-1931 exposure com-
pletely suppressed viral replication in all experimental arms by the end of the study
(Fig. 1C). Of great interest, the 72-h therapy delay reduced the 3 log,, PFU/mL viral bur-
den at the start of therapy down to undetectable levels by 120 h postinfection (after
48 h of therapy). Due to the decline in viral burden, which may be a signal for drug-
induced cellular toxicity, we evaluated cell health and metabolism over 72 h under the
pressure of 3.5 ug/mL of EIDD-1931 via a water-soluble tetrazolium salt (WST-1) assay.
Cell health and metabolism in the drug-exposed arms were not different from
untreated controls (Fig. 2), indicating that cellular toxicity was not a factor and that the
reduction in viral burden was solely due to the antiviral effect. Thus, higher exposures
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FIG 2 Cytotoxicity of EIDD-1931 on A549 cells that stably express ACE2. ACE2-expressing A549 cells
were seeded into 96-well plates at a concentration of 5,000 cells per well. EIDD-1931 was added to cells
24 h after plating and incubated for an additional 72 h. Cell health and metabolism were measured using
a WST-1 assay. A 1T mg/mL concentration of novobiocin was used as a positive control for cytotoxicity
and cells that did not receive EIDD-1931 served as a negative control. Bars correspond to the mean =
one standard deviation of six biological replicates. Three independent assays were conducted.

of EIDD-1931 could overcome the negative influence of delayed therapy initiation and
restore antiviral activity, as 3.5 wg/mL was highly effective even after a 72-h delay in
therapy initiation.

Effect of delayed therapy for EIDD-1931 at clinical dosing regimens. The experi-
ments illustrated in Fig. 1 were all conducted under static drug conditions (continuous
infusion). In humans, drug concentrations are generally not static following administra-
tion, but are instead dynamic due to absorption, distribution, metabolism, and excre-
tion. Therefore, we aimed to evaluate the effect of delayed therapy initiation using
dynamic drug concentration-time profiles and determine if an alternative dosing inter-
val could negate the impact of therapy delay on the antiviral effect of EIDD-1931
against SARS-CoV-2. Pharmacokinetic (PK) profiles (27) associated with 800 mg of
EIDD-1931 every 24 h (Q24h) and 400 mg every 12 h (Q12h) were simulated in the
HFIM. We accounted for the binding of EIDD-1931 to human plasma proteins, which
we identified as 7.8% protein bound by ultrafiltration and assayed by ultraperformance
liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). Only free-drug PK
profiles were simulated. The static concentration associated with the simulated 24 h
area under the concentration-time curve (AUC,,,,) exposure in these experiments is
0.324 pg/mL (7.78 mg h/L/24 h = 0.324 pg/mL), which is equivalent to the ECy5 con-
centration. EIDD-1931 therapy was delayed by 24 h and 48 h postinfection in the HFIM
for both dosage regimens. A high-dose continuous infusion of 3.5 ug/mL was included
as a positive assay control.

As expected, the earlier therapeutic intervention resulted in greater viral suppres-
sion when dynamic drug-concentration profiles were simulated (Fig. 3A and B). With
Q24h administration, a delay of 24 h provided an extra 0.5 log,, PFU/mL of viral sup-
pression relative to a 48-h delay (Fig. 3A). The influence of timing of therapy initiation
was more pronounced with Q12h dosing, as a 24 h delay reduced viral burden by 1.25
log,, PFU/mL more than the experimental arm that received EIDD-1931 48 h after
infection (Fig. 3B), indicating that Q12h dosing resulted in greater viral suppression
compared to the corresponding Q24h dosing arm when EIDD-1931 was delivered as a
dynamic infusion (Fig. 3). The area under the viral burden-time curve (AUC;.) was 298
log,, PFU/mL/h (95% confidence interval [Cl] of 279.8 to 316 log,, PFU/mL/h) for the
Q24h dosing 24 h after infection compared to 261.7 log,, PFU/mL/h [95% Cl, 254.1 to
269.4 log,, PFU/mL/h] for the Q12h dosing with a 24 h delay. This finding suggested
that more frequent dosing intervals were required to maximize inhibition of viral repli-
cation and that a percentage time > EC,s (Q24h = 23.5% and Q12h = 33.8%) was the
pharmacodynamic (PD) index best linked to the antiviral effect for EIDD-1931 (molnu-
piravir). However, as the delay of therapy became longer (48 h), the differences between
the Q24h and Q12h dosing were smaller (AUC,s,, Q24h = 326.8 log,, PFU/mL/h [95% ClI,
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FIG 3 Influence of therapy delay when human pharmacokinetic profiles were simulated for EIDD-1931. (A) A549 cells that stably expressed
ACE2 were mixed with SARS-CoV-2 (MOI = 10 to 5) and inoculated into the hollow fiber infection model (HFIM). EIDD-1931 was administered
into hollow fiber (HF) cartridges to mimic human pharmacokinetic profiles associated with 800 mg once daily (Q24h) or 400 mg twice daily
(Q12h). Therapy was initiated 24 h (tx at 24 h) or 48 h (tx at 48 h) after infection for both dosage regimens. One HF cartridge did not receive
the drug, serving as a no-treatment control, and one cartridge received a high dose (3.5 ug/mL) of EIDD-1931 as a continuous infusion
served as a positive control. Cartridges were sampled daily, and the infectious viral burden was measured by plaque assay on Vero E6 cells.
Data points correspond to the mean * one standard deviation of two biological replicates and the dashed line signifies the plaque assay
limit of detection. Two independent studies were conducted. (B) Medium samples from the central reservoir of each HFIM system were taken
multiple times throughout the first 48 h to ensure the desired PK profiles were achieved. Concentrations of EIDD-1931 were quantified via

