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This ongoing, open-label, phase 2/3 trial compared the safety and
immunogenicity of the Omicron BA.4/BA.5-containing bivalent mRNA-
1273.222 vaccine with the ancestral Wuhan-Hu-1 mRNA-1273 as booster

doses. Two groups of adults who previously received mRNA-1273 as

primary vaccination series and booster doses were enrolled in a sequential,
nonrandomized manner and received single-second boosters of mMRNA-1273
(n=376) or bivalent mMRNA-1273.222 (n = 511). Primary objectives were safety
and the noninferiority or superiority of neutralizing antibody (nAb) responses
against Omicron BA.4/BA.5 and ancestral SARS-CoV-2 with the D614G
mutation (ancestral SARS-CoV-2 (D614G)), 28 days post boost. Superiority
and noninferiority were based on prespecified success criteria (lower bounds
0f95% Cl >1and < 0.677, respectively) of the mRNA-1273.222:mRNA-1273
geometric mean ratios. Bivalent Omicron BA.4/BA.5-containing mRNA-
1273.222 elicited superior nAb responses against BA.4/BA.5 versus mRNA-1273
and noninferior responses against ancestral SARS-CoV-2 (D614G) at day 29
postboost in participants without detectable prior SARS-CoV-2 infection. Day
29 seroresponses against Omicron BA.4/BA.5 were higher for mRNA-1273.222
than for mRNA-1273 and similar against ancestral SARS-CoV-2 (D614G),

both meeting noninferiority criterion. The safety profile of mMRNA-1273.222
was similar to that previously reported for mRNA-1273 with no new safety
concerns identified. Continued monitoring of neutralization and real-world
vaccine effectiveness are needed as additional divergent-virus variants
emerge. ClinicalTrials.gov registration: NCT04927065.

Booster immunization against severe acute respiratory syndrome  variant-targeting immunization strategies and we previously evalu-
coronavirus 2 (SARS-CoV-2) improvesimmune responsesand vaccine  ated the safety and immunogenicity of an Omicron BA.1-containing
effectiveness against coronavirus disease 2019 (COVID-19) (refs.1-8).  bivalentbooster (MRNA-1273.214) (refs. 5,9-12). Neutralizing antibod-
The emergence of antigenically divergent Omicron variants required  ies correlate with protection against many viral diseases” including
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Fig.1|Enrollment and analysis populationsin the trial. a, Trial profile. Eligible
participants were sequentially enrolled as two cohorts to receive single-second
booster doses of 50 pg mRNA-1273 (enrolled during 18 February-8 March 2022)
or 50 pg mRNA-1273.222 (enrolled during 10-23 August 2022). *379 participants
were enrolled and received mRNA-1273; two participants had previously
received the primary series but not a first booster dose and another participant
had a major protocol deviation, and three were excluded from all analysis sets.
Data cutoff dates were 23 September 2022 for mRNA-1273.222 at the day 29
interim analysis and 6 July 2022 for the within-study noncontemporaneous
mRNA-1273 at the day 91interim analysis®. b, Analysis populations. The full
analysis set consisted of all participants who received study vaccine. The safety
set consisted of all participants who received study vaccine and was used for all
safety analyses except for solicited adverse reactions which were assessed in
the solicited safety set. HIV, human immunodeficiency virus. *The per-protocol
set forimmunogenicity consisted of all participants in the full analysis set who

received the planned dose of study vaccination and had antibody data available
at prebooster and day 29 and no major protocol deviations. "Seven participants
inthe mRNA-1273.222 and eight participants in the mRNA-1273 arm of the per-
protocol immunogenicity set had missing prebooster SARS-CoV-2 information.
‘Prior SARS-CoV-2infection based on positive RT-PCR and/or serology test at
prebooster baseline. “The per-protocol immunogenicity negative set (PPIS-
negative) consists of participants in the per-protocol set forimmunogenicity
(PPIS) who have no serologic or virologic evidence of SARS-CoV-2 infection

at prebooster baseline, thatis, who are SARS-CoV-2 infection negative, based
on both negative RT-PCR tests for SARS-CoV-2 and negative SARS-CoV-2
nucleocapsid antibody test, and is the primary analysis set forimmunogenicity.
Atotal of 379 participants received a second booster dose of 50 pg mRNA-1273;
two participants had previously received the primary series but not a first
booster dose, and another participant had a major protocol deviation. These
three participants were excluded from all analysis sets.

COVID-19 (refs.14,15). The Omicron BA.1 bivalent vaccine increased the
magnitude and the durability of the neutralizing antibody responses
against BA.1 compared to mRNA-1273 (refs. 5,6), and exhibited
cross-neutralization against Omicron BA.4/BA.5, BA.2.75, BQ.1.1and
XBB.1.1variants. Results fromarandomized study indicated improved
protectionagainst COVID-19 when updating the vaccine to more closely
matched circulating variants'®.

Duetotherapid SARS-CoV-2 evolution and the subsequent emer-
gence of Omicron BA.4/BA.5 variants in spring and summer of 2022,
a bivalent booster vaccine update containing the BA.4/BA.5 spike
sequence (MRNA-1273.222) was also deployed to more closely match
the dominant-circulating variant at the time. Given that the Omicron
BA.4/BA.5 vaccine update had already been recommended as the
standard-of-care”,acontemporaneous mRNA-1273 comparator group
wasnot enrolled; instead a historicalmMRNA-1273 was used to compare

the immune responses between mRNA-1273.222 and the original vac-
cine, mMRNA-1273 (refs.18,19).

Herein, we summarize the interim safety and immunogenicity
results of the mRNA-1273.222 clinical study and we include neutraliza-
tioninformation against variants that emerged after the Omicron BA.4/
BA.5wave. Rapid evaluation of variant-containing COVID-19 vaccines
isimportantas vaccine updates are likely to be further recommended
to enhance protection against COVID-19.

Results

Trial population

Between 10 and 23 August 2022, 511 participants received 50 pg of
mRNA-1273.222. These participants had previously received the pri-
mary series of 100 pg mRNA-1273 and a first booster dose of 50 pg
mRNA-1273, >3 months before enrollment (Fig. 1). Of these, 305 (59.7%)

Nature Medicine | Volume 29 | September 2023 | 2325-2333

2326


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-023-02517-y

Table 1| Demographics and study participant
characteristics, safety set

Characteristics n (%)* mRNA-1273.22250ug mRNA-1273 50 ug

N=511 N=376

Age at screening (years)

Mean (range) 50.8 (19-89) 57.6 (20-96)
Age subgroup

>18 and <65 years 406 (79.5) 226 (60.1)

>65 years 105 (20.5) 150 (39.9)
Gender

Male 195(38.2) 186 (49.5)

Female 316 (61.8) 190 (50.5)
Ethnicity

Hispanic or Latinx 58 (11.4) 37(9.8)

Not Hispanic or Latinx 448 (877) 339(90.2)

Not reported or unknown 5(1.0) 0
Race

White 426 (83.4) 322 (85.6)

Black or African American 56 (11.0) 28(7.4)

Asian 1(2.2) 16 (4.3)

American Indian or Alaska Native 1(0.2) 1(0.3)

Native Hawaiian or Other Pacific 0 1(0.3)
Islander

Multiracial 8(1.6) 2(0.5)

Other 6(1.2) 2(0.5)

Not reported or unknown 3(0.6) 4(17)

Time between second injection of MRNA-1273 in the primary series and the first
booster of MRNA-1273 (days)

n 509 374
Median 251.0 242.0
IQR (228-299) (225-260)

Time between first booster dose of mRNA-1273 and the second booster (days)

n 509 374
Median 289.0 134.0
IQR (258-312) (118-150)

Prebooster RT-PCR SARS-CoV-2

Negative 488 (95.5) 366 (97.3)

Positive 10 (2.0) 2(0.5)

Missing 13(2.5) 8(21)
Prebooster antibody to SARS-CoV-2 nucleocapsid®

Negative 226 (44.2) 276 (73.4)

Positive 282 (55.2) 100 (26.6)

Missing 3(0.6) 0
Prebooster SARS-CoV-2 status®

Negative 216 (42.3) 267 (71.0)

Positive 286 (56.0) 101(26.9)

Positive by both RT-PCR and 6(1.2) 1(0.3)

SARS-CoV-2 nucleocapsid®

Positive by RT-PCR only 4(0.8) 1(0.3)

Positive by SARS-CoV-2 276 (54.0) 99 (26.3)
nucleocapsid only®

Missing 9(1.8) 8(2.1)

*Percentages based on the number of participants in the safety set. "Elecsys assay for
binding antibody to SARS-CoV-2 nucleocapsid. °Prebooster SARS-CoV-2 status was positive
if there was evidence of prior SARS-CoV-2 infection, defined as positive binding antibody
against the SARS-CoV-2 nucleocapsid or positive RT-PCR at day 1; negative SARS-CoV-2
status was defined as negative binding antibody against the SARS-CoV-2 nucleocapsid and
a negative RT-PCR at day 1.

participants originated from the Coronavirus Efficiency (COVE) trial
and 206 (40.3%) were US vaccinees under the emergency use authoriza-
tion (EUA), respectively. Given that within the study enrollment win-
dowstheoriginal booster vaccine mRNA-1273 was no longer authorized,
we did not enroll a mRNA-1273 comparator group. Instead, we used a
within-study, noncontemporaneous mRNA-1273 group (n = 379, enroll-
ment 18 February-8 March 2022, data cutoff date of 6 July 2022 at the
day 91 interim analysis)*¢ for the immunogenicity comparison. Four
(0.8%) participants in the mRNA-1273.222 and six (1.6%) in the mRNA-
1273 groups discontinued the study.

