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Randomized controlled trial of molnupiravir
SARS-CoV-2 viral and antibody response in
at-risk adult outpatients

A list of authors and their affiliations appears at the end of the paper

Viral clearance, antibody response and the mutagenic effect of molnupiravir
has not been elucidated in at-risk populations. Non-hospitalised participants
within 5 days of SARS-CoV-2 symptoms randomised to receive molnupiravir
(n = 253) or Usual Care (n = 324) were recruited to study viral and antibody
dynamics and the effect ofmolnupiravir on viral whole genome sequence from
1437 viral genomes. Molnupiravir accelerates viral load decline, but virus is
detectable by Day 5 in most cases. At Day 14 (9 days post-treatment), molnu-
piravir is associated with significantly higher viral persistence and significantly
lower anti-SARS-CoV-2 spike antibody titres compared to Usual Care. Serial
sequencing reveals increased mutagenesis with molnupiravir treatment. Per-
sistence of detectable viral RNA at Day 14 in the molnupiravir group is asso-
ciated with higher transition mutations following treatment cessation. Viral
viability at Day 14 is similar in both groups with post-molnupiravir treated
samples cultured up to 9 days post cessation of treatment. The current 5-day
molnupiravir course is too short. Longer courses should be tested to reduce
the risk of potentially transmissible molnupiravir-mutated variants being
generated. Trial registration: ISRCTN30448031

Treatment of SARS-CoV-2 with the nucleoside analogue molnupiravir
(MK4482, EIDD2801) was reported to reduce viral load, hospitalisation
and mortality in unvaccinated participants with early COVID-19 in the
MOVeOUT trial1,2. Based on these data, molnupiravir received emer-
gency use authorisation in the UK in November 2021 for early treat-
ment of SARS-CoV-2 in individuals deemed to be at higher risk of
complications due to age or underlying comorbidities.

Molnupiravir is metabolised intracellularly to NHC-triphosphate,
which competes with natural cytidine and uridine for incorporation by
the viral RNA-dependent RNApolymerase (RdRp) into the nascent viral
RNA. This leads to abnormal, non-Watson-Crick pairingwith guanosine
anduridine in further roundsof replication, increasing the substitution
of adenosine for guanosine and cytosine for uridine, so-called transi-
tion mutations, within the SARS-CoV-2 genome. Lethal mutagenesis
resulting from treatment with RdRp inhibitors eventually leads to viral
extinction3,4. A distinctive pattern of transition mutagenesis is evident
in viral genomes recovered from animals and humans who have

received molnupiravir3–5. The risk that, following molnupiravir treat-
ment, somehighlymutated virusesmight remain viable and capable of
onward transmission has been postulated6,7.

To measure the impact of molnupiravir in a largely vaccinated
population, the Platform Adaptive trial of NOvel antiviRals for eArly
treatMent of covid-19 In the Community (PANORAMIC) was estab-
lished. The first drug tested in PANORAMIC was molnupiravir, and
amongst 25,783 mostly vaccinated individuals, found that molnupir-
avir did not reduce hospitalisation or death8 (primary endpoint). Sec-
ondary outcomes showed those receiving molnupiravir experienced
significantly reduced viral load during treatment and reported faster
symptom recovery and fewer general practitioner consultations than
those receiving Usual Care.

Here we report detailed results of the PANORAMIC8 virology sub-
study, where a subset of participants in both arms underwent serial
virology and immunology sampling. Demographic, clinical, and viral
load data together with biomarkers of immune response (anti-SARS-

Received: 4 August 2023

Accepted: 26 January 2024

Check for updates

e-mail: j.standing@ucl.ac.uk

Nature Communications |         (2024) 15:1652 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-45641-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-45641-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-45641-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-45641-0&domain=pdf
mailto:j.standing@ucl.ac.uk


CoV-2 spike antibody) and disease severity (high sensitivity C-reactive
protein (CRP)) were collected to study viral and immune dynamics.
SARS-CoV-2 genome sequencing and viral culture provide further
insights into the risk-benefit profile of molnupiravir to patient and
public health.

Results
Recruitment, demographics and baseline viral load, antibody,
and CRP
Prior to the molnupiravir arm closing, 657 out of 6127 participants
approached agreed to take part in the virology sub-study, with 94
participants sent kits for intensive sampling (daily nasopharyngeal
swab for 7 days plus Day 14) and 563 for less intensive sampling
(nasopharyngeal swab on Days 1, 5 and 14). A recruitment flow chart is
provided in Fig. 1. All participants were asked to provide a dried blood
spot on Days 1, 5 and 14. The Day 1 swab and blood spot were per-
formed prior to treatment commencing and so constituted the base-
line sample. Of these 81 (86%) intensively sampled participants and
500 (89%) less intensively sampled participants returned swabs.
Overall, 2014/2441 (82.5%) swabs and 1608/1731 (92.9%) dried blood
spot sampleswere returned. Four participantswere excludeddue to all
swabs being undetectable for virus, yielding a final cohort of 577 par-
ticipants with 1990 viral loads and, after removing 25 dry blood spot
samples with insufficient material for analysis and those from the four
excluded participants, 1566 spike antibody measures were retained.
More participants in Usual Care enroled, but number of analysable
samples returned per participant, baseline demographics, viral load,
spike antibody and days since symptom onset were balanced between
groups (Table 1). There was however a significantly higher proportion
of female participants in the Usual Care arm.

Baseline viral loads increased with age, decreased with time since
symptom onset, and were negatively correlated with baseline spike
antibody and positively correlated with baseline capillary CRP
(Fig. 2a–d). Males had higher baseline viral load, but otherwise, apart

from higher viral loads in the small number (n = 8) of participants with
kidneydisease, no correlationswere foundwith comorbidities, vaccine
doses, or receipt of inhaled corticosteroids (Fig. 2e). Baseline spike
antibodies were higher in female participants and lower in participants
who were not fully vaccinated but not correlated with co-morbidities
(Fig. 2f). Participants in the molnupiravir arm were asked how many
days of the 5-day treatment course they completed. Only 10 partici-
pants reported not taking the full course equating to 4% of the treated
arm. Of these, 5 participants reporting not taking any, two only 1 day
and one each reporting 2, 3 or 4 days of treatment.

