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Aim: This phase III study assessed the efficacy/safety/antiviral activity/pharmacokinetics of bemnifosbuvir,
a novel, oral nucleotide analog to treat COVID-19. Patients & methods: Outpatient adults/adolescents
with mild-to-moderate COVID-19 were randomized 2:1 to bemnifosbuvir/placebo. Time to symptom
alleviation/improvement (primary outcome), risk of hospitalization/death, viral load and safety were
evaluated. Results: Although the study was discontinued prematurely and did not meet its primary end
point, bemnifosbuvir treatment resulted in fewer hospitalizations (71% relative risk reduction), COVID-19-
related medically attended hospital visits, and COVID-19-related complications compared with placebo.
No reduction in viral load was observed. The proportion of patients with adverse events was similar; no
deaths occurred. Conclusion: Bemnifosbuvir showed hospitalization reduction in patients with variable
disease progression risk and was well tolerated.

Clinical Trial Registration: NCT04889040 (ClinicalTrials.gov).

Tweetable abstract: #Bemnifosbuvir is a novel, oral, nonmutagenic, nonteratogenic nucleotide analog
with low potential for drug–drug interactions or resistance. Bemnifosbuvir showed a 71% reduction
in hospitalization for #COVID-19 despite no symptom alleviation/viral load reduction differences.
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The emergence of SARS-CoV-2 in 2019 resulted in the catastrophic global COVID-19 pandemic [1]. The over-
whelming number of COVID-19 cases, particularly those requiring hospitalization, posed an immense burden to
healthcare systems [2], and subsequent variants such as Omicron continue to emerge with varying transmissibility
and symptomology [3]. While effective vaccines have been rapidly developed and deployed worldwide [1,4], helping
greatly decrease hospitalizations [5], a substantial proportion of the world’s population remains at risk and/or unvac-
cinated for personal or medical reasons, such as being immunocompromised or lack of vaccine supply, especially in
low-resource countries [4]. Furthermore, even fully vaccinated individuals may experience breakthrough infections
and reinfections [6]. Durability of response after vaccination to different variants appears to be short and is still
being investigated [7].

Vaccine limitations necessitate availability of antiviral medications for both prophylactic and acute treatment
to mitigate SARS-CoV-2 infection [8]. Global treatment recommendations for COVID-19 are constantly chang-
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ing [9,10]. Some therapies that were initially deployed (e.g., monoclonal antibodies) are no longer recommended
because they have shown decreased efficacy against new SARS-CoV-2 strains [11,12]. The intravenous antiviral
remdesivir was approved by the US FDA in 2020 and is indicated for hospitalized and high-risk non-hospitalized
COVID-19 patients [13]. However, the variable efficacy and safety reports, combined with its need to be delivered
intravenously in a hospital setting, has limited widespread use of remdesivir for treatment of COVID-19; analogs for
oral administration are still being investigated [14]. Additionally, single-agent antiviral treatment may be associated
with an increased likelihood of treatment-emergent resistance, as described in kidney transplant patients receiving
remdesivir [15].

Current oral outpatient treatments include molnupiravir [16] and nirmatrelvir-ritonavir [17]. Increased use of
oral antiviral drugs may reduce disease duration, and likelihood of hospitalization for patients with COVID-19,
alleviating burdens on healthcare systems [18]. However, global availability of existing therapies is variable, with
limited access in various regions [19]. Additionally, some available medications have safety concerns, including
potential teratogenesis, viral mutagenesis and drug–drug interactions, thereby limiting their use in certain popula-
tions [16,17,20–22]. With the limitations of current anti-COVID-19 therapies, as well as the imminent threat of new
variants that may be resistant to current treatments, continued exploration of potential therapeutics is of the utmost
importance [23,24], and innovative antiviral agents that harness novel mechanisms of action (MOA) and allow for
ease of administration are an imperative [11].

Bemnifosbuvir hemisulfate (AT-527, active metabolite AT-9010; Figure 1) is an oral, non-mutagenic antiviral
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Figure 1. AT-527 mechanism of action and metabolism. (A) Dual Mechanism of Action of AT-527. Ribbon and stick
representation of the cryo-EM structure of nsp7-(nsp8)2–nsp12:AT-9010-terminated-RNA:(AT-9010)2 complex. RNA,
AT-9010 and protein shown with the following colors: template RNA, green; RNA product, orange; AT-9010, magenta;
nsp7, pink; nsp81 and nsp82, yellow and cyan, respectively; and nsp12in gray and blue for NiRAN and RdRp domains,
respectively. Orange boxes are enlarged for RdRp domain and NiRAN domains, respectively, showing experimental
cryo-EM map around AT-9010, in the RdRp, one AT-9010 monophosphate (AT-9010-MP) is incorporated at (+1)
position, with an incoming AT-9010 occupying the (-1) position. In the NiRAN domain, AT-9010 is bound it its
diphosphate form (AT-9010-DP). (B) Metabolism of AT-527. Metabolism of the guanine analog phosphoramidate
prodrug AT-527 (top left) and its active triphosphate form AT-9010 (top right).
Figure from Shannon A, et al. Nat Commun. 2022. 13(1):621 under the Creative Commons Attribution 4.0
International License: http://creativecommons.org/licenses/by/4.0/