Participant demographics and baseline characteristics are shown
in Table 1. Mean ages were 50.8 and 57.6 years, and 62% and 51% were
female in the 50 pg mRNA-1273.222 and 50 pg mRNA-1273 groups,
respectively. Most participants were White (83% and 86%),11% and 7%
were Black/African American and 11% and 10% were of Hispanic/Latinx
ethnicity in the mRNA-1273.222 and mRNA-1273 groups, respectively.
The percentages of participants with SARS-CoV-2 infection prebooster
(positive binding antibody (bAb) against nucleocapsid protein® or a
positive polymerase chain reaction with reverse transcription (RT-PCR)
test assessed at day 1) were 56% in the mRNA-1273.222 and 27% in the
mRNA-1273 groups. The median times (days (interquartile range, IQR))
were similar between second doses of mMRNA-1273 inthe primary series
andthefirstbooster of mMRNA-1273 for mRNA-1273.222 (251 (228-299))
and mRNA-1273 (242 (225-260)) groups, and were longer between
the first mRNA-1273 booster and second booster doses in the mRNA-
1273.222 (289 (258-312)) thanin the mRNA-1273 (134 (118-150)) group.

Safety

The overall safety profile of the mRNA-1273.222 booster is similar to
that of the previously described 50 pg mRNA-1273 historical group
at 28 days post booster dose*®. Median durations of follow-up days
(IQR) were 37.0 (33.0-39.0) for the mRNA-1273.222 participants and
127 (125-132) for the historical MRNA-1273 group®. Previously reported
solicited local and systemic adverse reactions within 7 days after injec-
tion for mRNA-1273 are shown in Fig. 2 for comparison with those of
mRNA-1273.222. The most frequently reported local adverse reaction
after administration of mRNA-1273.222 was injection-site pain. The
most frequent systemic reactions were fatigue, headache, myalgia
and arthralgia (Fig. 2 and Supplementary Table 4). The majority of
solicited adverse reactions were mild-to-moderate (grades 1-2) and
the most common grade 3 reactions were fatigue and myalgia; no
grade 4 reactions occurred. Median duration days (IQR) were 3 (2-4)
for local and 3 (1-5) for systemic adverse reactions and persistence
beyond7 daysoccurredin1.6% of participants for local reactions and
7.7% for systemic reactions (Supplementary Table 5). Grade 3 events
of erythema (1(0.2%)), headache (1(0.2%)) and fatigue (4 (0.8%)) per-
sisted beyond 7 days. The frequency of local and systemic adverse
reactions was 84.7% and 77.3%, respectively, in participants without
prior SARS-CoV-2 infection and 81.2% and 69.6% in those with prior
SARS-CoV-2infection.

The incidence of unsolicited adverse events regardless of the
relationship to vaccination <28 days after the booster dose of mRNA-
1273.222 was 23% (Supplementary Table 6) and similar to that reported
previously for mRNA-1273 (ref. 6); the incidence of unsolicited adverse
events considered to be related to study vaccination by the investiga-
tor was 8%. Three (0.6%) participants in the mRNA-1273.222 group
experienced serious adverse events (anginal equivalent and syncope,
anemia, fatal event of subarachnoid hemorrhage); none were con-
sidered related to study vaccination by the investigators. Medically
attended adverse events occurred in 14% of mMRNA-1273.222 partici-
pants; none were considered related to study vaccination by inves-
tigators. Two grade 3 events of fatigue, considered related to study
vaccination, were reported. No events of myocarditis or pericarditis
and no adverse events leading to study discontinuation occurred in
this interim analysis.
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Fig.2|Solicited local and systemic adverse reactions. Percentages of participants who had solicited local or systemic adverse reactions within 7 days by grade after
the 50 pg mRNA-1273.222 second booster dose (left) and mRNA-1273 historical group (right) at day 91 (ref. 6) in the solicited safety sets.

Immunogenicity

Inparticipants without evidence of prior SARS-CoV-2 infection 28 days
after the mRNA-1273.222 and mRNA-1273 booster dose, respec-
tively, the observed neutralizing antibodies (nAb), reported as geo-
metric mean titers (GMTs (95% Cl)), were 2,324.6 (1,921.2-2,812.7)
and 488.5 (427.4-558.4) against Omicron BA.4/BA.5, and 7,322.4
(6,386.2-8,395.7) and 5,651.4 (5,055.7-6,317.3) against ancestral
SARS-CoV-2 (D614G) (Fig. 3, Extended Data Fig.1and Table 2). Analy-
sis of covariance (ANCOVA)-estimated GMTs after adjusting for age
groups and prebooster titers 28 days after the mRNA-1273.222 and
mRNA-1273 booster dose, respectively, were 2,747.3 (2,399.2-3,145.9)
and 436.7 (389.1-490.0) against Omicron BA.4/BA.5 and 9,555.8
(8,593.6-10,625.7) and 4,882.2 (4,457.7-5,347.1) against ancestral
SARS-CoV-2 (D614G). The geometric mean ratio (GMR (95% CI)) against
Omicron BA.4/BA.5 was 6.29 (5.27-7.51), meeting the prespecified
superiority criterion (lower bound of the GMR 95% CI >1). The GMR
(95% CI) against ancestral SARS-CoV-2 (D614G) was 1.96 (1.70-2.25),
meeting the prespecified criterion for noninferiority. Seroresponse
rates (SRR) (change from < lower limit of quantification (LLOQ) to
>4 x LLOQ, or at least a fourfold rise if baseline 2LLOQ) compared
with the preinjection 1 baseline (95% CI) against Omicron BA.4/BA.5
were 98.1% (95.2-99.5%) for mRNA-1273.222 and 86.4% (81.6-90.3%)
for mRNA-1273, and SRR against ancestral SARS-CoV-2 (D614G) were
100% (98.3-100% and 98.6-100%) 28 days after the mRNA-1273.222 and

mRNA-1273 booster doses, respectively, with estimated differences
0f12.1(6.9-17.3) and 0, both meeting the prespecified noninferior-
ity criterion. Therefore, all primary and immunogenicity objectives
weremet (Supplementary Fig. 1). Neutralizing titers against Omicron
BA.4/BA.5 and ancestral SARS-CoV-2 (D614 G) were also consistently
higher with mRNA-1273.222 than with mRNA-1273 at day 29 among
those =65 years and 18-<65 years of age (Extended Data Fig. 2). In
participants with evidence of prior SARS-CoV-2 infection, GMTs were
higher following the mRNA-1273.222 than mRNA-1273 booster against
both Omicron BA.4/BA.5and ancestral SARS-CoV-2 (D614G) with GMRs
(95% ClI) 0f 5.11(4.10-6.36) and 1.84 (1.56-2.18), respectively (Fig. 3 and
Supplementary Table 7).

To explore whether time intervals between the first and sec-
ond booster doses influenced the post booster nAb GMTs, antibody
responses against Omicron BA.4/BA.5 and ancestral SARS-CoV-2
(D614G) across quartile time intervals for the mRNA-1273.222 and
mRNA-1273 groups were analyzed among participants with no previous
infection (Extended DataFig.3 and Supplementary Table 8). Antibody
titers did not appear to increase as the interval between prior doses
increased within each treatment group. The GMTs and geometric mean
fold-rise (GMFR) for mRNA-1273.222 increased at the day 258-289
interval, then decreased over time to 2312 days against both Omicron
BA.4/BA.5and ancestral SARS-CoV-2 (D614G). The GMTs and GMFR of
mRNA-1273 remained generally consistent as the intervals increased.
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Fig.3|nAb titers after 50 pgof mRNA-1273.222 and mRNA-1273 administered
assecond booster doses. a,b, Observed nAb titers against Omicron BA.4/BA.5
(a) and ancestral SARS-CoV-2 (D614G) (b) after 50 pg of mRNA-1273.222 and
mRNA-1273 administered as second booster doses. Pseudovirus nAb GMTs are
provided for all participants regardless of SARS-CoV-2 infection prebooster
status, and those with and without previous SARS-CoV-2 infection prebooster.
Dataare from participants with nonmissing data at the timepoint. Seven
participants in mRNA-1273.222 and eight participants in the mRNA-1273 group
were missing prebooster SARS-CoV-2 status in the per protocol immunogenicity

B RNA1273.222 50 ug

set. Antibody values reported as below the LLOQ (18.5 (1.3 in log,, scale) for
ancestral SARS-CoV-2 (D614G) and 36.7 (1.6 in log,, scale) for Omicron BA.4/BA.5)
werereplaced by 0.5 x LLOQ. Values greater than the upper limit of quantification
(ULOQ 45,118 (4.7 inlog,, scale) for ancestral SARS-CoV-2 (D614G); 13,705
(4.1inlog,, scale) for Omicron BA.4/BA.5) were replaced by the ULOQif actual
values were not available. 95% Cls were calculated based on the ¢-distribution

of thelog-transformed values for GM value, then back-transformed to the
original scale for presentation. Data for observed nAb GMTs by prior SARS-CoV-2
infection are provided in Supplementary Table 7.

Lastly, binding antibody (bAb, reported as geometric mean (GM)
levels) GM levels across Omicron BA.1, the ancestral SARS-CoV-2,
Alpha, Beta, Gamma and Delta variants were also higher following
mRNA-1273.222 than mRNA-1273 boosters, and GMRs (95% CI) ranged
from 1.75 (1.57-1.96) to 2.03 (1.81-2.27) in participants with no prior
infection (Supplementary Table 9), and GMRs (95% CI) ranged from
1.52 (1.35-1.71) to 1.79 (1.58-2.03) in participants with prior infection
(Supplementary Table 10).