Viral load and spike antibody dynamics with and without mol-
nupiravir treatment
Viral load declined significantly faster in molnupiravir-treated partici-
pants during treatment, but at the end of the 5-day course, only a
minority (14%) had viral load below the lower limit of quantification
(<LLOQ) (Fig. 3a). In the multivariable viral dynamic model, sex, age,
time since symptom onset and baseline spike antibody titre were sig-
nificant predictors of baseline viral load (Table 2, Supplementary Fig. 1
and 2). No covariate affected the slope of viral load decline except for
molnupiravir. Molnupiravir significantly increased viral decline rate
during treatment but significantly decreased it following treatment
cessation (Fig. 3a, b). The model predicts male participants have on
average 0.2 log10 copies/mL higher baseline viral loadwhereas for a 10
year increase in age from the median a 0.13 log10 copies/mL increase
in viral load is expected. A 0.5 log10 U/mL decrease in spike antibody
from the population median is associated with a 0.18 log10 copies/mL
increase in viral load. Time since symptomonset increasing from 2 to 5
days was associated with a 0.9 log10 copies/mL decrease in viral load.
The viral decline half-life inUsual Carewas0.72 days. This decreased to
0.41 days when on molnupiravir, and then increased to 1.71 days post-
treatment.

By Day 14 viral loads were significantly higher in molnupiravir-
treated participants than Usual Care. Extrapolation using simulated

Fig. 1 | Disposition of PANORAMIC participants approached and provided virology samples. < LLOQ, below lower limit of quantification.
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parameters from the viral dynamic model, but with the drug effect
extended, suggest that to achieve a 95% probability of virus being
<LLOQ, at least 10 days of therapy is required (Fig. 3c).

Anti-SARS-CoV-2 spike antibody concentration increased in both
groups but was significantly lower byDay 14 in themolnupiravir group
(Fig. 3d). In the multivariable antibody dynamic model, male sex and
not being fully vaccinated correlated with low baseline spike antibody
whereas onlymolnupiravirwas a significant predictor of slope (Table 3,
Supplementary Fig. 1b), with antibody doubling time significantly
slower in molnupiravir-treated participants (Fig. 3e). The rate of
increase in spike antibodywas inversely correlatedwith area under the
curve (AUC) of viral load, indicating virus exposure likely drives anti-
body production (Fig. 3f). The trajectory of CRP decline was similar in
both groups (Supplementary Fig. 3).

Molnupiravir associated viral genetic changes
Of 1672 samples with viral loads above the LLOQ, 1436 generated
usable genome sequences, defined as >90% coverage with >10X mean
readdepth. Sequencing successwas strongly associatedwith viral load
(Supplementary Fig. 4). The numbers of sequences generated per
participant are shown in Supplementary Table 1. Samples were col-
lected between March and April 2022 with lineage analysis assigning
over 70% to clade Omicron BA.2 (72.9% in molnupiravir-treated parti-
cipants and 75.2% in Usual Care; Supplementary Table 2).

In keeping with previous reports8,9, increased mutations in
molnupiravir-treated participants were observed, with a significantly
increased ratio of transition (particularly G to A and C to T) to trans-
version mutations (p <0.0001, Fig. 4a and Supplementary Fig. 6) and
greater sequence diversity (Fig. 4b) as compared with Usual Care. The
results were not affected by read depth (Supplementary Fig. 5).
Mutations in both molnupiravir-treated and Usual Care participants
were distributed across the genome (Supplementary Fig. 7), withUsual
Care having fewer mutations overall (Fig. 4a).

Of 145 participants with viral Ct <38 at Day 14 (nine days following
treatment end), 46/75 in the molnupiravir and 21/70 in the Usual Care
group were successfully sequenced, the higher success rates in the
molnupiravir samples likely due to higher viral loads. Molnupiravir-
treated participants had higher numbers of mutations (Fig. 4a) and
transition/transversion ratios (Supplementary Fig. 6) and on

phylogenetic analysis, longer branch lengths at Day 14 (Fig. 5a, b).
Overall, molnupiravir-treated individuals with virus persisting until
Day 14 had consistently higher viral diversity compared with those
clearing before Day 14 (Fig. 4b).

Thirty twoof 46 individuals in themolnupiravir-treated grouphad
levels of drug-associated mutagenesis (as measured by transition
fraction) of ≥90% at Day 14 (Supplementary Fig. 8). The remaining 13/
45 had transition fractions of≤89%andclusteredwithUsualCare. Sixty
four of the 67 molnupiravir and Usual Care group with sequences on
Day 14, including the 13 molnupiravir-treated participants with low
transition fractions, also had sequence data available on Day 5. In 4/13
of those with low transition fractions on Day 14, their transition frac-
tion on Day 5 also clustered with Usual Care, suggesting low drug
exposure. The remaining 9/13 were indistinguishable from the other
molnupiravir treated individuals (Supplementary Fig. 8). Data on self-
reported adherence was uninformative, with all 13 participants
reporting taking all doses.Nobaseline characteristics differedbetween
these 13 and the remaining molnupiravir-treated participants (Sup-
plementary Table 3).

In the multivariable model only treatment group was significantly
associated with maximum mutation load, with molnupiravir being
associated with on average 180 more mutations than Usual Care
(p < 0.001). Similarly, only treatment group was associated with max-
imum transition to transversion ratio, with molnupiravir being asso-
ciated with an average ratio of 9.6 versus 5.3 in Usual Care (p <0.001).
No significant associations were found with the appearance of spike
escape mutations.

Genetic changes provide insight into mechanism
To investigate the potential functional impact of molnuipiravir-
associated mutations, we used the publicly available Pokay10 data-
base to identify post-baseline amino acid substitutions known to
change SARS-CoV-2 spike protein function or increase escape from
neutralisation by antibodies. Increasednumbers of spikemutations-of-
interest over time were identified at low (5–50%) and consensus level
(>50%), particularly inmolnupiravir-treated individuals, andmore so in
those with virus persisting beyond Day 5 (Supplementary Fig. 9).
Emerging spike antibody escape or other mutations in molnupiravir-
treated participants did not appear associated with viral decline

Table 1 | Demographics for the included participants

Variable Molnupiravir (n = 253) Usual Care (n = 324) P-value

Intensive sampling (%) 38 (15%) 42 (13%) 0.557

Median number of viral load measurements per participant intensive group (range) 8 (4,8) 8 (4,8) –

Median number of viral loadmeasurements per participant less-intensive group (range) 3 (1,3) 3 (1,3) –