liquid chromatography-tandem mass spectrometry.

315.6 to 338.1] versus Q12h = 311.3 log,, PFU/mL/h [95% Cl, 308.8 to 313.8]), illustrating
a loss of antiviral potency with later stage therapy initiation. This directly demonstrated
that more frequent dosing intervals alone could not negate the adverse influence of
therapy delay on antiviral activity. The viral burden was at or below the limit of detection
in the positive control, illustrating that replication kinetics could be completely shut
down when enough drug was present (Fig. 3A and B).

EIDD-1931 concentrations were measured in the HFIM by UPLC-MS/MS to ensure
that the desired concentration-time profiles were achieved (Fig. 3C). All measured con-
centrations were within 10% of the targeted value, demonstrating that the appropriate
PK profiles were attained in the HFIM.

Mechanism for loss of antiviral activity with therapy initiation delay. We sought
to explain the negative impact of therapy initiation delay by identifying the mecha-
nism that resulted in the loss of antiviral activity for EIDD-1931 against SARS-CoV-2 at
later stages of infection. We hypothesized that viral replication over time as well as the
ratio of triphosphate pools for EIDD-1931 and cytidine (the endogenous host cell nu-
cleotide that EIDD-1931 mimics) were the driving factor behind this phenomenon. The
ACE2-A549 cell line was adherent and, consequently, we could not serially sample cells
from the HFIM system because the cells attached to the fibers. Therefore, we per-
formed an additional experiment in tissue culture flasks to evaluate extracellular infec-
tious viral burden, cell-to-cell viral spread, intracellular infectious viral burden, as well
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FIG 4 The effect of therapy initiation delays on intracellular viral production and spread as well as EIDD-1931 metabolism. Tissue culture flasks seeded
with ACE2 expressing A549 cells were infected with SARS-CoV-2 at an MOI = 0.03. EIDD-1931 was added to cell monolayers at concentrations equivalent to
0.648 pg/mL and 3.24 pg/mL at 0 h, 24 h, 48 h, or 72 h postinfection. Control flasks that did not receive drugs served as a negative control. Viral
supernatants and cells were harvested daily beginning 24 h posttherapy initiation for up to 120 h postinfection. (A) The concentration of extracellular
infectious viral burden was determined by performing plaque assays on viral supernatant samples. (B) Flow cytometry was performed on a portion of
harvested cells to determine the amount of cell-to-cell viral spread over time. Cells were fixed and stained with an antibody specific to the SARS-CoV-2
nucleocapsid (NP) protein. (C) The intracellular infectious viral burden was determined by performing a plaque assay on a portion of the harvested cells.
The intracellular viral burden is reported as log,, PFU per antigen (NP) positive cells. (D) The ratio of EIDD-1931 triphosphate (TP) to CTP (CYT-TP) was
determined from the remaining harvested cells. Cells were inactivated with a mixture of acetonitrile and methanol for 30 min and frozen at —80°C.
Intracellular levels of EIDD-1931-TP and CYT-TP were determined via ultraperformance liquid chromatography-tandem mass spectrometry. All data points

represent the mean of two biological replicates and two independent studies were conducted.

as EIDD-1931-triphosphate and cytidine-triphosphate concentrations in SARS-CoV-2
infected ACE2-A549 cells over time at extracellular EIDD-1931 concentrations of
0.648 pg/mL (equivalent to 2x ECys) and 3.24 pg/mL (equivalent to 10x ECys). The
drug was administered immediately (0 h), as well as 24 h, 48 h, and 72 h after infection
(Fig. 4).