Given the emergence of the Omicron BQ.1.1, XBB.1 and XBB.1.5
sublineages with the potential for immune escape, neutralization
at day 29 against these variants was assessed in exploratory analy-
ses for mRNA-1273.222 as described in the Methods (Fig. 4 and
Supplementary Table 11). In a randomly selected subset of mRNA-
1273.222 participants without prior detectable SARS-CoV-2 infection

(n=40), prebooster GMTs (95% CI) against BA.4/5, BQ.1.1, XBB.1
and XBB.1.5, respectively, were 122.8 (74.3-203.1), 31.7 (19.6-51.3),
18.1(12.0-27.1) and 15.7 (10.7-23.1); day 29 post booster GMTs were
3,355.4 (2,109.9-5,336.2), 621.9 (422.2-916.2), 222.3 (147.4-335.2)
and 298.2 (196.8-451.8) with fold-rises (95% CI) from prebooster
titers of 27.3 (15.9-47.0), 19.6 (11.7-32.8), 12.3 (7.4-20.5) and 19.0
(11.9-30.2). Neutralizing BQ.1.1, XBB.1 and XBB.1.5 titers were 5.4-,
15.1- and 11.3-fold lower than the corresponding BA.4/BA.5 titers. In
mRNA-1273.222 participants with prior infection (n = 20), prebooster
GMTs against BA.4/5, BQ.1.1, XBB.1 and XBB.1.5, respectively, were
833.7 (422.5-1645.1), 124.7 (61.4-253.2), 55.4 (28.4-108.0) and
74.1 (38.6-142.6) and the day 29 post booster GMTs were 8,871.8
(4,809.7-16,364.8),1,093.5 (536.8-2,227.9), 381.4 (198.1-734.4) and
556.2(299.1-1,034.4), with fold-rises 0f 10.6 (6.4-17.6), 8.8 (5.0-15.5),
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Table 2 | Primary immunogenicity analysis of Omicron BA.4/BA.5 and ancestral SARS-CoV-2 (D614G) after 50 ug of mRNA-
1273.222 and mRNA-1273 administered as second booster doses in participants with no prior SARS-CoV-2 infection

Ancestral SARS-CoV-2 (D614G) Omicron BA.4/BA.5
50 ug mRNA-1273.222 50 ug mRNA-1273 50 pg MRNA-1273.222 50 g mRNA-1273
booster dose booster dose booster dose booster dose
N=209 N=259 N=209 N=259
Prebooster n* 209 259 209 259
Observed GMT (95% CI)° 796.9 (678.7-935.8) 1,515.4 (1347.5-1704.2) 87.9 (72.2-107.1) 136.1(116.3-159.3)
Day 29, n® 209 259 209 259
Observed GMT (95% CI)° 7,322.4 (6,386.2-8,395.7) 5,651.4 (5055.7-6317.3) 2,324.6 (1,921.2-2,812.7) 488.5 (427.4-558.4)
GMFR (95% CI)° 9.2 (7.9-10.6) 3.7(3.4-41) 26.4 (22.0-31.9) 3.6(3.3-4.0)
Estimated GMT (95% CI)° 9,5655.8 (8,593.6-10,625.7) 4,882.2 (4,457.7-5,3471) 2,747.3 (2,399.2-3,145.9) 436.7 (389.1-490.0)
GMR (95% CI)>¢ 1.96 (1.70-2.25) 6.29 (5.27-7.51)°

Day 29 SRR, injection 1, n/N1, %'

209/209, 100

259/259, 100

205/2009, 98.1

222/257, 86.4

(95% ClI) (98.3-100.0) (98.6-100.0) (95.2-99.5) (81.6-90.3)
Difference (95% Cl)%¢ 0 12.1(6.9-17.3)

Day 29 SRR, prebooster, n/N1, % 168/209, 80.4 111/259, 42.9 190/209, 90.9 98/259, 37.8
(95% Cl) (74.3-85.5) (36.7-49.1) (86.2-94.4) (31.9-44.0)
Difference (95% Cl)*9 37.3(29.0-45.6) 53.9 (46.7-61.2)

Antibody values assessed by pseudovirus neutralizing antibody assay reported as below the LLOQ (18.5 for ancestral SARS-CoV-2 (D614G) and 36.7 for Omicron BA.4/BA.5) are replaced

by 0.5xLLOQ. Values greater than ULOQ (45,118 for ancestral SARS-CoV-2 (D614G) and 13,705 for Omicron BA.4/BA.5) are replaced by the ULOQ if actual values are not available. Includes
participants with no prior SARS-CoV-2 infection, primary analysis set. N1=Number of participants with nonmissing data at baseline (prebooster) and the corresponding post baseline
timepoint. °Number of participants with nonmissing data at the timepoint (prebooster baseline or post baseline). "GMT, GM FR of nAb at day 29 post baseline timepoint over predose day 1 with
corresponding 95% Cl based on the t-distribution of log-transformed values or difference in the log-transformed values for GMT value and GMT fold-rise, respectively, then back-transformed
to the original scale. °Log-transformed antibody levels are analyzed using an ANCOVA model with the treatment variable as fixed effect, adjusting for age group (<65, 265 years) and prebooster
titers. The resulting least squares (LS) means, difference of LS means and 95% Cl are back-transformed to the original scale. “95% Cl was calculated by stratified Miettinen-Nurminen method
adjusted by age group. °Exceeded noninferiority criteria and met superiority criteria including lower bound Cl>1and testing sequence. ‘Seroresponse at a participant level defined as a change
from <LLOQ to 24xLLOQ, or at least a fourfold rise if baseline (preinjection 1/prebooster is 2LLOQ; comparison to preinjection 1/prebooster baselines as indicated. Percentages were based on
the number of participants with nonmissing data at baseline and the corresponding timepoint, 95% Cl was calculated using the Clopper-Pearson method. 9The SRR difference is a calculated
common risk difference using inverse-variance stratum weights and the middle point of Miettinen-Nurminen confidence limits of each one of the stratum risk differences. The stratified
Miettinen-Nurminen estimate and the Cl cannot be calculated when the SRR in both groups is 100%, absolute difference is reported.

6.9 (4.0-11.7) and 7.5 (4.5-12.6) from prebooster titers. The BQ.1.1,
XBB.1and XBB.1.5nAb titers were 8.1-,23.3-and 16.0-fold lower than
the corresponding BA.4/BA.5 titers.

Incidence of SARS-CoV-2 infections

In mRNA-1273.222 participants starting 14 days post booster regard-
less of prebooster SARS-CoV-2 infection status, 17 (3.3%) SARS-CoV-2
infections occurred with nine (1.8%) asymptomatic infections and eight
(1.6%) symptomatic COVID-19 events, per the CDC definition,and were
comparabletoincidences previously reported for 50 pg mRNA-1273 as
wellas foran Omicron BA.1bivalent booster vaccine (mMRNA-1273.214)
(Supplementary Table 12)*°. There were no emergency room visits or
hospitalizations due to these COVID-19 events.

Discussion

The rapid evolution of antigenically divergent SARS-CoV-2 variants
precipitated development of booster immunizations to maintain
protection against COVID-19 and regulatory agencies have author-
ized variant-containing bivalent booster vaccines globally’ . Given
the pace of viral evolution and need for agility, regulatory agencies
authorized Omicron BA.4/BA.5 bivalent boosters based on BA.1 biva-
lent vaccine clinical trial data®® and BA.4/BA.5 bivalent vaccine animal
study information available at the time. The present study provides key
clinical safety and immunogenicity data which supportauthorization
ofthe Omicron BA.4/BA.5bivalentbooster mRNA-1273.222. The rapid
manufacturing and deployment of this vaccine, within months, isin
response to the speed with which SARS-CoV-2 variants of consequence
(BA.4/BA.5) spread and demonstrates that flexible vaccine platforms,
suchasmRNA, are animportant tool as divergent SARS-CoV-2 variants
continue to emerge.

The 50 pg bivalent vaccine mRNA-1273.222 elicited higher BA.4/
BA.5 neutralizing antibody responses compared to the original 50 pg
mRNA-1273 28 days after the booster dose, in participants with and
without evidence of SARS-CoV-2 infection on the day of the booster
dose. Additionally, mRNA-1273.222 exhibited cross-neutralization
against divergent variants which are not contained in the vaccine, such
asBQ.1.1, XBB.1and XBB.1.5, although the antibody titers for these vari-
ants were lower compared to BA.4/BA.5. These results are consistent
with cross-neutralization observed after the BA.1-Omicron-containing
mRNA-1273.214 bivalent vaccine dose as titers against Omicron BA.4/
BA.5, BQ.1.1 and XBB.1 were lower compared to the matched BA.1
variant in the mRNA-1273.214 vaccine®. Results from a randomized,
active-controlled clinical trial comparing an Omicron BA.1-containing
booster vaccine with mRNA-1273, suggest a trend towards improved
vaccine efficacy with the variant-containing booster, particularly when
the variantis more closely antigenically matched to the variantin the
vaccine'. The mechanism of immune responses elicited by bivalent
boosters is yet to be elucidated. Studies suggest that immunization
with Omicron-containing vaccines elicits new germinal centers and
denovoBcell populations that likely contribute to enhanced neutrali-
zation, and that pre-existing T cellimmune responses also contribute
toimmune responses to SARS-CoV-2 variants’?.