Median number of spike antibody measurements per participant (range) 3 (0,3) 3 (0,3) –

Age years (sd) 58 (10.1) 58 (10.9) 0.844

Female (%) 139 (55%) 212 (65%) 0.0133

Ethnicity non-white (%) 7 (3%) 9 (3%) >0.999

Fully vaccinated (≥3 doses) (%) 240 (95%) 314 (97%) 0.3

Inhaled corticosteroids (%) 56 (22%) 70 (22%) 0.959

Immune disease (%) 23 (9%) 21 (6%) 0.311

Obesity (%) 43 (17%) 46 (14%) 0.419

Any comorbidity (%) 167 (66%) 199 (61%) 0.294

PANORAMIC primary outcome: Hospitalised or died (%) 2 (0.79%) 3 (0.93%) >0.999

Mean days since symptom onset at baseline (sd) 2.4 (0.78) 2.5 (1.12) 0.621

Mean viral load (log10(cp/mL)) at baseline (sd) 7.4 (1.14) 7.3 (1.04) 0.334

Mean spike antibody (log10(U/mL)) at baseline (sd) 3.3 (0.45) 3.3 (0.44) 0.91

Mean capillary CRP (mg/L) at baseline (sd) 0.68 (0.65) 0.65 (0.64) 0.544

Continuous variables are reported as mean and standard deviation apart from the number of measurements which are reported as mean (range). Categorical variables reported as number in each
category and percentage. Comparisons between molnupiravir and usual care arm variables was made using a t test for continuous variables and a Chi square test for categorical variables
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(Fig. 4b andSupplementary Fig. 10).We alsoused thepublicly available
ResistanceDB11molnupiravir-resistance mutations based on the litera-
ture. We identified one consensus and one low level RdRp mutation
predicted to cause resistance (Supplementary Table 4).

At Day 14, nine new amino acid substitutions were present at
consensus level (>50%) in sequences from two or more participants
taking molnupiravir and one in Usual Care (Fig. 6c). Two of the
recurrent post-baseline consensus substitutions, present only in
molnupiravir-treatedparticipants,were in thepolymerase (NSP 12) and
the accessory protein NSP8, associated with viral replication (Fig. 6c).
A third substitution, F694Y, in NSP12 has been previously identified as
an artefact of the ARTIC primer amplification and was therefore
excluded12. The recurrent NSP8 mutation is uncommon among UK
viruses (0.01%) in the GISAID database and was present at a low level
(<6%) in three molnupiravir samples (Day 5) taken during this study.

The mutation is not known to be in a position that affects RdRp
function. The recurrent RdRp substitution N507I in Usual Care was
present in 26 participants, nine in the molnupiravir-treated and 17 in
Usual Care, including at baseline. Nine of the 26 N507I substitutions
occurred at consensus level, the majority in viruses from participants
with <LLOQ viral loads on Day 14.

In contrast, the A716V RdRp (NSP12) substitution, although not
known to be a molnupiravir-resistance mutation, is within the cata-
lytic site (Supplementary Fig. 11). A716V was absent in Usual Care but
present at <10% allele frequency during or just after treatment in a
further six molnupiravir-treated participants, none of whom had
detectable viral loads at Day 14. The only recurrent Day 14 amino
acid change present in the spike protein, F490S, occurred in
molnupiravir-treated participants and is in the receptor binding
domain (RBD).

Fig. 2 | Baseline viral load and spike antibody relationships with each other,
CRP, demographics and co-morbidities. a Baseline viral load increase with age.
b Baseline viral load decrease with time since symptom onset. c Baseline viral load
decrease with increased baseline spike antibody (S-Ab). d Baseline viral load
increase with increase in CRP measured in capillary blood. e Geometric mean viral
load ±95%CI with time compared with a t test showing baseline viral load higher in

males and in patients with kidney disease. fGeometricmean S-Ab ±95%CIwith time
compared with a t test showing baseline S-Ab lower in males and participants who
were not fully vaccinated. LLOQ is lower limit of quantification which for viral load
was 109 cp/mL. For (a–d) the slopewas comparedwith zero using the f statistic, for
figures (e) and (f) and t test was used to compare geometric mean values. *P <0.05,
**P <0.01, ***P <0.001. Source data are provided as a Source Data file.
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To further examine the potential functional significance of
mutations in viral persistence, weused the Pokaydatabase10 to identify
non-synonymous spike-escapemutations present at consensus level in
Day 14 sequences (Supplementary Table 4). None of the five

participants with either a consensus-level spike antibody escape
mutation or a recurrent spikemutation (F490S) atDay 14 had the same
substitution prior to Day 14. Other recurrent consensus mutations
present in ORFs1a and 3a are of unknown significance and in certain

Fig. 3 | Viral and spike antibody dynamics in molnupiravir (purple) and Usual
Care (grey) arms. a Median viral load ±95%CI with time, below limit of quantifi-
cation (BLOQ) measures substituted with LOQ/2 for molnupiravir (n = 253) and
Usual Care (n = 324) compared with a Mann–Whitney test. b Viral load with time
showing multivariable linear viral dynamic model predictions for a typical indivi-
dual (female, median age, S-Ab and time since symptom onset) receiving molnu-
piravir (purple line) or Usual Care (black line). For molnupiravir a piecewise
increase then decrease in elimination rate was estimatedwith a change point at the
end of treatment compared with a likelihood ratio test. c Simulation from the viral
dynamics model for 1000 subject demographic combinations sampled from the

data. Line shows the 50th percentile of the probability of viral load being <109 cp/
mL on the last day of treatment for 5 to 14 days treatment. Error bars are 95%
prediction intervals.dGeometricmean spike antibody ±95%CI with time compared
with a t test. e Spike antibody with time showing multivariable linear antibody
dynamic model predictions for a typical individual (female, median age) receiving
molnupiravir (purple line) or Usual Care (black line) compared with a likelihood
ratio test. f Model-derived individual predictions of spike antibody doubling time
versus viral load area under the curve (AUC) from day 0 to 14. *P<0.05, **P <0.01,
***P <0.001. Source data are provided as a Source Data file.