Unsurprisingly, earlier therapy initiation resulted in greater viral suppression for the
extracellular infectious virus (Fig. 4A). EIDD-1931 at 0.648 ug/mL delayed viral replica-
tion when administered at 0 h and 24 h postinfection, and the degree of suppression
correlated with time to therapy initiation. For example, at 72 h postinfection infectious
viral burden was reduced by 2 log,, PFU/mL when the drug was immediately adminis-
tered (72 h of drug exposure) whereas a reduction of only 0.74 log,, PFU/mL was
observed when therapy was delayed by 24 h (i.e,, after 48 h of drug exposure) at the
same time point (Fig. 4A). Antiviral activity was completely abrogated at this exposure
of EIDD-1931 when therapy was delayed by 48 h and 72 h postinfection. The higher
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drug concentration (3.24 ug/mL) completely suppressed viral production when ther-
apy was initiated early because the viral burden was at or below the assay limit of
detection for the entire study at the 0 h and 24 h therapy initiation experimental arms
(Fig. 4A). EIDD-1931 at 3.24 pg/mL was also effective when administered later after
infection and resulted in a steady decline in infectious viral titers even after a 72-h
delay in therapy initiation. These findings further demonstrated that the attenuated
antiviral effect due to delayed therapy initiation could be partially negated by higher
drug exposures.

EIDD-1931 slowed down cell-to-cell viral spread at 0.648 ng/mL and nearly inhib-
ited spread at the higher 3.5 wg/mL concentration when therapy was administered at
0 h or 24 h postinfection as determined by flow cytometry (Fig. 4B). When therapy was
initiated at 48 h and 72 h postinfection, 0.648 wg/mL failed to suppress viral spread
because the percentage of cells positive for the SARS-CoV-2 nucleocapsid protein in
these experimental arms were nearly identical to the control (Fig. 4B). EIDD-1931 at
3.24 ug/mL was able to reduce the amount of viral spread between cells when admin-
istered 48 h after infection but was ineffective when therapy was delayed by 72 h.

Intracellular infectious viral burden closely mimicked the trends observed for the
extracellular viral burden profiles discussed above (Fig. 4A and C), but replication
kinetics of intracellular virus was slightly faster than those exhibited by the extracellular
virus (Fig. 4C). Earlier administration of EIDD-1931 resulted in greater levels of viral sup-
pression, with 0.648 nwg/mL delaying viral replication and 3.24 wg/mL suppressing rep-
lication (Fig. 4C) in the 0 h and 24 h therapy initiation experimental arms. The lower
concentration of the drug failed to inhibit the infectious virus intracellularly when ther-
apy initiation was delayed by 48 h and 72 h postinfection. The higher concentration of
the drug, however, caused a viral burden to decline steadily over time, driving down
the viral burden through 120 h postinfection even when therapy was initiated 72 h af-
ter infection (Fig. 4Q).

Finally, we measured the intracellular concentrations of EIDD-1931-triphosphate and
cytidine-triphosphate in the infected ACE2-A549 cells over time following exposure to
0.648 pwg/mL and 3.24 ug/mL of EIDD-1931 (Fig. 4D). The ratio of EIDD-1931-triphosphate
to cytidine-triphosphate was compared between the different drug concentrations over
time for each regimen. The addition of EIDD-1931 to cells immediately following SARS-
CoV-2 infection resulted in an initial peak in EIDD-1931-triphosphate at 24 h after therapy
before plateauing at a ratio of approximately ~0.01 and ~0.04 for the 0.648 ng/mL and
3.24 pg/mL concentrations, respectively (Fig. 4D). Triphosphate ratios remained stable
throughout the experiment in these samples. Similar findings were observed between the
two EIDD-1931 concentrations when therapy was delayed by 24 h, except for the initial
spike in EIDD-1931-triphosphate (Fig. 4D). A 2-fold decrease in this ratio, signifying a
decrease in EIDD-1931 triphosphate pools, was seen for the 3.24 wg/mL concentration
when therapy was delayed by 48 h and 72 h. Interestingly, triphosphate pools were rela-
tively unchanged with delay in therapy at the lower drug concentration which retained
ratios of ~0.01 throughout the study except for a single outlier point at 120 h in the 48 h
therapy delay experimental arm.

DISCUSSION

Antiviral agents against SARS-CoV-2 are critical to mitigate the ongoing COVID-19
pandemic and there has been a concentrated push to identify potent drugs to treat
patients infected with this virus. This concerted effort has led to the development and
now clinical use of multiple drugs for the treatment of COVID-19 (22, 25, 29). However,
effective antiviral intervention is still lacking for hospitalized patients with more severe
disease (19, 26). Molnupiravir is an oral nucleoside analog that is efficacious in an out-
patient setting (25) but was shown to be ineffective in patients hospitalized for SARS-
CoV-2 infection (26). Thus, molnupiravir is currently only available under emergency
use authorization for the treatment of adults with mild-to-moderate COVID-19 (30).