Our interim results also indicate that the incidence of adverse
reactions with the Omicron BA.4/BA.5-containing bivalent booster
mRNA-1273.222 was similar to that of prior doses of mRNA-1273
(refs.1,23,24), with no increased reactogenicity in participants with
evidence of SARS-CoV-2 infection at prebooster. The mRNA-1273.222
safety information together with the previously reported 3-month
safety follow-up onthe BA.1bivalent booster mRNA-1273.214 (refs. 5,6),
add tothe evaluation of the safety profile of Omicron-targeting bivalent
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Fig.4 | nAb titers against Omicron variants after 50 pgof mRNA-1273.222
administered as asecond booster dose by prior SARS-CoV-2 infection
status at prebooster. Prebooster and day 29 nAb titers (log,,) against Omicron
BA.4/BA.5,BQ.1.1, XBB.1and XBB.1.5 variants in randomly selected subsets of
participants in the mRNA-1273.222 booster group with (n = 20) and without
(n=40) prior SARS-CoV-2infection. Prebooster and day 29 geometric mean
titers and geometric mean fold-rises from baseline (X) are displayed above the
corresponding data points. Antibody values reported as below the LLOQ
(18.5(1.3inlog,, scale) for ancestral SARS-CoV-2 (D614G) and 36.7 (1.6 in log,,

scale) for Omicron BA.4/BA.5) were replaced by 0.5 x LLOQ. Values greater than
the ULOQ (45,118 (4.7 in log,, scale) for ancestral SARS-CoV-2 (D614G); 13,705
(4.1inlog,, scale) for Omicron BA.4/BA.5) were replaced by the ULOQ if actual
values were not available. The limit of detection (LOD) of the pseudovirus nAb
assay for BQ.1.1, XBB.1and XBB.1.5 was 10; antibody values reported as below the
LOD arereplaced by 0.5 x LOD. Boxes and horizontal bars denote IQR and median
endpoint titers; whisker endpoints are the maximum and minimum values below
or above the median +1.5 times the IQR.

vaccines which appear to be similar to that of the original mRNA-1273
vaccine, and suggest that safety is consistent for mRNA-1273 vaccines
regardless of the bivalent variant modification. Longer-term evalua-
tion of the safety of mRNA-1273.222 continues in this ongoing study.
Limitations include that the study was not randomized. Given
that the Omicron BA.4/BA.5 vaccine update had already been recom-
mended as the standard-of-care”, a contemporaneous mRNA-1273
comparator group was not enrolled; instead a historical mRNA-1273
was used to compare theimmune responses between mRNA-1273.222
and mRNA-1273 (ref. 18). Although under such circumstances, use of
a historical comparator evaluated using the same immunogenicity
assay is advised by the regulatory guidance”, differences between
the two vaccine groups limit the interpretation of our results despite
model-adjusting the neutralizing antibody responses to account
for potential confounding factors. The different intervals between
prior booster doses and the likelihood that prebooster infections
were caused by different circulating variants during the enrollment
times between the two groups (Supplementary Fig. 2) could have a
distinct impact on the development of immune responses in each
group. We used the antinucleocapsid antibody test to assess previous
SARS-CoV-2 infection and although a vaccine-induced reduction in
seroconversion is possible when using this test>?*, the distinction
between uninfected and infected persons is becoming less relevant
given that the majority of the global population has been infected
with SARS-CoV-2, with seroprevalenceincreases from16%in February
2021t0 67% by October 2021 (ref. 27). Overall seroprevalence rates in
high-income countries through March 2022 were 95.9% (92.3-97.8%)
inEurope and 99.8% (99.7-99.9%) in the Americas from 4.3% (3.4-5.5%)
and 3.6% (2.5-5.2%), respectively inJune 2020 (ref. 28). mRNA-1273.222
antibody responses against BQ.1.1, XBB.1and XBB.1.5 were assessed in
subgroups and at only day 29 post booster to enable rapid evaluation,

and responses were not assessed for mMRNA-1273 as use of thisbooster
has been withdrawn. XBB lineage variants subsequent to XBB.1 and
XBB.1.5 (for example XBB.1.16) are antigenically similar to XBB.1.5
and neutralization was not assessed separately®?>*°, Lastly, this study
was not designed to evaluate vaccine effectiveness and while the low
number of COVID-19 events post boost precludes an interpretation
of efficacy, theincidences are similar to those previously reported for
Omicron BA.1 bivalent and original vaccine groups (Supplementary
Table 12)*¢, and to randomized relative vaccine efficacy trials as well
asreal-world vaccine effectiveness data®'****,

In conclusion, given that SAS-CoV-2 variants are most likely to
continue to emerge, our study provides a model for rapid clinical
evaluation of a COVID-19 vaccine when a booster update and deploy-
ment is needed. Our results indicate that the Omicron BA.4/BA.5
bivalent mRNA-1273.222 vaccine increased neutralizing antibody
responses against Omicron variants, with no new safety concerns
compared to the original vaccine mRNA-1273. Continuous monitoring
of cross-neutralization and vaccine effectiveness are needed to ensure
updated vaccination strategies against COVID-19.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
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Methods
Study design
Thisis an open-label, ongoing, phase 2/3 study to evaluate the immu-
nogenicity, safety and reactogenicity of various modified mRNA-1273
vaccine candidates against COVID-19 administered as boosters (mRNA-
1273.211 (Part A.1), mRNA-1273 (Part B), mRNA-1273.617.2 (Part C),
mRNA-1273.213 (Parts D and E), mRNA-1273.529 (Part F), mRNA-123.214
(Part G and Part A.2) and mRNA-1273.222 (Part H) vaccines; clintrials.
gov NCT04927065). Part H interim results are reported here. Part H
evaluates the safety, reactogenicity and immunogenicity of the biva-
lent Omicron BA.4/BA.5-containing mRNA-1273.222 (25 pg each of
two mRNAs encoding the ancestral SARS-CoV-2 (Wuhan) and Omicron
variant (BA.4/BA.5) spike sequences) booster vaccine compared to the
currently authorized mRNA-1273 booster in adults who had previously
received a two-injection primary series (100 pg) and first booster
doses (50 pg) of mRNA-1273 in the COVE trial”*** or under USEUA. The
noncontemporaneous mRNA-1273 group®® serves as a within-study
comparator for the prespecifiedimmunogenicity comparison between
mRNA-1273.222 and mRNA-1273 given that enrollment with the original
vaccine mRNA-1273 was no longer feasible after the US FDA recommen-
dation and authorization of bivalent booster vaccines's"**..
Participants were enrolled inasequential, nonrandomized manner
andreceived single-second boosters of the within-study noncontempo-
raneous 50 pg mRNA-1273 (enrolled between 18 February and 8 March
2022) or 50 pg bivalent mRNA-1273.222 (enrolled between 10 August
and 23 August2022). Dataare reported for the mRNA-1273 group (Part
F, cohort 2) based on the data cutoff date of 6 July 2022 at the day 91
interim analysis®, and for mRNA-1273.222 (Part H) based on the 29-day
interim analysis data cutoff date of 23 September 2022.

Trial registration

Thestudy protocol was approved by the Institutional Review Board on
26 May 2021, and enrollment in part A of the study was initiated on 28
May 2021, before the trial posting date of 14 June 2021 on the clintrials.
gov registration website as we were emergently advancing COVID-19
booster vaccine candidates to combat the SARS-CoV-2 pandemic (the
objective of this trial). Nonetheless, the trial was registered within
21 days after the first participant was enrolled, compliant per clinical-
trials.gov guidance (https://clinicaltrials.gov/ct2/manage-recs/fdaaa).
Additionally, in parts F and H of the study presented in this manu-
script, the 890 participants were enrolled during 10-23 August 2022
formRNA-1273.222 (Part H) and during 18 February-8 March 2022 (Part
F, cohort 2) for mRNA-1273. Moderna received EUA and/or approvals
of booster vaccine mRNA-1273 50 pg and bivalent booster candidates
mRNA-1273.214 by regulatory agencies" as well as for mRNA-1273.222
presented in this part (H) of the trial™®.

Thetrialisbeing conducted across 23 USssites, inaccordance with
the International Council for Harmonisation of Technical Requirements
for Registration of Pharmaceuticals for Human Use, Good Clinical
Practice guidelines. The central Institutional Review Board (Advarra,
Inc., 6100 Merriweather Drive, Columbia, MD 21044) approved the
protocol and consent forms. All participants provided written informed
consent. The study was funded by the sponsor, Moderna, Inc. and
was involved in the study design as well as the collection, analysis and
interpretation of the data.

Participants

Adults with aknown history of SARS-CoV-2 infection <3 months from
screening were excluded. Additional inclusion/exclusion criteria spe-
cific to Part H participant eligibility include:

Inclusion criteria. Each participant must meet all of the following
criteriato be enrolled in this study:

(1) Male or female, at least 18 years of age at the time of consent
(Screening Visit).

(2) Investigator’s assessment that participant understands and is
willing and physically able to comply with protocol-mandated
follow-up, including all procedures.

(3) Participant has provided written informed consent for partici-
pation in this study, including all evaluations and procedures as
specified in this protocol.

(4) Female participants of nonchildbearing potential may be en-
rolled in the study.
Nonchildbearing potential is defined as surgically sterile
(history of bilateral tubal ligation, bilateral oophorectomy,
hysterectomy) or postmenopausal (defined as amenorrhea
for >12 consecutive months before Screening (day 0) without
an alternative medical cause). A follicle-stimulating hormone
level may be measured at the discretion of the investigator to
confirm postmenopausal status.