Table 2 | Parameter estimates for the viral dynamic model

Parameter Estimate (95%CI) IIV (%CV)

δ (d-1) 0.96 (0.93, 0.993) 12.4

V(0) (log10 cp/mL) 7.189 (7.081, 7.298) 74.7

Additive error (log10 cp/mL) 1.002 –

βmol_on 1.766 (1.653, 1.888) –

βmol_off 0.422 (0.354, 0.502) –

βsex 1.248 (1.113, 1.398) –

βage 0.833 (0.492, 1.173) –

βab −1.109 (−1.622, −0.654) –

βsym −0.870 (−1.113, −0.626) –

The slope, δ, is the first-order decline rate in viral load, whereas the intercept (V(0)) the baseline viral load. Inter-individual variability (IIV) was assumed to follow a log-normal distribution for δ and
log10 for V(0). Additive error is the variance of the residual error term. The following covariates all significantly (p <0.01) improvedmodel fit: βmol_on refers to the fractional change in delta when on
molnupiravir, βmol_off refers to the fractional change in delta in the post-molnupiravir treatment period. βsex is the change in baseline viral load in males. βage is the allometric exponent relating age
with V(0).βab is the allometric exponent for the inverse relationship of V(0) load and spike antibody.βsym is the allometric exponent for the inverse relationship betweenV(0) and time since symptom
onset. The final model describing viral load with time (V(t)) was therefore: VðtÞ=Vð0ÞβsexImaleðagei=agemedianÞβageðAð0Þi=Að0ÞmedianÞβabðtsymi=tsymmedianÞβsym expf�δ t Imol1βmol onImol2βmol offg where
Imale is an indicator for male participants; age, A(0) and tsym are the individual and populationmedian age in years, log10 spike antibody baseline and tsym time since symptom onset respectively;
Imol1 and Imol2 are time-varying indicators for the molnupiravir arm during and post-treatment.
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cases, for example A99T, frequently described12. S1952L and P104S
were also present at baseline in one and two participants respectively.

Viral culture
Persisting viral RNA does not equate to infectious virions and previous
studies have demonstrated that followingmolnupiravir treatment viral
fitness measured through tissue culture may be impaired13. We col-
lected swabs in viral transportmediumwhich were cultured with Calu-

3 cells. Using a high throughput culture method with screening over
7 days for evidence of cytopathic effect and the presence of SARSCoV-
2 by lateral flow immunochromatography and PCR, we were able to
recover viable virus from 16.7%of all tested samples including baseline.
The positive culture rate for samples collected during treatment (Days
2-5) was 10.4% with molnupiravir versus 15.2% for Usual Care. Post-
treatment viability (Days 6-20) dropped to 5.1% for molnupiravir and
2.5% for Usual Care. Positive culture was associated with higher viral
load at time of sampling (Supplementary Fig. 12a) but not obviously
affected by transit time by post after sample collection (Supplemen-
tary Fig. 12b).

Over 43% of baseline samples were culture positive, and viral
recovery subsequently declined with time for both Usual Care and
molnupiravir samples (Extended Data Fig. 12c). Overall, however, we
did not find a difference in recoverable virus between groups (Fig. 7).
Post-treatment samples from six molnupiravir participants were
culturable.

Discussion
This first report of a PANORAMIC virology-sub-study has shown that
important virology and immunology insights are feasible through
minimally invasive participant self-sampling. In the main trial molnu-
piravir treatment did not demonstrate benefit in reducing hospitali-
sations or deaths compared to Usual Care8. We now show that while
800mg molnupiravir twice daily for 5 days causes initial significant
viral load reductions, treatment is independently associated with
increased risk of detectable virus at Day 14 likely resulting from too
short a treatment duration. The residual virus in participants receiving

Table 3 | Parameter estimates for the spike antibody
dynamic model

Parameter Estimate (95%CI) IIV (%CV)

δ (d-1) 0.095 (0.089, 0.102) 58.2

A(0) (log10 U/mL) 3.365 (3.331, 3.399) 39.3

Additive error (log10 U/mL) 0.164 –

βsex 0.942 (0.886, 1.001) –

βvac 0.772 (0.608, 0.979) –

βmol 0.781 (0.712, 0.856) –

The slope, δ, is the first-order increase rate in spike antibody, whereas the intercept (A(0)) the
baseline spike antibody level. Inter-individual variability (IIV) was assumed to follow a log-normal
distribution andestimated for δ andA(0). Additive error is the variance of the residual error term.
The following covariates all significantly (p < 0.01) improved model fit: βsex is the fractional
change in A(0) in males. βvac is the fractional change in A(0) in participants who were not full
vaccinated. βmol is the fractional change in δ in participants receiving molnupiravir. The final
model describing antibody with time (A(t)) was therefore:
A(t) = A(0) βsexImale βvacIunvacc exp{- δ t Imol βmol},
where Imale is an indicator for male participants, Iunvacc is an indicator for participants who were
not fully vaccinated, and Imol is an indicator for participants who took molnupiravir.

Fig. 4 |Mutations occurring over time in viral sequences. aNumber of transition
and transversion mutations in molnupiravir-treated (purple) and Usual Care (grey)
participants. Transition mutations (G to A, A to G, C to T and T to C) are shown as
solid lines, transversions (G to C, C to G, A to T, C to A, G to T, T to G and T to A) are
shown as dotted lines; standard deviation denoted by error bars. b Shannon
entropy over time in participants receivingmolnupiravir or Usual Care. Participants
in each group with viral loads above the LLOQ by day 14 (Molnupiravir Persistent;
purple and Usual Care Persistent; orange) and participants with <LLOQ viral loads

by Day 14 (Molnupiravir Resolved; grey or Usual Care Resolved; yellow) are shown;
standard deviation denoted by error bars. b Shannon entropy over time in parti-
cipants receiving molnupiravir or Usual Care. Participants in each group with viral
loads above the LLOQ by day 14 (Molnupiravir Persistent; purple and Usual Care
Persistent; orange) and participants with <LLOQviral loads byDay 14 (Molnupiravir
Resolved; grey orUsualCareResolved; yellow) are shown. cNumbers of sequenced
samples at each time point. Source data are provided as a Source Data file.
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Fig. 5 | Maximum likelihood phylogenetic trees of consensus sequences from
sequenced samples. a sequences (n = 627) frommolnupiravir treated participants.
b sequences (i = 809) fromparticipants receivingUsualCare. Baseline samples (Day
1) are shown in purple, samples collected between days two and five

(corresponding to the duration of molnupiravir treatment) are shown in grey,
samples collected between Days 6 and 14 (after treatment has finished in the
molnupiravir arm) are shown in red. The scale bar is shown.