10.2217/fvl-2023-0115 Future Virol. (Epub ahead of print) future science group

http://creativecommons.org/licenses/by/4.0/


Oral bemnifosbuvir vs placebo in patients with mild-to-moderate COVID-19 in an outpatient setting Short Communication

AT-527

AT-511

AT-551

AT-219

AT-8003

AT-229

AT-724

AT-9010
(active metabolite)

AT-8001

AT-273

0.5 H2SO4

dissolution

CatA CES1

spontaneous decomposition

HINT1

5’-NTase

ADALP1

NDPK

GUK1

5’-NTase

O

P

O

ON
H

O

O O

HO F

N

NN

N NH2

HN

O

O

O O

HO F

N

NN

N

HN

PN
H

O

O NH2

O

O

O O

HO F

N

NN

N

HN

PN
H

HO

O
NH2

O

OH

O O

HO F

N

NN

N

HN

PN
H

HO

O
NH2

HO O

HO F

N

NN

N

NH2

NH2

O

P

OH

O O

HO F

N

NN

N

HN

HO
NH2

HO O

HO F

N

NN

N

HN

NH2

HO O

HO F

N

NN

N

HN

OH

NH2

O

P

OH

O O

HO F

N

NHN

N

O

OPOPHO

OO

OH OH

NH2

O

P

OH

O O

HO F

N

NHN

N

O

OPHO

O

OH

NH2

O

P

OH

O O

HO F

N

NHN

N NH2

O

HO

HO O

HO F

N

NHN

N NH2

O

Figure 1. AT-527 mechanism of action and metabolism (cont.). (A) Dual Mechanism of Action of AT-527. Ribbon and
stick representation of the cryo-EM structure of nsp7-(nsp8)2–nsp12:AT-9010-terminated-RNA:(AT-9010)2 complex.
RNA, AT-9010 and protein shown with the following colors: template RNA, green; RNA product, orange; AT-9010,
magenta; nsp7, pink; nsp81 and nsp82, yellow and cyan, respectively; and nsp12in gray and blue for NiRAN and RdRp
domains, respectively. Orange boxes are enlarged for RdRp domain and NiRAN domains, respectively, showing
experimental cryo-EM map around AT-9010, in the RdRp, one AT-9010 monophosphate (AT-9010-MP) is incorporated
at (+1) position, with an incoming AT-9010 occupying the (-1) position. In the NiRAN domain, AT-9010 is bound it its
diphosphate form (AT-9010-DP). (B) Metabolism of AT-527. Metabolism of the guanine analog phosphoramidate
prodrug AT-527 (top left) and its active triphosphate form AT-9010 (top right).
Figure from Shannon A, et al. Nat Commun. 2022. 13(1):621 under the Creative Commons Attribution 4.0
International License: http://creativecommons.org/licenses/by/4.0/

guanosine analog that inhibits the viral RNA polymerase, an enzyme critical to viral replication [25,26]. With a
unique dual MOA, bemnifosbuvir targets the conserved RNA-dependent RNA polymerase (RdRP) active site for
RNA chain termination and the nidovirus RdRP-associated nucleotidyltransferase (NiRAN) active site for protein-
primed RNA synthesis, which should decrease the likelihood of simultaneous resistance mutations (Figure 1) [26,27].
In vitro, bemnifosbuvir exhibits potent activity against Alpha, Beta, Gamma, Epsilon, Delta and Omicron (BA.1,
BA.2, BA.4, BA.5 and XBB) variants [28–30]. Preclinical and phase I results demonstrated that bemnifosbuvir
achieved target drug levels in lungs of healthy volunteers and was safe and well tolerated with no teratogenicity [31].
Safety at 550 mg twice daily (BID) was also shown in phase II studies (NCT04396106, NCT04709835) of
patients with COVID-19 [32–35]. Results from a phase II study (NCT04396106) suggested that bemnifosbuvir may

future science group 10.2217/fvl-2023-0115

http://creativecommons.org/licenses/by/4.0/


Short Communication Horga, Saenz, Yilmaz et al.

blunt COVID-19 progression [36]. Furthermore, bemnifosbuvir poses a low risk of interacting with other drugs
that may be prescribed to high-risk patients with COVID-19 (e.g., digoxin, rosuvastatin) [29,37–39]. In this phase
III study, named MORNINGSKY (NCT04889040) [40], we aimed to assess efficacy, safety, antiviral activity, and
pharmacokinetics (PK) of bemnifosbuvir in nonhospitalized adult and adolescent patients with mild-to-moderate
COVID-19.