Female participants of childbearing potential may be

enrolled in the study if the participant fulfills all of the

following criteria:

§

~

- Hasanegative pregnancy test on the day of vaccination (day 1)
« Has practiced adequate contraception or has abstained
from all activities that could result in pregnancy for at least
28 days before day 1
» Hasagreed to continue adequate contraception through
3 months following vaccination
« Isnotcurrently breastfeeding

(Adequate female contraception is defined as consistent and correct
use of aFood and Drug Administration-approved contraceptive method
inaccordance with the product label)

(6) Participant must have been either previously enrolled in the
phase 3 mMRNA-1273 COVE trial**?**, must have received two dos-
es of mMRNA-1273 in that study, with his/her second dose at least
6 months before enrollment in this study, and must be currently
enrolled and compliant in that study (that is, has not withdrawn
or discontinued early); or participant must have received two
doses of mRNA-1273 under the EUA with their second dose at
least 6 months before enrollment in this study; or have received
atwo-dose primary series of mRNA-1273 followed by a 50 pg
booster dose of mMRNA-1273 in the mRNA-1273 COVE trial or
under EUA at least 3 months before enrollment this study; and
able to provide proof of vaccination status at the time of screen-
ing (day 1).

Exclusion criteria. Participants meeting any of the following criteria
at the Screening Visit, unless noted otherwise, will be excluded from
the study:

(1) Had substantial exposure to someone with SARS-CoV-2 infec-
tion or coronavirus disease 2019 (COVID-19) in the past 14 days,
as defined by the CDC as a close contact of someone who has
COVID-19).

(2) Hasknown history of SARS-CoV-2 infection within 3 months
before enrollment.

(3) Isacutelyill or febrile (temperature >38.0 °C (100.4 °F)) less
than 72 hours before or at the Screening Visit or day 1. Partici-
pants meeting this criterion may be rescheduled and will retain
their initially assigned participant number.

(4) Currently has symptomatic acute or unstable chronic disease
requiring medical or surgical care, to include substantial
change in therapy or hospitalization for worsening disease, at
the discretion of the investigator.

(5) Hasamedical, psychiatric or occupational condition that may
pose additional risk as a result of participation, or that could
interfere with safety assessments or interpretation of results
according to the investigator’s judgment.
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(6) Hasacurrent or previous diagnosis of immunocompromis-
ing condition to include human immunodeficiency virus,
immune-mediated disease requiring immunosuppressive treat-
ment or other immunosuppressive condition.

(7) Hasreceived systemic immunosuppressants or
immune-modifying drugs for >14 days in total within 6 months
before Screening (for corticosteroids =10 mg day™ of pred-
nisone equivalent) or is anticipating the need for immunosup-
pressive treatment at any time during participation in the study.

(8) Has known or suspected allergy or history of anaphylaxis,
urticaria or other important adverse reaction to the vaccine or
its excipients.

(9) Hasadocumented history of myocarditis or pericarditis within
2 months before Screening Visit (day 0).

(10) Coagulopathy or bleeding disorder considered a contraindica-
tion to intramuscular (IM) injection or phlebotomy.

(11) Hasreceived or plans to receive any licensed vaccine <28 days
before the injection (day 1) or a licensed vaccine within 28 days
before or after the study injection, with the exception of
influenza vaccines, which may be given 14 days before or after
receipt of a study vaccine.

(12) Has received systemic immunoglobulins or blood products
within 3 months before the Screening Visit (day 0) or plans for
receipt during the study.

(13) Has donated >450 ml of blood products within 28 days before
the Screening Visit or plans to donate blood products during
the study.

(14) Plans to participate in an interventional clinical trial of an inves-
tigational vaccine or drug while participating in this study.

(15) Is animmediate family member or household member of study
personnel, study site staff or sponsor personnel.

(16) Is currently experiencing an SAE in COVE trial at the time of
screening for this study.

Trial vaccine

The bivalent mRNA-1273.222 50 pg vaccine contains equal amounts
of two mRNAs (25 pg of each mRNA sequence) that encode the
prefusion-stabilized spike glycoproteins of the ancestral SARS-CoV-2
(Wuhan-Hu-1) and the Omicron variants (BA.4 and BA.5 have iden-
tical sequences and are designated as BA.4/BA.5). The monovalent
mRNA-1273 50 pg original (Moderna COVID-19) vaccine)*?** contains
asingle mRNA sequence encoding the spike glycoprotein of ancestral
SARS-CoV-2 (Wuhan-Hu-1). Inboth vaccines, mRNAs are encapsulated
in lipid nanoparticles as described previously®. The booster doses of
mRNA-1273.222 and mRNA-1273 were administered by IMinjection at
doses of 50 pg of mRNAina 0.5 ml volume.

Safety assessment

The primary safety objective was to evaluate the safety and reactogenic-
ity of 50 pg mRNA-1273.222 when administered as a second booster
dose. Safety assessments included solicited local and systemic adverse
reactions <7 days and unsolicited adverse events <28 days post booster
administration, and serious adverse events, adverse events leading to
discontinuation from study vaccine and/or participation, medically
attended adverse events and adverse events of special interest from
day1through the entire study period (-6 months).

Immunogenicity assessment

Immunogenicity objectives and endpoints. The prespecified pri-
maryimmunogenicity objectives (Supplementary Table 1and Supple-
mentary Fig. 1) were to demonstrate noninferior nAb or superior nAb
responses against Omicron BA.4/BA.5 and noninferior nAb responses
against ancestral SARS-CoV-2 with the D614G mutation (ancestral
SARS-CoV-2 (D614G)), 28 days after the second booster dose (day 29)

of mRNA-1273.222 50 pg compared with mRNA-1273 50-pg (Statistical
Analysis). Noninferiority objectives were based on endpoints of GMR
and SRR differences and those for superiority were based on GMR.
nAb GMTs at inhibitory dilutions 50% (IDs,) were assessed using
validated SARS-CoV-2 spike-pseudotyped lentivirus neutralization
assays against pseudoviruses containing the SARS-CoV-2 full-length
spike proteins of ancestral SARS-CoV-2 (D614G), or Omicron vari-
ants BA.4/BA.5, BQ.1.1and XBB.1 variants. GM levels of spike-binding
antibody (bAb) were also assessed using an (Meso Scale Discovery
(MSD)) assay against ancestral SARS-CoV-2 (D614G), Gamma (P.1),
Alpha (B.1.1.7), Delta [B.1.617.2; AY.4] and Omicron (BA.1) variants.

Immunogenicity assays. SARS-CoV-2 spike-pseudotyped virus
neutralization assay. SARS-CoV-2 nAbin samples were assessed using
avalidated SARS-CoV-2 spike (S)-pseudotyped virus neutralization
assay (PsVNA) in 293/ACE2 cells. The PsVNA quantifies nAb using
lentivirus particles that express full-length spike proteins on their
surface, and contain afirefly luciferase reporter gene for quantitative
measurements of infection in transduced 293T cells expressing high
levels of ACE2 (293T/ACE2 cells) by relative luminescence units (RLU).
Serial dilution of antibodies was used to produce a dose-response
curve. Neutralization was measured as the serum dilution at which
RLU was reduced by 50% (IDs,) relative to mean RLU in virus control
wells (cells + virus but no sample) after subtraction of mean RLU in
cell control wells (cells only). Positive controls were included on each
assay plate to follow stability over time.

The spike-pseudotyped viruses were derived from ancestral
Wuhan-Hu-1with the following amino acid substitutions: (prototype
(D614G); Omicron subvariants BA.4 and BA.5 (designated BA.4/BA.5
foridentical spike sequences between BA.4 and BA.5(T191, L.24S, AP25,
AP26,AA27,G142D, V213G, G339D, S371F,S373P, S375F, T376A, D405N,
R408S, K417N, N440K, L452R, S477N, T478K, E484A, F486V, Q498R,
N501Y, Y505H, D614G, H655Y, N679K, P681G, N764K, D796Y, Q954H,
N969K])); Omicron subvariant BQ.1.1(T191, L24S, AP25, AP26, AA27,
H69-,V70-, G142D, V213G, G339D, R346T, S371F, S373P, S375F, T376A,
D405N, R408S, K417N, N440K, K444T,L452R, N460K, S477N, T478K,
E484A, F486V, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H,
N764K, D796Y,Q954H, N969K); Omicron subvariant XBB.1(T191, L24S,
AP25,AP26,AA27,V83A, G142D, Y145Q, AH146, Q183E, V213E, G252V,
G339H, R346T, L368lI, S371F, S373P, S375F, T376A, D405N, R408S,
K417N, N440K, V445P, G446S, N460K, S477N, T478K, E484A, F486S,
F490S, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K,
D796Y, Q954H, N969K)).

SARS-CoV-2 MSD assay. The validated MSD assay (SARSCOV2S2P
(VAC123); https://www.mesoscale.com/products/v-plex-sars-cov-2-
panel-24-igg-kit-k15575u/) uses anindirect, quantitative, electrochemi-
luminescence method to detect SARS-CoV-2 binding IgG antibodies
that bind to the SARS-CoV-2 full-length spike protein (Wuhan-Hu-1
ancestral SARS-CoV-2; beta (B.1.351) with the following amino acid
changes in the spike protein (L18F, DS8OA, D215G, A242-244, R246l,
K417N, E484K,N501Y,D614G and A701V); Alpha (B.1.1.7) with the follow-
ingamino acid changesin the spike protein (AH69-V70, AY144, N501Y,
A570D, D614G, P681H, T7611, S982A and D1118H); Gamma (P.1) with the
following amino acid changes in the spike protein (L18F, T20N, P26S,
D138Y,R190S,K417T, E484K,N501Y, D614G, H655Y, T10271 and V1176F));
Delta (B.1.617.2; AY.4; Alt Seq 2) with the following amino acid changes
inthe spike protein (T19R, T951, G142D, A156/157,R158G, L452R, T478K,
D614G, P681R and D950N)); Omicron (B.1.1.529; BA.1) with the following
aminoacid changesinthe spike protein (A67V, AH69-V70, T951, G142D,
A143-145, A211/1.2121, ins214EPE, G339D, S371L, S373P, S375F, K417N,
N440K, G446S,S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y,
Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, D796Y, N856K,
Q954H,N969K and L981F)) in human serum. The assay was performed
by PPD (Thermo Fisher Scientific Vaccines Laboratory Services).
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Theassay is based on MSD technology which employs capture molecule
MULTI-SPOT microtiter plates fitted with a series of electrodes.