Fig. 6 | Viralmutations inmolnupiravir andUsual Care groups. a The number of
mutations (mean= 553 and standard deviation=391), in samples taken at treatment-
end (Day 5) is significantly higher (Mann–Whitney test) in molnupiravir-treated
participants with detectable virus at Day 14 (orange, n = 100 participants) com-
pared with those who cleared virus between Days 5–14 (red, n = 87 participants).
Box-plot midline is the median, the upper and lower limits the 75th and 25th per-
centile, the whiskers 1.5 times the interquartile range. Data beyond that are
represented as points. There is no difference between the numbers of mutations in
the comparable Usual Care groups (mean = 45 and standard deviation=31.2, n
orange = 94 participants, n red = 158 participants). b Viral load trajectories (mean
and standard deviation) for molnupiravir-treated and Usual Care participants with

any know spike neutralisation-escape missense mutation occurring at any time
point post baseline at consensus level (allele frequency (AF) > 50%) in red, below
consensus level (1–50%) in purple or with no mutations (grey). Participants (441)
were required to have viral load data for baseline, Day 5 and Day 14 and sequence
data for all positive viral loads. The table shows the total number of participants
with consensus, below consensus and zero known neutralisation escapemutations
for molnupiravir and Usual Care groups, c Consensus level (>50%) amino acid
substitutions occurring in Day 14 sequences frommolnupiravir (purple) and Usual
Care (grey) participants. Mutations occurring in more than one participant’s sam-
ple are shown above the rest. Schematic of the SARS-CoV-2 genome is shown along
the bottom. ****P <0.0001. Source data are provided as a Source Data file.
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molnupiravir is mutated and can be cultured up to 9 days post-
cessation of treatment.

Our viral dynamic results conflict with those of the Phase II study2,
in which mean viral loads were lower and the proportion with <LLOQ
viral loads higher in the molnupiravir-treated individuals one month
later. However, in the Phase III trial viral load reductions were less
marked during treatment, with less than 1 log10 copies/mL difference
in treated or untreated by Day 5 and did not persist with post-
treatment follow-up1. Our baseline viral loads were around 1 log10
higher than previous studies2 and since our estimate of viral decline
rate, δ, was similar to previous studies14, our higher viral loads are a
consequence of higher baseline. The causes of this include PANORA-
MIC participants being older with shorter time since symptom onset
than previous studies. The incubation period of the omicron variant is
around a day shorter than previous variants15 which may have con-
tributed to higher viral loads. In the treatment of infectious disease, it
is rare for an effective therapeutic agent to be stopped before patho-
gen clearance. A 5-day course is too short to clear the virus and may
explain the lack of clinical benefit in the main trial.

Modelling studies in SARS-CoV-216,17 and other acute viral
infections18 showed antivirals are most effective early in disease, and
we were able to recruit participants within 2.5 days of symptom onset
on average. Finding that male sex and increasing age associate with
higher viral load correlates with these groups being most at risk of
severe infection19 and is in line with a previous study20. Lower spike
antibody correlating with higher viral loads underlines the evidence
for spike antibody being a correlate of protection and control21. The
slower viral elimination rate post-treatment seen with molnupiravir
maybe a result of greater numbers of target cells remaining to support
ongoing infection16,17, but lower spike antibody response due to initial
viral suppression and/or viral genetic changes may contribute.

Anti-SARS-CoV-2 spike antibody titres were significantly lower
with molnupiravir by Day 14 (Fig. 3d), even after controlling for other
covariates (Fig. 3e). Early rapid reduction in viral load with molnu-
piravir treatment may have caused a smaller rise in antibody levels
due to lower antigenic stimulation (Fig. 3f). Whilst we were unable to
culture sufficient virus to undertake antibody neutralisation assays,

the magnitude of difference in antibody titre between the arms by
Day 14 (2200U/mL lower in the molnupiravir arm) when antibody
response usually peaks, is likely to be clinically significant22. With
populations becoming increasingly reliant on natural infection to
boost immunity, antiviral blunting of antibody response is a
concern23.

Molnupiravir acts through transitional nucleotide mutagenesis.
Where the virus is not driven to extinction, mutated but viable viruses
persist2,24. Recently SARS-CoV-2 genome sequences potentially dis-
playing themutational hallmarks ofmolnupiravir treatment have been
identified among opportunistically sampled sequences in public
databases. The enrichment for these mutated sequences both geo-
graphically, in countries with highermolnupiravir use, and temporally,
after molnupiravir received its first emergency use license, underlines
concern that molnupiravir mutated viruses may be capable of
transmission25.

The ability of mutated viruses to persist fits with theoretical and
experimental research in evolutionary biology suggesting that reduc-
tions in population fitness paradoxically confers increased potential
for gaining beneficial variants26. It is possible that molnupiravir-
induced mutagenesis leads to increased non-synonymous variants
with improved viral fitness. The independent occurrence of nine
consensus-level mutations in more than one molnupiravir-treated
participant with virus detectable on Day 14 might indicate an element
of selection. P104S (ORF3a) and S1952L (ORF1a), at a prevalence of
0.07% and 0.03% respectively, are rare in the UK population, based on
the GISAID database of opportunistically collected samples, and were
also found at baseline in some samples. The significance of these
together with others in ORF1a and A99T (ORF3a) which are also fre-
quently observed12 is unclear.

The only repeatedly occurring substitution (F490S present in
1.52% of the UK population) in the RBD has been shown to affect the
binding affinity to the ACE2 receptor. F490S has also appeared natu-
rally in two variants of concern, the lambda lineage in 2021 and the
currently circulating XBB 1.5 and related lineages27–31. The rise to con-
sensus following treatment, of F490S independently in two partici-
pants with virus persisting at Day 14, may be due to selection.