Patients & methods
Study design
MORNINGSKY was a phase III, randomized, double-blind, placebo-controlled study across 50 centers glob-
ally [40]. The study protocol and amendments (Supplementary Material) were approved by an Institutional Review
Board/Independent Ethics Committee and written informed consent was obtained. The study, cosponsored by
F. Hoffmann-La Roche Ltd and Atea Pharmaceuticals, Inc., was performed in accordance with the Declaration
of Helsinki, Council for International Organizations of Medical Sciences International Ethical Guidelines and
International Conference for Harmonization Good Clinical Practice Guidelines.

Eligible patients were adolescents or adults (aged ≥12 years) with mild-to-moderate COVID-19 with or without
high-risk factors for hospitalization. For adults, per industry guidance, high-risk factors included age (≥65 years) and
obesity (BMI >30), cardiovascular disease, chronic lung disease, chronic metabolic disease, chronic kidney disease,
liver disease or immunocompromised status. Symptom onset ≤5 days before randomization was required, with
a positive SARS-CoV-2 diagnostic test ≤72 h before randomization. Inclusion criteria included presence of ≥3
patient-reported COVID-19 symptoms of at least moderate intensity (score ≥2 in a COVID-19 symptom diary)
with investigator-determined disease severity. Symptoms included nasal congestion/runny nose, sore throat, cough,
shortness of breath, muscle or body aches, fatigue, headache, chills/sweats, feeling hot/feverish, nausea, vomiting,
or diarrhea. Patients were excluded if they displayed clinical signs indicative of severe COVID-19, required
hospitalization before or at randomization, or were likely to experience deterioration leading to hospitalization [41].
Other key exclusion criteria included treatment with a COVID-19 therapeutic agent (e.g., antivirals, steroids,
antibodies), abnormal laboratory results at screening, other active viral or bacterial infection, or COVID-19
vaccination ≤40 days before enrollment.

Randomization & masking
The original sample size of 1386 participants was designed to ensure ≥90% power to detect a 2-day difference
in median time to alleviation/improvement of COVID-19 symptoms between the treatment and placebo groups,
based on an assumed time of 10 days in the placebo group. Participants were randomly assigned 2:1 to receive
oral bemnifosbuvir 550 mg (two 275-mg tablets) or matching placebo tablets BID for 5 days with a 28-day
safety and efficacy follow-up period [40]. Patients were stratified at randomization by region and high-risk factor
for hospitalization due to COVID-19. Patients were assigned an identification number and treatment through an
interactive response system (voice or web based). All study site personnel, patients, cosponsors and their agents
and adjudicators were blinded to treatment assignment, except those who required access to patient treatment
assignments for their study roles.

Procedures
Following randomization, patients had mandatory visits on days 1, 2, 3, 5,7, and 14 with possible phone calls
on days 21 (±2 days), 28 (±2 days), and at end of study, occurring on day 33 (±3 days). Patients reported
symptoms as assessed by the patient global impression of severity (PGIS) method (items 1–14) using a Likert scale
either twice daily (days 1–14) or daily (days 15–29) in an electronic COVID-19 symptom diary (Supplementary
Material) based on an FDA COVID-19 patient-reported outcome instrument [42]. The primary efficacy objective
was assessed using items 1–12 of the COVID-19 symptom diary (Supplementary Material). Time to symptom
alleviation or improvement was defined as either time from randomization to alleviation (i.e., score of 0 or 1 for new
symptoms), or time from randomization to symptom maintenance or improvement (for preexisting symptoms).
Vital signs, including SpO2, and routine clinical and laboratory tests were collected at baseline and at prespecified
intervals; samples were sent for analysis to the study site’s local laboratory. Nasopharyngeal or nasal swabs for
SARS-CoV-2 virology tests, genotyping, along with samples for other laboratory tests, were collected at baseline
and/or at prespecified intervals and sent to designated central laboratories, the sponsor, or a designee for virology
tests and other analyses (Supplementary Material). Adverse events (AEs) were assessed from initiation of study drug
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until day 33, graded by investigators using National Cancer Institute Common Terminology Criteria for Adverse
Events v5.0 and coded using MedDRA v24.1.

Outcomes
The primary efficacy end point was time to alleviation/improvement of COVID-19 symptoms maintained for
21.5 h duration; to allow for flexibility in assessment timing (24 h minus 10%, or 21.5 h, was used). Secondary
outcomes included time to alleviation or improvement of COVID-19 symptoms maintained for 43 h duration,
proportion of participants with ≥1 COVID-19-related medically attended visit through study end (≤33 days) and
proportion of patients requiring hospitalization. Supplementary Table 1 shows a complete listing of secondary end
points. Virology secondary end points included change from baseline in amount of SARS-CoV-2 RNA, time to
cessation of SARS-CoV-2 viral shedding, proportion of participants positive for SARS-CoV-2 RNA at specified
time points and area under the curve in amount of SARS-CoV-2 RNA. Safety and PK assessments were performed.
Ad hoc analyses included proportion of patients who were considered standard versus high risk and required
hospitalization, had ≥1 COVID-19-related medically attended visit, or COVID-19 complications and proportion
of patients aged > or ≤40 years who required hospitalization. An independent adjudication committee evaluated
COVID-19-related complications.