Incidence of SARS-CoV-2 infections

Theincidence of symptomatic and asymptomatic SARS-CoV-2 infection
was an exploratory objective (Supplementary Table 1). Vaccine effec-
tiveness was not assessed in this trial, but COVID-19 and SARS-CoV-2
infection were actively surveilled through weekly contact and blood
draws. SARS-CoV-2infectionisacombination of symptomaticinfection
(COVID-19) and asymptomatic SARS-CoV-2 infection for participants
with negative SARS-CoV-2 status prebooster. Symptomatic infection
was evaluated using the primary case definition in the COVE study***°
and a secondary case definition based on the Centers for Disease
Control and Prevention (CDC) criteria”. Asymptomatic SARS-CoV-2
infection was defined as a positive RT-PCR test or a positive serologic
test for antinucleocapsid antibody after a negative test at the time of
enrollment, in the absence of symptoms.

Statistical analysis

Statistical analysis populations are detailed in Supplementary Table 2
and Fig. 1b. Safety was evaluated in the safety set consisting of all par-
ticipantswho received mRNA-1273.222 and solicited adverse reactions
in all participants and by prebooster SARS-CoV-2 infection status in
the solicited safety set using the same methodology as described for
the safety evaluation of the 50 pg mRNA-1273 comparator group®®.
The per-protocol immunogenicity set consists of all participants
who received the planned booster doses, had prebooster and day
29 antibody data available and no major protocol deviations. Pri-
mary immunogenicity objectives were assessed in the per-protocol
immunogenicity-SARS-CoV-2-negative set (primary analysis set), those
participants without evidence of prior SARS-CoV-2 infection (negative
RT-PCRand negative binding antibody against SARS-CoV-2 nucleocap-
sid at prebooster day1). Analyses were also performed in participants
who had evidence of SARS-CoV-2infection prebooster (positive bind-
ing antibody against SARS-CoV-2 nucleocapsid or positive RT-PCR at
booster day1).

Immunogenicity analysis. The primary immunogenicity objectives
were evaluated using a prespecified hierarchical approach which com-
pared 50 pg mRNA-1273.222 to 50 pg mRNA-1273 (active control arm
in part F, Cohort 2) as second booster doses (Supplementary Fig. 1).
For the primary objective onimmune response, five hypotheses were
specified to be evaluated at day 29 post booster (online protocol and
SAP and Supplementary Fig. 1). Interim analysis results for the day 29
hypotheses are presented in this report. Below are the five hypotheses
for day 29:

(1) 50 pg mRNA-1273.222, as a second booster dose, against Omi-
cron BA.4/5 is noninferior to the second booster dose of (50 pg)
mRNA-1273 against Omicron BA.4/5 based on the GMT ratio of
mRNA-1273.222 against Omicron BA.4/5 at Day 29 compared to
mRNA-1273 against Omicron BA.4/5 at Day 29 with a noninferi-
ority margin of 1.5.

(2) 50 pg mRNA-1273.222, as a second booster dose, against Omi-
cron BA.4/5 is noninferior to the second booster dose of (50 pg)
mRNA-1273 against Omicron BA.4/5 based on the difference in
SRR at Day 29 with a noninferiority margin, if

« thelowerbound ofthe 95% Cl of the SRR difference (50 pig mRNA-
1273.222 against Omicron BA.4/5 at Day 29 - 50 pg mRNA-1273
against Omicron BA.4/5at Day 29) is >-5%, then the noninferiority
of mMRNA-1273.222 against Omicron BA. 4/5 compared to that of
mRNA-1273 is demonstrated based on a noninferiority margin
of 5%.

« the lower bound of the 95% Cl of the seroresponse difference
(50 pg mRNA-1273.222 against Omicron BA.4/5 at day 29 - 50 pg

mRNA-1273 against Omicron BA.4/5 at day 29) is >-10% but <-5%,
then noninferiority of mMRNA-1273.222 against Omicron BA. 4/5
compared tothat of mRNA-1273 is demonstrated based onanon-
inferiority margin of 10%.

(3) 50 pg mRNA-1273.222, as a second booster dose, against the an-
cestral SARS-CoV-2 D614G is noninferior to the second booster
dose of (50 pg) mRNA-1273 against the ancestral SARS-CoV-2
D614G based on the GMT ratio of mRNA-1273.222 against the
ancestral SARS-CoV-2 D614G at day 29 compared to mRNA-1273
against the ancestral SARS-CoV-2 D614G at day 29 with a nonin-
feriority margin of 1.5.

(4) 50 pg mRNA-1273.222, as a second booster dose, against the an-
cestral SARS-CoV-2 D614G is noninferior to the second booster
dose of (50 pg) mRNA-1273 against ancestral SARS-CoV-2 D614G
based on the difference in SRR at day 29 with a noninferiority
margin of 10%.

(5) 50 pg mRNA-1273.222, as a second booster dose, against the
Omicron BA.4/BA.5 is superior to the second booster dose of
(50 pg) mRNA-1273 against Omicron BA.4/BA.5 day 29.

The primary immunogenicity objectives were assessed in the
per-protocol immunogenicity-SARS-CoV-2-negative set with a tar-
get enrollment of approximately 500 participants for 50 pg mRNA-
1273.222. Assuming 40% of participants were excluded from the
per-protocol immunogenicity-SARS-CoV-2-negative set (due to
a SARS-CoV-2 infection prebooster), with approximately 300 par-
ticipants in the 50 pg mRNA-1273.222 and 260 participants in the
50 pg mRNA-1273 (Part F, Cohort 2-50 pg mRNA-1273) arms in the
per-protocol immunogenicity-SARS-CoV-2-negative set, there is
approximately 60% power to demonstrate the primary immuno-
genicity objectives with an alpha of 0.05 (two-sided) at day 29. The
assumptions were that the true GMR (mRNA-1273.222 second booster
versus mRNA-1273 second booster) against Omicron BA.4/5is1.5, GMR
(mRNA-1273.222 second booster versus mRNA-1273 second booster)
against ancestral SARS-CoV-2 D614G is 1, the standard deviation of
thelog-transformed titer is 1.5 and the noninferiority margin for GMR
is 1.5. The true SRR against Omicron BA.4/5 after mRNA-1273.222 as a
second booster dose is 95% (same assumption for 50 ug mRNA-1273),
and noninferiority margin for SRR difference against Omicron BA.4/5
is 5%. The true SRR against ancestral SARS-CoV-2 D614G after mRNA-
1273.222 as asecond booster dose is 95% (same assumption for 50 pg
mRNA-1273), and the noninferiority margin for SRR difference against
ancestral SARS-CoV-2D614Gis 10%.

For the primary immunogenicity objective, aninterim analysis was
planned at day 29 with atwo-sided alpha (0.05) allocated forimmuno-
genicity hypothesis testing. The primary immunogenicity objective
was considered met for noninferiority when the lower bound of the
95 Clof the GMR was >0.667 and the SRR difference is >-10%. Superior-
ity was considered met when the lower bound of the 95 Cl of GMR is >1.
These noninferiority and superiority criteria were chosen based on
FDA guidelines'®*. Day 29 interim analysis results are presented. The
within-study noncontemporaneous mRNA-1273 comparator group
(Part F, cohort 2) was enrolled during 18 February-8 March 2022 and
data for this group, based on the data cutoff date of 6 July 2022 at the
day 91 interim analysis, is used for the immunogenicity comparison.
The superiority of the antibody response against Omicron BA.4/BA.5
after a second booster dose of 50 pg mRNA-1273.222 compared with
50 pg mRNA-1273 was evaluated only after meeting noninferiority
criteria for the four primary objectives®: noninferiority of the antibody
response against BA.4/BA.5 after the second booster doses of 50 pug
mRNA-1273.222 versus 50 pug mRNA-1273 based on GMR (1) and SRR
difference (2), and noninferiority of the antibody response against
ancestral SARS-CoV-2 (D614G) after the second booster doses of 50 ug
mRNA-1273.222 versus 50 pg mRNA-1273 based on GMR (3) and SRR
difference (4).
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Observed GMTs (95% Cl) using t-distribution of log-transformed
antibody titers are presented. Differences in antibody responses
between the mRNA-1273.222 and mRNA-1273 groups were assessed
using an analysis of covariance (ANCOVA) model (antibody titers post
booster as dependent variable, group variable mRNA-1273.222 and
mRNA-1273 as the fixed effect) adjusted for age groups (<65, 265 years)
and prebooster antibody titers. The GMTs (95% Cl) estimated by the
geometricleast squares mean fromthe model and differencesin anti-
body responses (GMR) between groups estimated by the ratio of geo-
metric least mean square (95% Cls) are provided. The 95% CI for GMR
was used to assess the between-group difference in antibody responses.

Seroresponse is defined as >4 x lower limit of quantification
(LLOQ) for those with baseline <LLOQ; >fourfold rise for those baseline
>LLOQ. Seroresponse was derived based on prevaccination (preinjec-
tion 1 of the primary series) and prebooster baselines Seroresponse,
based on change (fold-rise) from preinjection 1 of the primary series,
was considered the primary approach for seroresponse. For partici-
pants without preinjection1antibody titer information, seroresponse
was defined as >4x LLOQ for those with negative SARS-CoV-2 status at
preinjection1of the primary series, and antibody titers were imputed
as<LLOQatpreinjection1of primary series. For participants who were
without SARS-CoV-2 statusinformation at preinjection1of the primary
series, their prebooster SARS-CoV-2 status was used to impute their
SARS-CoV-2 status at preinjection 1.