Fig. 7 | Culture rate inferred frommicroscopy observation of cytopathogenic
effects combined with a positive result by lateral flow immunochromato-
graphy of culture media, from nasopharyngeal swabs inoculated on to Calu-3
cells and incubated for 7 days. a Overall culture rate split by baseline, on treat-
ment and post treatment for each group compared with a two-sided Fisher’s Exact

Test. b Distribution of culturable samples by day of sampling versus viral load.
Overall totalswere 169 culturepositive samplesout of 1018 screened.No significant
associations between treatment group or any of the tested covariates were found
with probability of culture positivity in samples taken after Day 6. ns: P >0.05.
Source data are provided as a Source Data file.
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One consensus mutation and another below consensus that
potentially could cause molnupiravir resistance based on data from
MERS-CoV32 were found. V234I was present at consensus in one Day 14
virus but not in an earlier sample. It was not present at baseline in this
population and found at very low frequency (1–5%) in three
molnupiravir-treated participants at Day 5. V560L was present below
consensus at Day 14 and not found in other participants. The inde-
pendent emergence of the A716V mutation in the RdRp catalytic
binding site on Day 14 in more than 1 patient is notable. This mutation
was only found in molnupiravir-treated samples, and only rising to
consensus level in two participants with virus persisting at Day 14.
A716V has a prevalence in the UK of 0.0013% (GISAID database).
Although the low levels seen during treatmentmake it unlikely to have
conferred high level resistance to molnupiravir, it is possible that
A716V, having been selected by molnupiravir, promotes greater sur-
vival fitness.Marker transfer studies to examine resistance for all three
putative resistance substitutions are now needed.

Previous studies recovered viable virus from placebo-treated
groups but not after treatment with molnupiravir2 whereas we did
recover viable virus after molnupiravir treatment. The high transition
to transversionmutation ratioweobserved is in linewith observational
data10. These observational data also had long branch lengths with
evidence of excess transition (G to A and C to T) mutations. We
observed 224 consensus genome-wide amino acid substitutions in
viruses recovered from molnupiravir-treated participants on Day 14
(Supplementary Table6). Only one substitution in the spike regionwas
also reported in the opportunistically collected samples25. Other
mutations below consensus were also found in both datasets. There
were six mutations in the Usual Care group. The methods developed
by Sanderson et al.10 identified persistent molnupiravir-treated viruses
in our studywith high specificity, thus confirming their utility as public
health tools for monitoring circulation of these viruses. Our data
support the hypothesis that molnupiravir-mutated viruses which sur-
vive treatment can remain viable, thus posing a risk for transmission of
new variants.

Sequencing identified four participants whose viral sequences
showed little or no evidence of drug exposure, meaning they may not
have taken the drug despite reporting having done so. For a further
nine participants, who, despite evidence for molnupiravir-associated
mutations at Day 5, had lost thesebyDay 14, it is possible thatwild type
virus, sequestered in compartments protected from drug treatment,
outcompeted mutated virus when molnupiravir was terminated.
Incomplete drug penetration into inflamed lungs has been proposed
to explain similar findings in SARS-CoV-2 and influenza33. In such
situations, combination treatments may be beneficial34.

Systemic inflammation, especially CRP > 40mg/L35 and elevated
interleukin-619 is a hallmark of severe disease with COVID-19. Baseline
disease severity as measured by CRP demonstrated a positive corre-
lation with baseline viral load. Importantly, molnupiravir appeared to
have no impact on CRP. This contrasts with findings from the MOVe-
OUT study where post-baseline CRP levels were lower in the molnu-
piravir treated group36. Our dry blood spot CRP assay is exploratory
but its positive correlation with baseline viral load and reduction over
time suggest it reflects inflammation. Therefore, differences in base-
line immune status (SARS-CoV-2 naïve inMOVe-OUT but vaccinated in
PANORAMIC), and possibly lower overall degree of systemic inflam-
mation at baseline in PANORAMIC may be more relevant.

Our study has some limitations. Since recruitment was from
across the UK, participants were required to self-sample and return
thesebypost.Of theparticipantswho received kitswehad anexcellent
rate of sample returns (Table 1). High sample quality likely resulted
from participants being provided detailed written and video instruc-
tions. Treatment allocationwas not blindedbut agreement to take part
was before randomisation so higher numbers in Usual Care likely
appeared by chance. The two arms were matched for demographics

and baseline variables except for more female participants in Usual
Care. Reassuringly the proportion returning samples (90% versus 88%)
was not significantly different between the groups (p = 0.2706). Mul-
tivariable models corrected for sex, viral load and spike antibodies
were similar between groups at baseline, only becoming significantly
different with or without molnupiravir. This unbalance is therefore
unlikely to have biased the results. Our study was not designed or
powered to detect rates of viral mutation frequency, rather to ensure
enough viruses were sequenced to detect common mutations and
therefore generate hypotheses on consequences of mutagenesis. We
fell short of the overall target of 600 participants before the molnu-
piravir armcloseddue to the time lag between recruitment and sample
return, but did achieve the minimum desired 30 per arm in the
intensively samples group. We were unable to confirm escape of
mutated viruses from the effects of host antibodies through viral
neutralisation as culture was unsuccessful for these samples.

In summary, following a 5-day molnupiravir course, whilst viral
load decreased on treatment it was not reduced to <LLOQ levels
before the drugwas stopped, thus violating a fundamental principle of
antimicrobial chemotherapy. Post-treatment, higher viral loads
occurred in the molnupiravir group and some of these viruses were
culturable indicating potential for transmission.Molnupiravir-exposed
viruses were highly mutated, and the increased numbers of function-
ally relevant mutations including those known to confer evasion of
neutralising antibody, potentially conferring selective advantage, is of
concern. Furthermore, spike antibody response was blunted. Our
study therefore indicates that 5 day of molnupiravir could drive the
emergence of SARS-CoV-2 variants capable of increased virulence or
transmission and potentially leaves treated patients more susceptible
to re-infection. These findings imply a need for a longer course of
molnupiravir to be tested in a clinical trial and should informdecisions
on whether to use the current 5-day course of molnupiravir until the
results of such a trial are available.

Methods
Sample Collection
To be eligible to join the PANORAMIC study (ISRCTN30448031), par-
ticipants had to be symptomatic within the past 5 days, have a con-
firmed COVID-19 infection within the past 7 days (either a positive PCR
or rapid antigen SARS-CoV-2 test), and be either aged 50 years and
over or at least aged 18 years with relevant comorbidities. Participants
providedwritten informed consent to take part in the trial and a subset
were invited to take part in the virology sub-study for which further
written informed consent was obtained. The UK Medicines and
Healthcare products Regulatory Agency and the South Central-
Berkshire Research Ethics Committee of the Health Research Author-
ity approved the trial (Ethics approval reference: 21/SC/0393). Parti-
cipants were not compensated financially or otherwise for taking part.
Details of themain study design and statistical analysis plan have been
described previously8.