The importance of early treatment initiation for antivirals has been well documented
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for other acute viral illnesses such as influenza. Clinical trials have shown that neuramini-
dase inhibitors (oseltamivir and zanamivir) are effective when administered 48 h after
the onset of symptoms (31, 32). However, oseltamivir retains some modest efficacy,
albeit reduced, in children up to 3 days postsymptom onset, suggesting that therapy ini-
tiation outside the recommended two-day window may be beneficial for oseltamivir
(33). Our findings showed that a similar approach should be leveraged for antiviral
administration for SARS-CoV-2, and therapy should be administered as soon as possible
to maximize viral suppression and improve therapeutic outcomes in patients with
COVID-19.

Nucleoside/nucleotide analogs comprise a class of potent antiviral drugs that have
a long and successful history as a therapeutic strategy against several important viral
diseases, including HIV and HCV (34-37). Therefore, it is perplexing why molnupiravir
did not improve clinical outcomes in hospitalized patients with COVID-19 (26). Here,
we aimed to explain why molnupiravir failed in patients with severe disease but not a
mild-to-moderate disease and determine if larger doses and optimized dosing intervals
could overcome treatment failures. We hypothesized that the overall delay in treat-
ment initiation in hospitalized patients was to blame for the lack of efficacy. It is impor-
tant to note that this hypothesis was made before the completion and publication of
the MOVe-IN and MOVe-OUT trials. We employed static tissue culture systems and the
dynamic HFIM for SARS-CoV-2 to test our hypothesis. Because molnupiravir is rapidly
converted to EIDD-1931 in human plasma following oral administration (27), our in
vitro studies used EIDD-1931 in place of the molnupiravir prodrug for all the antiviral
evaluations.

Our results demonstrated that the delay of therapy initiation markedly decreased
the antiviral effectiveness of EIDD-1931 and the degree of effectiveness declined as the
time to therapy administration and the infection gets longer (Fig. 1 and 3). These find-
ings were consistently obtained in the HFIM regardless of the schedule of administra-
tion because attenuated antiviral effectiveness was observed when EIDD-1931 was
administered as a continuous infusion or as a dynamic infusion to mimic human PK
concentrations associated with clinical dosage regimens. These data suggested that
shorter dosing intervals were unlikely to overcome the negative influence of therapy
delay on antiviral activity for molnupiravir without increasing the overall dose and thus
drug exposure.

We also showed that substantially higher exposures to a drug (10x ECy;) can restore
the antiviral activity of EIDD-1931 when administered later in the viral infection process
and, surprisingly, reduce infectious viral burden over time. It is important to note how
much more drug was required to overcome the deleterious effects of delay of therapy
onset because 2x ECys concentrations were not effective when administered later in
infection (Fig. 4D). The AUG,,,, exposure associated with the current clinical molnupiravir
dosage regimen (800 mg twice daily) (27) was equivalent to a static concentration of
0.648 ug/mL or 2x ECgs. Thus, simulating this regimen in our HFIM studies (Fig. 2) would
be unlikely to change the results and our subsequent interpretation.

The reduction in viral burden resulting from therapy with high concentrations of
EIDD-1931 is likely attributable to the mechanism of action of molnupiravir, which
serves as a lethal viral mutagen (24). Thus, cells exposed to EIDD-1931 produce viral
particles that contain mutated viral RNA that is incapable of further rounds of replica-
tion. We hypothesize that these viral particles act as defective interfering particles,
competing with infectious viral particles for the same host cell receptor. The increase
and release of mutated viral particles will drive down the infectivity of viral superna-
tants, as defective viruses outcompete infectious viruses for binding and uptake into
the cell. This phenomenon has been well described for coronavirus and influenza virus
in the absence of drug therapy (38, 39).

It is important to understand why therapy delay has a negative impact on antiviral
activity. We looked inside the cell to identify the mechanism behind this phenomenon
beginning with the quantification of the intracellular EIDD-1931 triphosphate pool
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(Table S1). Higher concentrations of extracellular EIDD-1931 resulted in the formation
of more EIDD-1931-triphosphate (Table S1). These observations suggested that if the
phosphorylation was a saturable (i.e., Michaelis-Menten) process, the saturation would
only occur at higher drug concentrations. Thus, the rate of EIDD-1931-triphosphate for-
mation was near linear at our studied EIDD-1931 concentrations. We also showed that
the ratio of intracellular EIDD-1931-triphosphate to cytidine-triphosphate (the natural
substrate) was stable over time, particularly when the drug was administered early after
infection (Fig. 4D). The information regarding phosphorylation kinetics of EIDD-1931
described here can be further modeled to link EIDD-1931/EIDD-1931 triphosphate con-
centrations to effect.