Statistical analysis
Data for each end point were analyzed with descriptive statistics by treatment arm and Kaplan–Meier plots, and no
formal statistical comparisons were carried out due to the early closure of trial. Efficacy and virology analyses were
performed on the efficacy-evaluable set, defined as all randomized patients who received ≥1 dose of treatment and
were quantitative reverse transcription polymerase chain reaction-confirmed (RT-qPCR) positive for SARS-CoV-2
during the study. Safety analyses used the safety evaluable set, all randomized participants who received ≥1 dose of
treatment. PK analyses were performed on a cohort having ≥1 postdose drug concentration measurement.

Results
Between 28 April 2021 through 2 December 2021, patients were evaluated at 50 study centers located across
North America (14.5%), Europe (58.9%) and the rest of the world (26.6%) (Table 1 & Supplementary Table 2).
MORNINGSKY was terminated early after careful consideration of the rapid evolution of SARS-CoV-2. Moreover,
as this was a placebo-controlled trial, the emergence and increasing availability of standard-of-care treatment options
for COVID-19 necessitated early termination. Out of 260 patients screened, 44 patients failed mainly due to not
meeting inclusion criteria. The most common reasons for screen failure included lack of a positive SARS-CoV-2
diagnostic test within 72 h prior to randomization, clinical signs indicative of more severe COVID-19 illness
requiring hospitalization, and abnormal laboratory test results at screening. Two-hundred and sixteen (15.6%)
of the 1386 planned patients were randomized. A total of 207 patients (bemnifosbuvir, 137; placebo, 70) tested
positive for SARS-CoV-2 during the study and were included in efficacy analyses (efficacy-evaluable set; Figure 2).
One hundred thirty (94.3%) and 61 (85.9%) patients in the bemnifosbuvir and placebo arms received all ten doses
of study treatment. One patient in each arm received an extra dose in error.

Patient baseline characteristics and demographics were generally well balanced between groups, with slight
imbalances in patients who were immunocompromised, with a BMI >30 kg/m2, and with more severe day 1 PGIS
(Table 1). Notably, the cohort included both vaccinated and unvaccinated patients, with 40 (29.2%) patients in the
bemnifosbuvir group and 18 (25.7%) in the placebo group who received ≥1 doses of a vaccine against COVID-19.
Both treatment groups had patients with high-risk factors, 64 (46.7%) in the bemnifosbuvir group and 33 (47.1%)
in the placebo group. Across treatment groups, 164 patients (87.7%) were infected with the Delta strain.

Table 2 provides a summary of primary and secondary efficacy end points. Bemnifosbuvir did not meet its
primary end point, with longer median time for symptom alleviation or improvement time than placebo, 3.9 days
(94.5 h) versus 3.1 days (73.7 h), respectively (Supplementary Figure 1). However, in regard to secondary end
points, patients receiving bemnifosbuvir experienced lower rates of hospitalizations for COVID-19, COVID-19-
related complications, COVID-19-related medically attended visits, and posttreatment infections compared with
placebo (Figure 3A-C; Table 2). The relative risk of requiring hospitalization for COVID-19 was 71% lower for
those receiving bemnifosbuvir versus placebo (4 [2.9%; 97.5% CI, 0.00–6.51] vs 7 [10%; 97.5% CI, 1.25–18.75]
patients, respectively; Figure 3A). In an ad hoc exploratory analysis for patients aged >40 years (MORNINGSKY
patients median age, 40 years), bemnifosbuvir reduced relative risk of hospitalization by 82%, compared with a 5%
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Table 1. Patient demographic and disease characteristics at baseline (efficacy-evaluable set).
Characteristic Bemnifosbuvir (n = 137) Placebo (n = 70) Total (n = 207)

Age, years

Mean (SD) 41.1 (13.4) 41.8 (14.9) 41.3 (13.9)

Median (range) 41.0 (15–81) 41.0 (13–91) 41.0 (13–91)

Age group, years, n (%)

�18 1 (0.7) 2 (2.9) 3 (1.4)

18–�65 129 (94.2) 63 (90.0) 192 (92.8)

≥65 7 (5.1) 5 (7.1) 12 (5.8)

≤40 65 (47.4) 31 (44.3) 96 (46.4)

�40 72 (52.6) 39 (55.7) 111 (53.6)

�50 35 (25.5) 16 (22.9) 51 (24.6)

�65 6 (4.4) 5 (7.1) 11 (5.3)

Sex at birth, n (%)

Male 76 (55.5) 38 (54.3) 114 (55.1)

Female 61 (44.5) 32 (45.7) 93 (44.9)

Race or ethnic group, n (%)

White 102 (74.5) 47 (67.1) 149 (72.0)

Asian 24 (17.5) 14 (20.0) 38 (18.4)

American–Indian or Alaska Native 8 (5.8) 6 (8.6) 14 (6.8)