The virology study’s pre-specified primary outcomewas viral load
at Day 7, and has been reported previously8. The pre-specified sec-
ondary outcomes reported herewere: change in viral load over 14 days
post-treatment, change in spike antibody concentrations over 14 days
post-treatment, and to determine whether genetic mutations in the
virus are more frequent in patients taking antiviral treatment com-
pared with Usual Care.

Participants in the virology sub-study were provided with
Respiratory Virus Swab Collection kits, which consisted of a Sigma
Virocult 1ml tube containing Liquid Virocult medium and a Standard
Tip Swab that complied with the European In-Vitro Diagnostic Devices
Directive. The kits also included detailed instructions approved for
self-sampling of nasal and pharyngeal swabs, as well as dried blood
spot sampling kits. A weblink to a video tutorial was provided to aid
sample collection (https://youtu.be/klB-ckiQGz8).
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The goal was to recruit 300 participants into the trial intervention
arm (molnupiravir) and the Usual Care comparator arm. Based on a
previously published viral dynamic model17 it was estimated that 30
participants in each armcould detect a proportional difference of 0.36
to 0.8 in below-detection-limit viral loads based on a two-sample test
for proportions with a Type I error probability set to 0.025 and power
set to 0.9. Hence this would give sufficient power to detect viral load
differences for a potent antiviral and was the sample size for the
Intensive sampling group. A further 270 participants in each arm had
less-intensive viral loadmonitoring with the aim to detect smaller viral
load differences and, since genetic mutations may not happen under
antiviral treatment and if they do, their frequencywas unpredictable, a
total of 300 participants would provide a 95% probability of seeing at
least one example of a mutation occurring in 1% or more of
participants.

In the intensive sampling cohort, the participants were asked to
collect nasopharyngeal swabs daily from Days 1 to 7 and on Day 14. In
the non-intensive sampling cohort, participants collected nasophar-
yngeal swabs on Days 1, 5, and 14. Participants in both arms provided
the baseline Day 1 sample upon receipt of the sampling kit, which for
those randomised to receive molnupiravir arrived on the same day as
the drug. The molnupiravir group were asked to provide their first
sample before the first dose of molnupiravir. All samples were sent to
the Great Ormond Street Hospital laboratory via Royal Mail priority
boxes for prompt delivery. RNA samples positive for SARS-CoV-2 were
then transferred to UCL Genomics for sequencing. All participants in
the virology sub-study were also asked to provide three finger-prick
dried blood spot samples on Days 1, 5, and 14.

Sample processing
Uponarrival at theGreatOrmondStreetHospital laboratory, the swabs
in VTMwere agitated on a vortex mixer, and 250 µl of the sample fluid
was transferred to a sterile Sarstedt tube containing lysis buffer for
RNA extraction using the Microlab STAR platform. To control for
extraction failures, PDV (Phocine Distemper Virus) was spiked into
every sample during the extraction process. Negative sample extrac-
tion controls were included in each batch of extractions. After
extraction, the samples were tested for SARS-CoV-2 and PDV using
multiplex targeted one-step real-time RT-PCR on a Quantstudio 5
instrument. Each PCR run included a SARS-CoV-2 positive template
control and a no-template control. Extraction and PCR control results
were recorded and monitored for consistency.

Viral load
Viral loads were determined using a standard curve generated from a
ten-fold dilution series of SARS-CoV-2 RNAwith a known quantity. This
curve was imported into the PCR analysis to calculate the viral load in
copies/mL for each positive sample. The lower limit of quantification
(LLOQ) was set at 109 copies/mL corresponding to a Ct value of 40.
RNA samples positive for SARS-CoV-2 with a Ct value below 38 were
subsequently sent to UCL Genomics for sequencing.

Sample storage and culture
To allow for subsequent culture, a portion of the original sample was
aliquoted into a tube containing Bovine Albumin Fraction V (7.5%)
fromGibco, resulting in a final bovine serum albumin concentration of
0.4%. Samples mixed with BSA were stored at 4 °C and then moved to
storage −80 °C within 24 h. The remaining sample was stored sepa-
rately at −80 °C to allow for potential repeat RNA extraction.

Sequencing
Libraries were prepared on an Agilent Bravo workstation using the
CoronaHiT protoco37 with ARTIC v4.1 amplicon primers. Sequencing
was performed aiming for a target depth of 5000X per genome on an
Illumina sequencer using 2 x ≥ 75-bp paired-end reads. All runs

included both positive and negative controls to detect contamination
at each step of the protocol.

Antibody assays and CRP assays
Dried blood spot cards were processed as previously described38. Anti-
SARS-CoV-2 spike antibody titres were measured in elutes using a
commercial immunoassay (Elecsys Anti-SARS-CoV-2 S, Roche) with a
validated 10-folddilution factor correction applied. CRP concentration
was determined by turbidimetry (Roche/Hitachi Cobas c) with no
correction factor applied. Values are predicted tobe approximately 10-
fold lower than serum concentrations.

Statistical analysis, modelling and data visualisation
Statistical analyses and data visualisation were undertaken in R (ver-
sion 4.3). Descriptive statistics and plots of baseline characteristics
(baseline viral load and baseline spike antibody versus each other and
covariates) were created along with plots of viral load, spike antibody
and CRP evolution in time. Pairwise comparisons of themedian of viral
loadwerecompared at each timepoint using aMann-Whitney testwith
samples below the limit of quantification being replaced with the
LLOQ/2.

Log10 viral load and spike antibody concentrations were each
modelled with time using a linearmixed effects model in the R package
nlmixr2. We originally planned to use a nonlinear viral dynamic model,
but subsequent work completed after the statistical analysis plan was
finalised showed viral decline could equally well be described using a
linear model39. Maximum likelihood estimation was used to fit all
observations including those that were censored, with the probability
of LLOQ observations being below the limit of quantification estimated
(“M3 method”)40. A stepwise approach to covariate analysis was taken
whereby variables (sex, time since symptom onset, baseline spike
antibody, age) were tested sequentially on baseline viral load and slope.
Dichotomous covariateswere testedwith a proportional effectwhereas
for continuous variables an allometric exponent was estimated as fol-
lows: pi =p x (ci/ct)β, where pi is the individual parameter, p the popu-
lation parameter, ci the individual covariate value, ct the median
covariate value in the population and β the estimated covariate effect.
The significance of additional parameters was evaluated with a like-
lihood ratio test, the difference in −2 log-likelihood in themodels being
asymptotically Chi-square distributed with one degree of freedom.
Covariates were included if the likelihood ratio test indicated a sig-
nificant improvement in fit at the level of p <0.01. A similar approach
was taken to modelling the increase in spike antibody over time.