In addition to EIDD-1931 metabolism, viral replication was rapid inside the cell (Fig. S1,
Text S1) Therefore, the amount of intracellular infectious viral burden and viral RNA is sub-
stantially higher at later time points (=48 h) postinfection. When therapy was initiated
early in the infection process the levels of intracellular virus/VRNA were low. Conversely,
when therapy was delayed and initiated later postinfection the levels of intracellular vi-
rus/VRNA were high. EIDD-1931 triphosphate was competing with CTP for uptake by the
viral RNA-dependent RNA polymerase and subsequent incorporation into the nascent vi-
ral RNA strand. When intracellular viral levels are low, the number of viral polymerase pro-
teins was also low. Thus, there was a greater chance that the viral polymerase would bind
to and incorporate available EIDD-1931 triphosphate into replicating viral RNA genomes.
With lower levels of vVRNA at the start of therapy, a high fraction of intracellular vRNA will
likely acquire enough of the drug to result in lethal mutagenesis. Most viral particles
released from EIDD-1931 exposed cells will be replication-defective and unable to propa-
gate the infection, resulting in an antiviral effect.

Conversely, a higher viral burden later in infection resulted in a larger amount of
VRNA and viral polymerase proteins that were competing for the fixed amount of
EIDD-1931 triphosphate (because levels did not radically change over time). The proba-
bility of drug incorporation by the viral polymerase was substantially decreased in this
scenario because the increase in VRNA (and polymerase proteins) diluted out the
amount of active drug available for the replicating viruses. Consequently, only a frac-
tion of the nascent VRNA strands contained enough EIDD-1931 triphosphate to result
in lethal mutagenesis. The remaining VRNA was replication-competent and packaged
and released from the cell to productively infect a new host cell target, thereby propa-
gating the infection and resulting in a decrease in antiviral activity.

Higher exposures of EIDD-1931 were able to overcome the negative effects of ther-
apy delay due to the increased levels of EIDD-1931 triphosphate that these concentra-
tions provided. The addition of drug triphosphate served to reduce the dilution effect
resulting from a high intracellular viral load at the start of therapy by increasing the
likelihood of drug incorporation into a higher proportion of newly replicating VRNA
genomes, restoring the antiviral effect. It has been reported that patients with severe
COVID-19 tend to display a higher viral burden than those with mild-to-moderate dis-
ease (40). In the context of our findings, it is possible that increasing the intensity of
molnupiravir therapy may be an effective strategy to improve therapeutic outcomes in
hospitalized patients. Our studies suggested that 5-times the current clinical dosage
regimen may be required to achieve this robust antiviral effect in these very sick
patients. This exposure may not be tolerated. Alternative dosing strategies, including
molnupiravir as a combination therapy with agents from different drug classes, should
be investigated as a therapeutic strategy to overcome exposure-related limitations in
hospitalized patients.

There are several limitations to our study. First, our experiments were conducted
using only the originating strain of SARS-CoV-2. Although current data suggest that
molnupiravir effectiveness is not altered against more contemporary SARS-CoV-2 var-
iants, we will evaluate the activity of EIDD-1931 against clinically relevant viral isolates
(e.g., Omicron). A second limitation is that antiviral evaluations were only conducted in
ACE2-A549 cell lines. While cell lines are a useful tool for preclinical antiviral studies,
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The outline of our overall mechanism explaining the loss of antiviral activity with the delay of therapy initiation is shown in the bottom right panel.

activity may change when primary human cells are employed. We plan to utilize pri-
mary human airway epithelial cells and primary human lung cells to validate our find-
ings. Finally, it is important to note that our experimental evaluations were performed
in the absence of an immune system. The presence of an immune component in addi-
tion to EIDD-1931 would likely provide additional viral suppression. However, the
immune system is also the cause of the inflammatory response (e.g., “cytokine storm”)
during COVID-19, which contributes to disease. Thus, treating hospitalized patients
later in the disease process is likely more complicated than just controlling viral replica-
tion through antiviral therapy and may need to include strategies to control the

immune response.

Here, we explained why molnupiravir failed for the treatment of COVID-19 in hospi-
talized patients, due to the late therapy initiation (Fig. 5). The studies described were
conducted before the termination and publication of the MOVe-IN and MOVe-OUT tri-
als. From our data and analyses, we correctly (and prospectively) predicted the failure
of the MOVe-IN trial as well as the positive outcome associated with the MOVe-OUT
trial. Our findings illustrated that molnupiravir was most effective at combatting
COVID-19 when administered as early as possible postinfection. Currently available
COVID-19 vaccines are unable to prevent SARS-CoV-2 transmission (41, 42). Given the
EIDD-1931 potency demonstrated here with early therapy initiation, it would be wise
to consider administering molnupiravir as postexposure prophylaxis in people exposed
to SARS-CoV-2. Drug administration before or at the beginning of symptom onset may
be the best way to prevent further transmission of the virus, thereby breaking the back
of this pandemic. We propose that molnupiravir as a combination therapy may be one
strategy to increase drug exposure with limited toxicity to effectively treat patients
with severe COVID-19. Importantly, this experimental approach may also be applied to
other antiviral agents active against COVID-19 or other viral diseases; and, in addition
to evaluating antiviral activity, these in vitro model systems can also be employed to
identify optimized dosing strategies to prevent the emergence of drug-resistance to
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maintain the long-term clinical utility of these agents. These are currently active areas
of research in our laboratory.