Black or African–American 3 (2.2) 1 (1.4) 4 (1.9)

Native Hawaiian or other Pacific Islander 0 1 (1.4) 1 (0.5)

Unknown 0 1 (1.4) 1 (0.5)

Hispanic or Latino 38 (27.7) 18 (25.7) 56 (27.1)

Region†

North America 19 (13.9) 11 (15.7) 30 (14.5)

Europe 82 (59.9) 40 (57.1) 122 (58.9)

Rest of world 36 (26.2) 19 (27.1) 55 (26.6)

BMI kg/m2

Mean (SD) 25.69 (4.40) 27.36 (6.66) 26.26 (5.32)

Median (range) 25.14 (17.4–40.6) 26.62 (16.8–50.8) 25.53 (16.8–50.8)

Smoking history, n (%)

Nonsmoker 94 (68.6) 40 (57.1) 134 (64.7)

Prior smoker 17 (12.4) 15 (21.4) 32 (15.5)

Current smoker 26 (19.0) 15 (21.4) 41 (19.8)

Presence of high-risk factor, n (%)‡

Yes 64 (46.7) 33 (47.1) 97 (46.9)

With presence of high-risk factor, presence of individual adult
high-risk factor, n (%)‡

n = 64 n = 33 n = 97

Age (dependent on protocol version), years§ 27 (42.2) 12 (36.4) 39 (40.2)

Obesity (BMI �30 kg/m2) 23 (35.9) 18 (54.5) 41 (42.3)

Cardiovascular disease 29 (45.3) 18 (54.5) 47 (48.5)

Chronic lung disease 3 (4.7) 1 (3.0) 4 (4.1)

Chronic metabolic disease 14 (21.9) 6 (18.2) 20 (20.6)

†Countries in North America included Mexico; countries in Europe included Belgium, Denmark, Germany, Portugal, Romania, Switzerland, Turkey and Ukraine; countries in the rest of
the world included Argentina, Brazil and Japan.
‡Patients may have one or multiple high-risk factors.
§Presence of a high-risk factor for adult age was defined as �50 years in protocol version 1, and ≥65 years in subsequent protocol versions. Presence of high-risk factor reported as
collected in the eCRF.
¶Patients positive for SARS-CoV-2 RNA is defined as the percentage of patients with a positive virus RNA by RT-qPCR test result above or equal to the LOQ.
#Samples reported as BLQ are imputed to the LOQ minus 1 (119 copies/ml). Samples reported as negative are imputed to the LOQ/2 (60 copies/ml).
†† Includes 2 patients receiving bemnifosbuvir with vaccine type unknown and one patient receiving placebo who received multiple vaccine types.
‡‡Patients with a baseline viral load �4 log10 copies/ml were not sequenced for virus variant.
BLQ: Below limit of quantification; eCRF: Electronic case report form; LOQ: Limit of quantification; PGIS: Patient global impression of severity; RT-qPCR: Quantitative reverse transcription
polymerase chain reaction; SD: Standard deviation; TCID: Tissue culture infectious dose.
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Table 1. Patient demographic and disease characteristics at baseline (efficacy-evaluable set) (cont.).
With presence of high-risk factor, presence of individual adult
high-risk factor, n (%)‡

n = 64 n = 33 n = 97

Chronic kidney disease 1 (1.6) 2 (6.1) 3 (3.1)

Chronic liver disease 1 (1.6) 2 (6.1) 3 (3.1)

Immunocompromised 6 (9.4) 1 (3.0) 7 (7.2)

Baseline SARS-CoV-2 RT-qPCR status¶ n = 137 n = 69 n = 206

Positive 137 (100.0) 67 (97.1) 204 (99.0)

Negative 0 2 (2.9) 2 (1.0)

SARS-CoV-2 RT-qPCR viral load (log10 copies/ml)# n = 137 n = 69 n = 206

Mean (SD) 6.59 (1.54) 6.49 (1.61) 6.56 (1.56)

Median (range) 6.90 (2.5–9.9) 6.82 (1.8–8.7) 6.89 (1.8–9.9)

SARS-CoV-2 serostatus (spike protein antibody), n (%) n = 122 n = 58 n = 180

Positive 69 (56.6) 32 (55.2) 101 (56.1)

Negative 53 (43.4) 26 (44.8) 79 (43.9)

Severe PGIS on day 1, n (%) n = 137 n = 70 n = 207

Yes 14 (11.6) 1 (1.8) 15 (8.4)

COVID-19 vaccination, n (%)

Yes (≥1 dose) 40 (29.2) 18 (25.7) 58 (28.0)

Vaccine type, n (%)

mRNA 11 (8.0) 9 (12.9) 20 (9.7)

Viral vector 21 (15.3) 5 (7.1) 27 (13.0)

Inactivated 6 (4.4) 3 (4.3) 9 (4.3)

Other†† 2 (1.5) 1 (1.4) 3 (1.4)

SARS-CoV-2 variant,‡‡ n (%) n = 123 n = 64 n = 187

Alpha 12 (9.8) 8 (12.5) 20 (10.7)