The SRR of each arm against ancestral SARS-CoV-2 (D614G) and
variants, defined as the percentage of participants achieving serore-
sponse against ancestral SARS-CoV-2 (D614G) and variants, respec-
tively, are provided for each arm with the 95% ClI calculated using the
Clopper-Pearson method. The differences of SRR between mRNA-
1273.222 and mRNA-1273 were calculated with 95% Cl based on the
stratified Miettinen-Nurminen method adjusting for age groups.

Ananalysis of the primary immunogenicity endpoints was also per-
formedinthe per-protocol set forimmunogenicity (participants with
and withoutevidence of prior SARS-CoV-2infection prebooster), using
an ANCOVA model, with antibody titers at day 29 post booster as the
dependent variable and the vaccine group variable as the fixed effect,
adjusting for age groups (<65, >65 years), prebooster SARS-CoV-2 infec-
tionstatus and prebooster titers. The seroresponse difference between
the mRNA-1273.222 and mRNA-1273 groups was calculated with 95%
Cl based on stratified Miettinen-Nurminen method adjusted for the
prebooster SARS-CoV-2infection status and age group. A preplanned
subgroup analysis of participants with prior evidence of SARS-CoV-2
infection prebooster was performed usingan ANCOVA model to assess
nAb differences between the mRNA-1273.222 and mRNA-1273 groups
based on GMRs with 95% Cls. Lastly, a sensitivity analysis was performed
excluding the participants with evidence of SARS-CoV-2 infection after
thebooster dose. Evidence of prior SARS-CoV-2 infection was defined as
anegative binding antibody test against SARS-CoV-2 nucleocapsid and
anegative RT-PCRatbooster day1and participants who had evidence
of SARS-CoV-2 infection defined as a positive binding antibody test
against SARS-CoV-2 nucleocapsid or positive RT-PCR at booster day 1.

Immunogenicity analyses included assessment of the observed
bAb GM levels against SARS-CoV-2 variants and bAb comparisons
between mRNA-1273.222 and mRNA-1273 based on ANCOVA-estimated
antibody levels and GMRs (95% Cls). A posthoc analysis of immuno-
genicity against Omicron BQ.1.1and XBB.1variants that emerged during
the study was additionally explored in random samples of recipients
(n=60) stratified by age and baseline prebooster titers from the full
analysis sets of the mRNA-1273.222 group (Supplementary Table 3 and
random sampling method table below). Among those with negative
SARS-CoV-2 prebooster status, participants were first stratified by age
(every 5 years from20-90 years) and by deciles of baseline prebooster
BA.4/BA.5titers, thenrandomly selected as 40 pairs (n =40/each group;
n=20 each from age groups <65 and =65 years) from two booster
groups. Participants who were SARS-CoV-2 positive were stratified

by age (every 5 years from 20-90 years) and by quartiles of baseline
prebooster BA.4/BA.5titers, thenrandomly selected in 20 pairsin each
booster group (n=20;n =10 eachfromage groups <65 and =65 years).

Sampling method SARS-CoV-2 negative SARS-CoV-2 positive
n=40 n=20
Baseline covariate strata Age (every 5years Age (every 5years

from 20-90years)
and baseline

from 20-90years)
and baseline

prebooster BA.4/BA.5 prebooster BA.4/BA.5

titer deciles titer quartiles

18-64 265 Al 18-64 265 Al
mRNA-1273.222 (n) 20 20 40 10 10 20

Pseudovirus neutralizing antibodies against BQ.1.1, XBB.1 and XBB.1.5 were assessed in subsets
of recipients (n=60) stratified by age and baseline prebooster titers from the mRNA-1273.222
group in the full analysis set. Among those with negative SARS-CoV-2 prebooster status,
participants were first stratified by age (every 5years from 20-90years) and by deciles of
baseline prebooster BA.4/BA.5 titers and participants who were SARS-CoV-2 positive were
stratified by age (every 5years from 20-90years) quartiles of baseline prebooster BA.4/BA.5
titers. Pairs of participants were then randomly selected from age groups <65 and >65years
for the analysis.

Additionally, the effect of time intervals between the first booster
dose of mRNA-1273 and second booster doses of mRNA-1273 and
mRNA-1273.222 on neutralizing antibody responses against Omicron
BA.4/BA.5and ancestral SARS-CoV-2 (D614G) post boost were explored
in participants without previousinfection grouped by quartiles of dos-
ing intervals within each booster vaccine group, and GMT and GMFR
at day 29 were summarized.

Analysis of incidence of SARS-CoV-2 infections. The primary analysis
population to assess the incidence of symptomatic SARS-CoV-2infec-
tion (COVID-19), asymptomatic SARS-CoV-2 infection and SARS-CoV-2
infection was the primary set for efficacy. The number and percentage
of participants with asymptomatic or symptomatic SARS-CoV-2 infec-
tionand COVID-19-events post booster are summarized starting 14 days
post booster regardless of prebooster SARS-CoV-2 infection status.

SARS-CoV-2 infection. SARS-CoV-2 infection was defined in partici-
pants with negative SARS-CoV-2 status prebooster by either bAb levels
against SARS-CoV-2 nucleocapsid protein (as measured by Roche
Elecsys®) atday1thatbecame positive starting at day 29 or later, ORa
positive RT-PCR starting 14 days after the booster dose.

For the analysis, documented infection was counted starting
14 days after the booster dose, which required a positive serology test
result based on bAb specific to SARS-CoV-2 nucleocapsid at day 29
or later, or a positive RT-PCR result starting 14 days after the booster
dose. The date of documented infection was the earlier of the date of a
positive post baseline RT-PCR result or a positive serology test result
based on bAb specific to SARS-CoV-2 nucleocapsid. The time to first
SARS-CoV-2infection was calculated as the date of the first documented
infection minus the date of injection +1. Cases were counted starting
14 days after the injection (date of documented infection minus date of
theinjection >14). SARS-CoV-2 infection cases are summarized based
ontests performed at least 14 days after the booster dose.

Asymptomatic SARS-CoV-2 infection. Asymptomatic SARS-CoV-2
infectionwas measured by RT-PCR of nasal swabs and/or serology tests
obtained at post baseline study visits counted starting 14 days after the
injectionin participants with negative SARS-CoV-2 status prebooster.
Asymptomatic SARS-CoV-2 infection was identified by the absence
of symptoms and infections as detected by RT-PCR or serology tests.
Specifically, the absence of COVID-19 symptoms AND at least either
a positive serology test result based on bAb specific to SARS-CoV-2
nucleocapsid protein day 29 or later, when blood samples for immu-
nogenicity are collected, or a positive RT-PCR test at scheduled or
unscheduled/illness visits. The date of documented asymptomatic
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infection was the earlier date of positive serology test result based on
bAb specific to SARS-CoV-2 nucleocapsid due to infection, or positive
RT-PCR, with absence of symptoms. The time to the asymptomatic
SARS-CoV-2 infection was calculated as the date of asymptomatic
SARS-CoV-2infection minus the date of injection +1.

Symptomatic SARS-CoV-2 infection (COVID-19). Symptomatic
SARS-CoV-2 infection (COVID-19) was defined as the incidence of the
first occurrence of symptomatic SARS-CoV-2 infection measured by
RT-PCR of nasal swabs starting 14 days after the booster dose. Surveil-
lance for COVID-19 symptoms is conducted via weekly contact and
blood draw, and an illness visit to collect a nasopharyngeal swab was
arranged for participants reporting COVID-19 symptoms.

Two definitions of symptomatic SARS-CoV-2 infection (COVID-19)
were used including the primary case definition in the COVE trial****
based ona positive post baseline RT-PCR result AND at least TWO sys-
temic symptoms (fever (=38 °C/>100.4 °F), chills, muscle and/or body
aches (notrelated to exercise), headache, sore throat, newloss of taste/
smell; OR at least ONE of respiratory signs/symptoms (cough, short-
ness of breath and/or difficulty breathing, OR clinical or radiographical
evidence of pneumonia). The second case definition is based on CDC
criteria for symptomatic disease defined as a positive post baseline
RT-PCRtest AND at least ONE systemic or respiratory symptoms (fever
(=38 °C/>100.4 °F), chills, cough, shortness of breath and/or difficulty
breathing, fatigue, muscle and/or body aches (not related to exercise),
headache, new loss of taste/smell, sore throat, congestion, runny nose,
nausea, vomiting or diarrhea)®.

The date of adocumented COVID-19 case was the later date of a
symptom and the date of a positive RT-PCR test, and the two dates
were to be within 14 days of each other. The time to the first occur-
rence of COVID-19 is calculated as the date of documented COVID-19
minus the date of injection +1. Cases are counted starting 14 days
after the injection (date of documented COVID-19 minus date of the
injection 214).