MATERIALS AND METHODS

Cells, viruses, and compounds. Vero E6 cells were purchased from the American Type Culture
Collection (ATCC CRL-1586) and ACE2 transfected A549 cells (ACE2-A549 cells) (43) were a kind gift from
Shinji Makino at the University of Texas Medical Branch. Both cell lines were maintained as previously
described (44, 45) and subcultured twice weekly to ensure subconfluency. The USA-WA1/2020 SARS-
CoV-2 strain was obtained through Biodefense and Emerging Infectious Research Resources Repository
(BEI Resources, NR-52281), and viral stocks were propagated on Vero E6 cells (45). All virus experiments
were conducted in a biosafety level 3 facility using approved protocols. Molnupiravir, EIDD-1931, remde-
sivir, and GS-441524 were all purchased from Medkoo Biosciences. Cytidine, CTP (CYT-TP), isotope-labeled
(3C,) cytidine, and isotope-labeled ('3C;) CYT-TP were purchased from Toronto Research Chemicals. Drug
powder was reconstituted in 1700% DMSO for all antiviral experiments.

Antiviral evaluations in tissue culture plates. Antiviral assays employing static drug concentra-
tions for molnupiravir, EIDD-1931, remdesivir, and GS-441524 were conducted in 6-well plates with
ACE2-A549 cells and performed as previously described (44). Five drug concentrations were evaluated
per compound along with a no-treatment control. Viral supernatants were sampled daily for 4 days.
Supernatants were clarified by high-speed centrifugation and frozen at —80°C until the end of the study.
The infectious viral burden was determined simultaneously for all samples by plaque assay on Vero E6
cells (44, 45). EC,,,05 values were calculated over the entire four-day experiment as described previously
(44) using GraphPad Prism software version 7.02 (GraphPad Software).

Antiviral evaluations in the HFIM using static drug concentrations. Antiviral evaluations for
EIDD-1931 were conducted in the HFIM to determine the effect of delayed therapy initiation on antiviral
activity. A description of the HFIM for viral pathogens can be found elsewhere (46, 47). Briefly, 108 ACE2-
A549 cells were mixed with 10% PFU of SARS-CoV-2 and inoculated into the extracapillary space of cellu-
losic hollow fiber (HF) cartridges (FiberCell Systems). EIDD-1931 was administered into HF cartridges as a
continuous infusion at concentrations equivalent to 0.146 ug/mL (ECy), 0.324 ng/mL (EC,,), and 3.5 wg/mL
(~10x ECys) immediately after infection (0 h) or 24 h, 48 h, and 72 h postinfection to simulate delayed ther-
apy initiation. A no-treatment control cartridge was included, for a total of 13 HF cartridges. HF cartridges
were sampled daily in duplicate for 4 days. Samples were clarified by high-speed centrifugation and frozen
at —80°C until the end of the study. The infectious extracellular virus was determined by plaque assay on
Vero E6 cells.

Antiviral evaluations in the HFIM simulating human PK profiles. Antiviral evaluations in which
EIDD-1931 was administered dynamically to mimic human PK profiles associated with clinical dosage
regimens for molnupiravir were conducted in the HFIM. Six HF cartridges were employed for this study.
EIDD-1931 was administered into four HF cartridges via computer-controlled syringe pumps as a 1-h
infusion to achieve a free-drug area under the 24 h concentration-time curve (AUC, ,,,) exposure associ-
ated with a total daily molnupiravir dose of 800 mg (AUC,_,,, = 7.78 mg h/L) (27). We determined that
the binding of EIDD-1931 to human plasma proteins was ~7.8%, as discussed below, and only free-drug
concentrations were simulated in this study. Two cartridges received the total AUC,,, exposure once
daily (Q24h) and two received half the daily AUC, ., exposure twice daily (Q12h). Therapy was initiated
either 24 h or 4 8 h postinfection for both the Q24h and Q12h regimens. EIDD-1931 was eliminated from
the HF systems at a rate to mimic a 1.5 h half-life for each dosage regimen. One cartridge did not receive
the drug and served as a no-treatment control, and one served as a positive control in which EIDD-1931
was administered at a high concentration (3.5 wg/mL) as a continuous infusion. Cartridges were serially
sampled daily for 4 days and the infectious viral burden was quantified in samples, as described above.