Beta 1 (0.8) 0 1 (0.5)

Gamma 1 (0.8) 1 (1.6) 2 (1.1)

Delta 109 (88.6) 55 (85.9) 64 (87.7)

†Countries in North America included Mexico; countries in Europe included Belgium, Denmark, Germany, Portugal, Romania, Switzerland, Turkey and Ukraine; countries in the rest of
the world included Argentina, Brazil and Japan.
‡Patients may have one or multiple high-risk factors.
§Presence of a high-risk factor for adult age was defined as �50 years in protocol version 1, and ≥65 years in subsequent protocol versions. Presence of high-risk factor reported as
collected in the eCRF.
¶Patients positive for SARS-CoV-2 RNA is defined as the percentage of patients with a positive virus RNA by RT-qPCR test result above or equal to the LOQ.
#Samples reported as BLQ are imputed to the LOQ minus 1 (119 copies/ml). Samples reported as negative are imputed to the LOQ/2 (60 copies/ml).
†† Includes 2 patients receiving bemnifosbuvir with vaccine type unknown and one patient receiving placebo who received multiple vaccine types.
‡‡Patients with a baseline viral load �4 log10 copies/ml were not sequenced for virus variant.
BLQ: Below limit of quantification; eCRF: Electronic case report form; LOQ: Limit of quantification; PGIS: Patient global impression of severity; RT-qPCR: Quantitative reverse transcription
polymerase chain reaction; SD: Standard deviation; TCID: Tissue culture infectious dose.

relative risk reduction for patients aged ≤40 years (Table 2). All hospitalizations were in-patient admissions where
patients were hospitalized for no less than 3 days. All were reported as serious AEs and were for events related to
COVID-19 (e.g., pneumonia, hypoxia, respiratory failure) as judged by the investigator and further adjudicated
by a blinded adjudication committee.

Secondary symptom-based end point results are summarized in Supplementary Table 3. No clear differences
in any of the virology end points between the bemnifosbuvir and placebo arms were observed (Supplementary
Table 4). PK results are presented in Supplementary Table 5.

Overall, bemnifosbuvir was well tolerated, with a safety profile comparable with placebo and no new safety
signals observed. Most AEs were grade 1 or 2 (Table 3), and the most common treatment-related AEs were
gastrointestinal (Supplementary Table 6). AEs leading to treatment discontinuation occurred in 4 (2.8%) patients
receiving bemnifosbuvir compared with 5 (7.0%) patients receiving placebo. No deaths were observed during the
study.
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Figure 2. Screening, randomization and analyses.

Discussion
Although definitive conclusions cannot be drawn owing to early study termination and the consequent small sample
size, the outcomes of this study contribute important results that can further guide investigation of treatments
for patients with mild-to-moderate COVID-19 in outpatient settings. Results of the symptom-based end points
tended to favor the placebo group, but trends were observed with a reduced rate of hospitalizations, COVID-19
complications, and COVID-19-related medically attended visits in patients receiving bemnifosbuvir. While the
observed 10% hospitalization rate for patients receiving placebo is comparable to some studies [43], it is higher than
that reported for other previous clinical studies [44,45]. Despite this, patients receiving bemnifosbuvir had decreased
hospitalization rates that were more apparent when comparing patients aged >40 years in an ad hoc analysis.
However, it must be contextualized that a limitation of this study is that the population was not all vaccinated;
those who had not received vaccinations would likely benefit more from treatment with bemnifosbuvir than those
who were vaccinated. In addition, the population was located in different regions worldwide, and most patients
were infected with the Delta strain, which may have influenced hospitalization risk. This study also established the
tolerable safety profile of bemnifosbuvir, comparable with placebo.

MORNINGSKY did not meet the primary efficacy end point, which could be attributed to multiple factors,
including challenges related to measuring COVID-19 symptoms with the current patient-reported outcome tools.
This is reflected in the FDA guidance for outpatient studies at the beginning of the pandemic, which highlighted
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Table 2. Summary of the primary and secondary efficacy end point results.
Key end points Bemnifosbuvir (n = 137) Placebo (n = 70)

Primary end point: time to symptom alleviation or improvement maintained for ≥21.5 h†

Patients with event, n (%) 128 (93.4) 64 (91.4)

Median (97.5% CI) time to event,‡ h 94.5 (68.1–131.7) 73.7 (47.1–105.8)

Range, h 0–687 0–687

Secondary efficacy end points

Proportion of patients requiring hospitalization for COVID-19

Patients requiring hospitalization, n (%) 4 (2.9) 7 (10.0)

97.5% CI 0.00–6.51 1.25–18.75

High risk,§ n (%) 3/64 (4.7%) 5/33 (15.2%)

97.5% CI 0.00–11.39 0.00–30.66

Standard risk,§ n (%) 1/73 (1.4%) 2/37 (5.4%)