The molnupiravir drug effect in the viral dynamic model was
estimated with a time-varying covariate on viral decline slope39. A
further effect of slower viral decline following the endof treatmentwas
also estimated. The final multivariable model was used to simulate
different durations of treatment. A simulated dataset of 1000 partici-
pants with demographics sampled from the virology sub-study
demographic database was created. Each simulated participant was
assigned model parameters based on their demographics and sam-
pling from theparameter distribution. Thedrug effectwas increased in
daily increments with successive simulations and the probability of
virus being below the LLOQ reported for each treatment duration. This
was repeated 1000 times to generate 95% prediction intervals.

The viral and antibodymodelswere also used to extract individual
parameter estimates for each participant. These were then used to
calculate the area under the curve (AUC) from Day 0-14 using the
trapezoidal rule on Log10 transformed individualmodel predictions of
viral load and compared with individual predicted spike antibody
doubling times.

Sequence analysis
The raw fastq reads were adapted, trimmed and low-quality reads
removed using the fastp algorithm. The reads were aligned against the
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Wuhan-Hu-1 reference genome (NC_045512.2, EPI_ISL_402125) refer-
ence sequence and then the amplicon primers regions were trimmed
using the location provided in a bed file. Consensus sequences were
then called at a minimum of 30X coverage. The entire processing of
raw reads to consensus was carried out using nf-core/viralrecon
pipeline41 (https://nf-co.re/viralrecon/2.6.0). Only samples producing
genomes with at least 90% genome coverage at 10X sequencing depth
were kept for further analysis. Variant calling was done using the iVAR
algorithm42. Mapped data was also used to calculate the Shannon
entropymeasurements that are then aggregated into a single scoreper
sample, using the DiversiTools approach43.

Mutation analysis
Post-baseline mutations were calculated by subtracting baseline
mutations (nucleotide) in the additional time points per each partici-
pant, moreover lineage specific mutations were removed from the
dataset. Two databases, Pokay10 and SARS2-ResistanceDB11, were used
to investigate mutations potentially associated with immune system
escape or drug resistance to molnupiravir, respectively.

A multivariable linear regression was used to compare the max-
imum post-baseline mutation load, transitions and transversions in
each participant. The covariates in the model were: treatment group,
age, sex, log10 baseline viral load, log10 baseline spike antibody and
the comorbidities: lung, heart, kidney, liver, neurological and immune
disease, being a transplant recipient, obesity and hypertension.

Phylogenetic analysis
A multiple sequence alignment of the consensus sequences obtained
for each sample was performed using the MAFFT (Multiple Alignment
using Fast Fourier Transform) algorithm44. A phylogenetic tree was
constructed from themultiple sequence alignment using the IQ-TREE45

algorithm using automatic model selection and rapid bootstrap.
Samples were also compared with the global SARS-CoV-2 phylogeny
using the UShER algorithm46.

Viral culture
Human epithelial airway Calu-3 cells (obtained from the Francis Crick)
were grown to 50–80% confluency on 24 well plates (Corning) in
maintenance medium consisting of OptiMEM (Gibco) supplemented
with 5% FBS (Gibco), 1% penicillin/streptomycin (Thermo Fisher) and
250ng/ml amphotericin B (Invitrogen). They were then inoculated
with 100-200μL of residual swab transport media for 1–2 h at 37 °C
and 5% CO2. The inoculumwas then replaced bymaintenancemedium
and cells were maintained at 37 °C and 5% CO2 for 7 days. At interval
(Day 4–5) and endpoint (Day 7) of infection all wells were screened for
cell confluence and observable cytopathic effects (CPE) using an
inverted phase contrast microscope (Olympus CK40). The super-
natants from wells with suspected CPE were further tested for pre-
sence of SARS-CoV-2 nucleocapsid antigen by lateral flow
immunochromatography (ACON Biotech). Supernatants were col-
lected and stored at −70 °C for further culture or analysis when CPE or
cell death exceeded 50% of the well, or at the Day 7 endpoint of
infection.

A multivariable generalised linear model was used to investigate
covariates associated with the probability of samples being culture
positive in post-treatment samples (Day 6 and above). The covariates
in the model were: treatment group, age, sex, log10 baseline viral load
and spike antibody, and the comorbidities: lung, heart, kidney, liver,
neurological and immune disease, obesity and hypertension.

PCR of cultured viral supernatants
Collected frozen supernatants, as described above, were thawed and
inactivated by the addition of RNA/DNA shield (Zymo Research) prior
to RNA extraction using the QIAamp Viral RNA Mini Kit (Qiagen).
100 ng of extracted RNA from each sample was added to TaqMan™

Fast Virus 1-Step Master Mix and TaqMan™ gene expression assay
Vi07918637_s1 (Thermo Fisher Scientific) directed towards the SARS-
CoV-2 N gene, according to the manufacturer’s instruction. The qRT-
PCR was run on the StepOnePlus™ Real-Time PCR System for 5min at
50 °C followed by 20 s at 95 °C and then 40 cycles of 3 s at 95 °C
followedby30 s at 60 °C. StepOne™ Softwarewasused to generate the
Ct values shown.

Data availability
Whole genome sequencing data generated in this study have been
uploaded to the CLIMB repository (https://docs.covid19.climb.ac.uk/
accessing-data.html) and is available toGISAID. The COG-UK accession
numbers are listed in Supplementary Table 7. Additionally the
sequence data have been uploaded to the NIH BioProject no
PRJNA1066240. De-identified source data has been made available in
the source data file except where de-identification was not feasible.
Selected, further de-identified individual participant data for outcome
measures will be available on request, accompanied by a protocol
outlining hypotheses and proposed analytic methods, by contacting
the corresponding author (panoramic@phc.ox.ac.uk): requests will be
considered by a Departmental Committee. A data sharing agreement
will be required. Source data are provided with this paper.

Code availability
The viral and antibody dynamic model code is available in the Zendo
repository under accession code https://doi.org/10.5281/zenodo.
10375295
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