Bioanalytical methods for pharmacokinetic validation in the HFIM. During the first 48 h of the
HF studies, medium from the central reservoir of each HF system was sampled at various times postdrug
infusion to quantify the EIDD-1931 concentration and ensure that the desired PK profiles were achieved.
Samples were inactivated to remove any potential viral contamination by incubating 200 uL of the
media sample with a 1 mL solution of methanol and acetonitrile (1:1, vol/vol) for 30 min at room temper-
ature. Samples were then removed from the BSL-3 laboratory and frozen at —80°C until quantification
by ultraperformance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS).

Calibration standard curves were prepared by spiking 20 L of serial working standard solutions into
180 uL of blank cell culture medium to achieve final concentrations of 0.03 to 100 wmol/L. One milliliter
of methanol/acetonitrile was added to each standard (as described above). Proteins in the methanol/
acetonitrile-containing solution were separated by centrifugation at 13,000 rpm for 10 min. The superna-
tant extract was diluted and injected into an Acquity I-Class UPLC system (Waters) interfaced with a
Triple Quad 6500+ MS/MS system (AB Sciex). The UPLC separation of EIDD-1931 was performed using
an Atlantis TM Premier BEH C18 AX 100 x 2.1 mm, 1.7 um column (Waters, Milford, MA) with a run time
of 3.5 min. The mobile phase consisted of 20 mM ammonium bicarbonate in water (A) and acetonitrile
(B) at a flow rate of 0.3 mL/min using a gradient elution method. The Triple Quad 6500+ MS/MS system
was operated in negative ion mode using the turbo spray lonDrive™. The mass transition monitored for
quantification was 257.9 to 125.9 m/z for EIDD-1931, and the transition of 257.9 to 168.0 m/z was addi-
tionally monitored as a qualifier. The UPLC-MS/MS peak integration and data analysis were performed in
the Analyst software package (AB Sciex, Framingham, MA). Precision was 12.2, 2.9, 8.5, 6.5, and 7.3%,
and accuracy was 2.5, —3.7, 10.3, 2.3, and —8.7% at 0.03, 0.1, 0.6, 3, and 30 wmol/L EIDD-1931, respectively,
with 0.03 wmol/L representing the lower limit of quantification (LLOQ). Measured drug concentrations were
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within 10% of the desired profile for all studies in the HFIM. Protein binding analysis of EIDD-1931 in human
plasma used the same bio-analytical procedures as described above.

Cytotoxicity evaluation. Cytotoxicity related to EIDD-1931 therapy was measured using the com-
mercially available WST-1 cell proliferation assay (Roche Diagnostics GmbH) according to the manufac-
turer’s instructions and as previously described (44).

Antiviral studies to determine the mechanism of adverse effects related to therapy delay. For
these studies, ACE2-A549 cells were seeded into 122 T-150cm? flasks and allowed to grow to confluence. Cells
were infected with SARS-CoV-2 at a multiplicity of infection (MOI) equal to 0.03, as previously described (44).
EIDD-1931 at concentrations of 0.648 ug/mL (2x ECy) and 3.24 wg/mL (10x EC,,) were administered to flasks
immediately after infection (0 h) or therapy was delayed by 24 h, 48 h, or 72 h postinfection. No-treatment
control flasks were included for each time point of the study. Flasks for each EIDD-1931 concentration (control,
0.648 ng/mL, and 3.24 wg/mL) at each therapy start time (0 h, 24 h, 48 h, and 72 h) were harvested every 24 h
posttherapy initiation for up to 120 h. Viral supernatants and cells were harvested at each time point. Viral
supernatants were clarified and stored at —80°C until the end of the study. The extracellular infectious viral
burden was quantified in these samples by plaque assay on Vero E6 cells. The number of live harvested cells
was enumerated using the trypan blue exclusion test and a hemocytometer. Two aliquots containing 2 x 10°
live cells were used for flow cytometry to determine the percentage of cells infected with SARS-CoV-2. Cell pel-
lets were suspended in 5% formaldehyde and fixed overnight at 4°C. The following day, cell pellets were
washed twice in wash buffer (PBS supplemented with 1% [wt/vol] saponin, 0.9% [wt/vol] sodium azide, and 5
g/L [wt/vol] bovine serum albumin) by centrifugation at 400 x g for 5 min. The pellet was then resuspended
in a 1:100 dilution of an Alexa Fluor 488 conjugated rabbit anti-SARS-CoV-2 nucleocapsid antibody (Novus
Biologicals) in a wash buffer for 1 h at room temperature. Cells were washed two additional times in wash
buffer followed by a final wash in PBS. Cells were suspended in 500 xL PBS and analyzed on a BD FACSVerse
flow cytometer (BD Biosciences). Live cells were gated based on size and complexity and 10,000 live events
were collected. Data were analyzed using BD FACSuite software.