97.5% CI 0.00–5.10 0.00–15.09

Proportion of patients with ≥1 COVID-19-related medically attended visit throughout study

Patients with ≥1 visit, n (%) 14 (10.2) 10 (14.3)

97.5% CI 4.05–16.38 4.20–24.37

Frequency of COVID-19-related complications

Patients with complications, n (%) 6 (4.4) 7 (10.0)

97.5% CI 0.10–8.66 1.25–18.75

Proportion of patients with any posttreatment infection

Patients with posttreatment infection, n (%) 13 (9.5) 10 (14.3)

97.5% CI 3.51–15.47 4.20–24.37

Proportion of patients with all-cause mortality

Patients with all-cause mortality, n (%) 0 0

Proportion of patients requiring hospitalization for COVID-19 (ad hoc)

Patients aged ≤40 y, n (%) 2/65 (3.1) 1/31 (3.2)

97.5% CI 0–8.65 0–11.95

Patients aged �40 y, n (%) 2/72 (2.8) 6/39 (15.4)

97.5% CI 0–7.81 1.15–29.62

†Defined as time from randomization to the first time at which all COVID-19 symptoms from items 1–12 of the COVID-19 symptom diary were either alleviated, maintained, or
improved for a minimum duration of 21.5 h.
‡Median time to event with 97.5% CIs estimated from the Kaplan–Meier curves. 97.5% CI for rates constructed using the Wald with continuity correction method.
§Ad hoc analyses.
CI: Confidence interval.

that the time course of COVID-19 symptoms was continually evolving, and certain symptoms may take longer than
others to resolve [42]. Additionally, variability of SARS-CoV-2 strains infecting a heterogeneous population further
complicated symptom readouts (Table 1) [46]. Other clinical studies for COVID-19 treatments have shown variable
success with symptom-based end points, although not all results were statistically significant. In the PINETREE
clinical study, which was terminated early, 34.8% of patients receiving remdesivir reported symptom alleviation by
day 14, compared with 25% of patients receiving placebo [47]. The MOVE-OUT study for molnupiravir showed
similar results: resolution of COVID-19 symptoms was more likely, and progression less likely in the molnupiravir
group compared with placebo [43]. In an analysis of patients treated with nirmatrelvir-ritonavir or placebo, difference
in symptoms between treated and placebo groups was statistically significant, and patients continued having fewer
symptoms at 30 days after diagnosis [48]. However, the EPIC-SR study in patients treated with nirmatrelvir-ritonavir
did not meet the primary end point of sustained alleviation of symptoms [49]. COVID-19 rebound is a concern with
nirmatrelvir-ritonavir and may impact time to symptom alleviation [50]. Designing trials based on patient-reported
symptom alleviation is difficult as symptoms continue to change with each new variant.

Although viral load reduction, measured by RNA copy number in the nasopharynx, is commonly used to
determine antiviral activity with COVID-19, correlations between reduction and clinical outcomes have been
inconsistent. In our study, bemnifosbuvir had no effect on viral load. While some antivirals with varying MOAs
have shown reductions in nasopharyngeal viral load, associated with clinical study outcomes, remdesivir, which
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Figure 3. Secondary Endpoints. (A) Rate of hospitalization. BID, twice daily. Error bars denote the 97.5% confidence
interval (CI). (B) Rate of COVID-19 Complications. BID, twice daily. Error bars denote the 97.5% CI. (C) Rate of
medically attended visits related to COVID-19. BID, twice daily. Error bars denote the 97.5% CI.

has a similar MOA to bemnifosbuvir, did not cause substantial decrease in nasopharyngeal viral load in human
studies, despite showing clinical benefit [47]. Further, there is no firm correlation between viral load reduction and
symptom alleviation. Interestingly, in a phase II study evaluating bemnifosbuvir in high-risk hospitalized patients
with COVID-19, bemnifosbuvir treatment resulted in greater reduction of viral load from baseline compared
with placebo [33,51]. However, in a phase II study on outpatients with mild-to-moderate COVID-19, no viral load
differences were observed with bemnifosbuvir [32].

Although the MORNINGSKY primary end point was not met, relative reduction in risk of hospitalization
with bemnifosbuvir was 71%, despite including vaccinated and unvaccinated patients with high and low risk
for progression. Interpretation of this result is limited, as the study was limited by sample size. The reduction
observed in patients treated with nirmatrelvir-ritonavir who were vaccinated and with ≥1 risk factor for progressing
to severe illness was 57% (n = 361) and 88.9% (n = 389) in patients who were unvaccinated, nonhospitalized,
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Table 3. Summary of adverse events in the safety-evaluable set.
Category, n (%) Bemnifosbuvir (n = 141) Placebo (n = 71) Total (n = 212)

AEs† 87 51 138

Deaths 0 0 0

Patients who discontinued owing to an AE 1 (0.7) 2 (2.8) 3 (1.4)

Patients with ≥1:

AE 55 (39.0) 26 (36.69) 81 (38.2)

AE with fatal outcome 0 0 0

Serious AE 7 (9.9) 5 (3.5) 12 (5.7)