A portion of the cell pellet (~107 cells) was suspended in PBS, pelleted, and frozen at —80°C until
the end of the study. The amount of intracellular infectious viral burden was determined by plaque assay
on Vero E6 cells. Briefly, cell pellets were thawed and serially diluted 10-fold ranging from concentra-
tions of 10° cells/mL to 10 cells/mL. A 100 uL aliquot of each cell suspension was added to confluent
Vero E6 cell monolayers seeded into 6-well plates. Incubation times and overlays were conducted as
described for the plaque assay (44, 45). The number of cells used to calculate viral titer was multiplied
by the percentage of cells infected, as determined by the flow cytometry assay, to yield the number of
antigen-positive cells in that sample. The intracellular infectious viral burden is reported as log,, PFU/
antigen positive cell.

Infected cells sample acquisition and preparation for UPLC-MS/MS analysis. Finally, the remain-
ing cells (~3 x 107 cells) were aliquoted into three separate microcentrifuge tubes, pelleted, resus-
pended in 2 mL of methanol: acetonitrile (1:1, vol/vol) solution, vortexed for 20 s, and incubated for 30
min at room temperature to inactivate any infectious virus in the sample. Samples were then removed
from the BSL-3 laboratory and frozen at —80°C before intracellular levels of EIDD-1931, EIDD-1931 tri-
phosphate (NHC-TP), cytidine and CTP (CYT-TP) were quantified by UPLC-MS/MS.

Samples were prepared by serial steps of breaking cells, concentrating, resuspension, and protein
precipitation. Briefly, the methanol and acetonitrile were removed by a 24-position MICROVAP nitrogen
evaporator after the cells were lysed. The dry cell lysate/debris was resuspended in 1 mL water.
Calibration standard curves were prepared using final concentrations of 0.03 to 400 umol/L by spiking
20 L of serial working standard solutions into 180 uL of lysed, untreated ACE2-A549 cells. For protein
precipitation, trichloroacetic acid was added followed by centrifugation at 13,000 rpm for 10 min. The
pH-neutralized extract was injected into our UPLC-MS/MS systems (see above).

The UPLC separation of EIDD-1931, NHC-TP, cytidine, and CYT-TP was performed using the same
UPLC conditions as described for EIDD-1931 above. The multiple reaction monitoring conditions were
257.9 to 125.9 m/z (for quantification) and 257.9 to 168.0 m/z (as qualifier) for EIDD-1931, 498.0 to 159.0
m/z (for quantification) and 498.0 to 400.0 m/z (as qualifier) for NHC-TP, 241.9 to 110.0 m/z (for quantifi-
cation) and 241.9 to 152.1 m/z (as qualifier) for cytidine, 247.0 to 110.9 m/z (for quantification) and 247.0
to 153.8 m/z (as qualifier) for isotope-labeled ('3C;) cytidine, 481.9 to 158.9 m/z (for quantification)
and 481.9 to 401.8 m/z (as qualifier) for CYT-TP, 486.9 to 158.9 m/z (for quantification), and 486.9 to
406.8 m/z (as qualifier) for isotope-labeled ('*C,) CYT-TP.

Precision was 5.9%, 16%, 0.3%, 6.7%, and 8.1%, and accuracy was —0.5%, 2.3%, 7.7%, 13.5%, and
—8.2% at 0.06 (LLOQ), 0.3, 3, 30, and 100 uwmol/L for EIDD-1931. Precision was 2.2%, 3.2%, 0.7%, 0.6%,
and 10.3%, and accuracy was —3.0%, 3.3%, —1.0%, 5.0%, and —0.3% at 0.1 umol/L (LLOQ), 0.6, 3, 30,
and 100 umol/L of NHC-TP. Precision was 16.2%, 0.5%, 3.2%, 4.1%, and 7.7%, and accuracy was —1.0,%
1.5%, —7.0%, 5.3%, and —5.3% at 0.03 umol/L (LLOQ), 0.1, 3, 30 and 100 umol/L of isotope-labeled
('*C,) cytidine. Precision was 4.9%, 7.9%, 0.2%, 1.0%, and 9.3%, and accuracy was 3.0%, —3.3%, 3.8%,
3.0%, and 0.6% at 0.06 umol/L (LLOQ), 0.3, 3, 30 and 100 wmol/L of isotope-labeled ("*C) CYT-TP.

Data availability. The following reagent was deposited by the Centers for Disease Control and
Prevention and obtained through BEI Resources, NIAID, NIH, SARS-Related Coronavirus 2, Isolate USA-
WA1/2020, NR-52281.
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