Serious AE leading to treatment discontinuation 4 (5.6) 2 (1.4) 6 (2.8)

Treatment-related serious AE 0 0 0

AE leading to treatment discontinuation 4 (2.8) 5 (7.0) 9 (4.2)

Treatment-related AE 21 (14.9) 3 (4.2) 24 (11.3)

Treatment-related AE leading to treatment discontinuation 2 (1.4) 1 (1.4) 3 (1.4)

AE severity (by worst grade)

Grade 1 23 (16.3) 14 (19.7) 37 (17.5)

Grade 2 27 (19.1) 6 (8.5) 33 (15.6)

Grade 3 4 (2.8) 6 (8.5) 10 (4.7)

Grade 4 1 (0.7) 0 1 (0.7)

†Multiple occurrences of the same AE in 1 individual are counted only once except for “Total number of AEs” row in which multiple occurrences of the same AE are counted separately.
AE: Adverse event.

and at high risk for progression to severe COVID-19 [44,49]. Remdesivir also demonstrated relative reduction in
risk of hospitalization, 87%, (n = 279) for patients who had ≥1 risk factor for progression to severe COVID-
19 [47]. Monoclonal and combination antibody treatments have shown similar relative risk reduction compared
with placebo in patients with mild-to-moderate COVID-19 who received treatment within 3 days of symptom
onset [52–54].

Risk of hospitalization is an end point that may influence real-world outcomes including economic and health
resource impact of COVID-19. It is a commonly used end point for COVID-19 clinical studies, with 43% of
phase III randomized-controlled treatment trials in the beginning of 2020 using an ordinal scale often including
hospitalization as an end point [55], including early studies for remdesivir [56], and is the basis by which multiple
treatments have received approval/emergency use authorization [13,16,17].

In April 2023, bemnifosbuvir was granted ‘Fast Track Designation’ by the FDA, which may facilitate its
development and evaluation for the treatment of COVID-19 [57]. Bemnifosbuvir is now being evaluated for the
treatment of COVID-19 in outpatients, regardless of vaccination status, who are at high risk for COVID-19 disease
progression in the international phase III clinical trial, SUNRISE-3 (NCT05629962) [25,58].

Conclusion
With continued evolution of the COVID-19 pandemic since the MORNINGSKY study, the pandemic landscape
has changed owing to the emergence of Omicron variants and increased presence of hybrid immunity derived
from vaccination and prior infection or reinfection [6]. Additionally, recommendations for treatments that were
initially effective have been revised due to decreased susceptibility of more recent variants [12]. With the continual
emergence of new SARS-CoV-2 strains, modalities with novel MOAs are needed. Bemnifosbuvir with its dual
MOA may show that the chance of mutations conferring resistance to this drug is lower than seen for other
drugs with single MOAs [26]. The conserved sequence of the SARS-CoV-2 RdRP active sites [26,27] suggests that
bemnifosbuvir should be active against all variants reported to date, including Omicron subvariants BA.4 and
BA.5 confirmed by in vitro data [28]. In this phase III study, patients receiving bemnifosbuvir experienced reduced
rates of hospitalizations and fewer COVID-19-related medically attended hospital visits and COVID-19-related
complications. With a tolerable safety profile, including no evidence of teratogenic or mutagenic effects, and
low potential for drug–drug interactions or resistance [25,26,29,37–39], bemnifosbuvir may provide a safer option
compared with other small-molecule inhibitors for COVID-19 treatment, and a follow-up phase III trial is now in
progress [58].
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Summary points

• Hospitalization due to COVID-19 has placed a significant burden on healthcare systems. With the advent of new
SARS-CoV-2 variants, vaccines and other treatment approaches have shown diminished efficacy. As the pandemic
continues to evolve, safe, effective, direct-acting and convenient antiviral agents with broad utility are needed.

• Bemnifosbuvir is an oral, antiviral guanosine analog that inhibits viral RNA polymerase via a dual mechanism of
action.

• This phase III study of bemnifosbuvir was terminated early, enrolling only 216 of the planned 1386 patients. It did
not achieve its primary end point, with patients who received bemnifosbuvir experiencing longer median time to
symptom alleviation/improvement than those who received placebo.

• Compared with those in the placebo group, patients who received bemnifosbuvir experienced fewer
hospitalizations, with risk reduction for all evaluable patients (71%) and for those aged >40 years (82%).

• Bemnifosbuvir treatment also led to fewer COVID-19-related medically attended hospital visits and
COVID-19-related complications.

• Bemnifosbuvir was well tolerated; most adverse events were mild to moderate, and no deaths occurred.
• No difference in viral load was observed between the bemnifosbuvir and placebo groups.
• With its dual mechanism of action, in vitro activity against all reported SARS-CoV-2 strains, favorable safety

profile, and low potential for drug–drug interactions, orally-administered bemnifosbuvir may address some of
the limitations of existing COVID-19 treatments. A global phase III study is currently underway.
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