Allanalyses were conducted using SAS v.9.4 or higher.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Data associated with this study are provided in the paper or supple-
mentary materials. Source data for Figs. 2 and 3 and Extended Data
Figs. 2 and 3 and the protocol and statistical analysis plan are pro-
vided as Supplementary Information. SARS-COV-2 variant sequences
were obtained from GISAID Overview of Variants/Mutations, https://
covariants.org/variants (2023). As the trial is ongoing, access to
patient-level data and supporting clinical documents by qualified
external researchers may be available upon request and subject to
review once the trial is complete. A materials transfer and/or data
access agreement with the sponsor will be required for accessing
shared data. Such requests can be made to Dr. Spyros Chalkias, Mod-
ernalnc.,200 Technology Square, Cambridge, MA 02139, USA. Source
data are provided with this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended DataFig. 1| Distribution of Observed Neutralizing Antibody
Titers. Distribution of neutralizing antibody titers (ID50 log,,) in the
pseudovirus assay against Omicron BA.4/BA.5 (Panel A) and ancestral SARS-
CoV-2 (D614G) (Panel B) are shown for serum samples collected before the
second booster dose of 50-pg of MRNA-1273.222 or 50-pg of mRNA-1273
(prebooster), and at 28 days after the second booster dose (day 29) in those with
and without prior SARS-CoV-2 infection. The circles are values from individual
serum samples. Pseudovirus neutralizing antibody assay lower limits of
quantification (LLOQ) are 18.5 (1.3 log,,) for ancestral SARS-CoV-2 [D614G] and

36.7 (1.6 log,,) for Omicron BA.4/BA.5; upper limits of quantification (ULOQ)
are 45,118 (4.7 log,,) for ancestral SARS-CoV-2[D614G] and 13,705 (4.11og,,)

for Omicron BA.4/BA.5. Boxes and horizontal bars denote interquartile (IQR)
ranges and median endpoint titers; whisker endpoints are the maximum and
minimum values below or above the median +1.5 times the IQR. Refer to Table 2
for the observed geometric mean titers and geometric mean fold-rises, and the
estimated neutralizing antibody geometric mean titers and geometric mean
ratios (ANCOVA model-based) following the second booster doses of 50-pg
MRNA-1273 or 50-pug of mRNA-1273.214.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| Observed Neutralizing Antibody Response by

Age Groups. Observed neutralizing antibody titers (GM titer log10) in the
pseudovirus assay against Omicron BA.4/BA.5 (a) and ancestral SARS-CoV-2
(D614G) (b) are shown for serum samples collected before the second booster
dose of 50-pug of MRNA-1273.222 or 50-pg of mMRNA-1273 (prebooster) (day

0), and at 28 days (day 29) after the second booster dose in all participants

and those =18 to <65 or >65 years of age in the per-protocol immunogenicity
set without evidence of prebooster SARS-CoV-2 infection. N=Number of
participants with nonmissing data at the timepoint; CI=Confidence interval;
GMT=geometric mean titer; LLOQ=lower limit of quantification; ULOQ=upper

limit of quantification; PPIS=Per-protocol immunogenicity set. Antibody values
assessed by pseudovirus neutralizing antibody assay reported as below the LLOQ
(18.5[1.3inloglO scale] for ancestral SARS-CoV-2 (D614G) and 36.7 [1.6 in log10
scale] for Omicron BA.4/BA.5) are replaced by 0.5 x LLOQ. Values greater than
ULOQ (45,118 [4.7 inlog10 scale] for ancestral SARS-CoV-2 (D614G) and 13,705 [4.1
inloglO scale] for Omicron BA.4/BA.5) are replaced by the ULOQ if actual values
arenotavailable. Includes participants in the per-protocol immunogenicity set
without evidence of prebooster SARS-CoV-2 infection (PPIS-negative). 95% Cls
were calculated based on the t-distribution of the log-transformed values for GM
value, then back-transformed to the original scale for presentation.
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Extended DataFig. 3 | Neutralizing Antibody Titers and GeometricFold-Rises  booster doses of MRNA-1273 and mRNA-1273.222 post boost within each booster

by Time Intervals. Neutralizing antibody titers against Omicron BA.4/BA.5 vaccine group at day 29. 95% Cls were calculated based on the t-distribution of the
and ancestral SARS-CoV-2 (a) and geometric fold-rises from baseline levels (b) log-transformed values for GM value, then back-transformed to the original scale
were assessed in participants without previous infection grouped by quartiles for presentation. Quartiles1, 2,3 and 4 represent quartiles indicated s in panel a
of dosingintervals between the first booster dose of mMRNA-1273 and second for mRNA-1273 and mRNA-1273.222.

Nature Medicine


http://www.nature.com/naturemedicine

Corresponding author(s):  Spros Chalkias

nature portfolio

Last updated by author(s): 08-07-23

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
Q
c
@
O
]
=
o
=
—
®
©O
]
=
S
(e}
wv
c
3
3
Q
<

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

{| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

O X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

OO0X OO0 OO XKX [0 0

X X []

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Not applicable. Software was not used in data collection.

Data analysis All analyses were conducted using SAS Version 9.4 or higher.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy
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and statistical analysis plan are provided as supplementary materials. SARS-COV-2 variant sequences were obtained from GISAID Overview of Variants/Mutations,
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be available upon request and subject to review once the trial is complete. Such requests can be made to Dr. Spyros Chalkias, Moderna Inc., 200 Technology Square,
Cambridge, MA 02139, USA.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender There were 62% and 51% female participants in the 50-ug mRNA-1273.222 and 50-ug mRNA-1273 groups, respectively.
Gender was self-reported at enrollment.

Population characteristics Participant demographics and baseline characteristics were generally balanced. Mean ages were 50.8 and 57.6 years, and
62% and 51% were female in the 50-ug mMRNA-1273.222 and 50-ug mRNA-1273 groups, respectively. Most participants were
White (83% and 86%),11% and 7% were Black/African American and 11% and 10% were of Hispanic/Latinx ethnicity in the
MRNA-1273.222 and mRNA-1273 groups, respectively. The percentages of participants with SARS-CoV-2-infection pre-
booster were 56% in the mRNA-1273.222 and 27% in the mRNA-1273 groups.

Recruitment Participants were recruited to the sites through review of unit past participant logs for eligible individuals based on the
inclusion and exclusion criteria, public advertisements using social media, and referrals from primary care physicians. As such,
there are not believed to beany self-selection biases that would impact results. Participants were enrolled in a sequential,
non-randomized manner and received single-second boosters of 50-ug mRNA-1273 (enrolled between February 18th and
March 8th, 2022) or 50-ug bivalent mRNA-1273.222 (enrolled between August 10th and 23rd, 2022). These participants had
previously received the primary series of 100-ug mRNA-1273 and a first booster dose of 50-ug mMRNA-1273, >3 months
before enrollment. Of these, 305 (59.7%) participants originated from the COVE trial and 206 (40.3%) were US vaccinees
under the EUA, respectively. Given that enrollment with the original vaccine mRNA-1273 was no longer feasible after the US
FDA recommendation and authorization of bivalent booster vaccine, a mRNA-1273 comparator group was not enrolled.
Instead, a within-study, non-contemporaneous mRNA-1273 group (n=379; enrollment February 18th-March 8th, 2022 data
cut-off date of July 6, 2022 at the day 91 interim analysis) was used for the immunogenicity comparison.

Ethics oversight The trial is being conducted in accordance with the International Council for Harmonisation of Technical Requirements for
Registration of Pharmaceuticals for Human Use, Good Clinical Practice guidelines. The central Institutional Review Board/
Ethics Committee (Advarra, Inc., 6100 Merriweather Drive, Columbia, MD 21044) approved the protocol and consent forms.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The primary immunogenicity objectives were assessed in the per-protocol immunogenicity—SARS-CoV-2-negative set (PPSI-Neg), consisting of
SARS-CoV-2 negative participants who have no serologic or virologic evidence of SARS-CoV-2 infection at baseline pre-booster, defined as
having both a negative RT-PCR test for SARS-CoV-2 and a negative serology test based on binding antibody specific to SARS-CoV-2
nucleocapsid protein. The target enrollment was approximately 500 participants for 50 ug mRNA 1273.222. Assuming 40% of participants are
excluded from the PPSI-Neg (due to a SARS-CoV-2 infection pre-booster), with approximately 300 participants in 50 ug mMRNA-1273.222 and
260 participants in 50 ug mRNA-1273 (Part F, Cohort 2-50 pg mRNA-1273) in the PP Set for Immunogenicity and SARS-CoV-2 negative, there is
approximately 60% power to demonstrate the primary immunogenicity objectives with an alpha of 0.05 (2-sided) at day 29. The assumptions
are: the true GMR (mRNA-1273.222 second booster vs. mRNA-1273 second booster) against omicron BA.4/5 is 1.5, GMR (mRNA-1273.222
second booster vs. mMRNA-1273 second booster) against ancestral SARS-CoV-2 D614G is 1, the standard deviation of the log-transformed titer
is 1.5, and the non-inferiority margin for GMR is 1.5. The true SRR against omicron BA.4/5 after mRNA-1273.222 as a second booster dose is
95% (same assumption for 50 ug MRNA-1273), and non-inferiority margin for SRR difference against omicron BA.4/5 is 5%. The true SRR
against ancestral SARS-CoV-2 D614G after mRNA-1273.222 as a second booster dose is 95% (same assumption for 50 pg mRNA-1273), and
the non-inferiority margin for SRR difference against ancestral SARS-CoV-2 D614G is 10%.

Data exclusions  Inthe 50-ug mRNA-1273 arm, 379 participants were enrolled and received mRNA-1273; two participants had previously received the primary
series but not a first booster dose and another participant had a major protocol deviation, and three were excluded from all analysis sets.
Seven participants in the mRNA-1273.222 arm, and 8 participants in the mRNA-1273 arm in the per-protocol immunogenicity set had missing
pre-booster SARS-CoV-2 information and were excluded from the PPSI-SARS-CoV-2-negative and PPSI-SARS-CoV-2-positive groups.

Replication In this clinical study, one sample at each time point was collected for trial participants.

Randomization  Thisis an open-label study and participants were not randomized to study vaccine.
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Blinding This is an open-label trial and blinding is not relevant.
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Neutralization assays were performed using stably transduced 293T cells (human embryonic kidney cells in origin;
American Type Culture Collection, cat. no. CRL-11268) expressing high levels of ACE2 (293T/ACE2 cells) obtained from Drs.
Mike Farzan and Huihui Mu at Scripps as previously described (Gilbert PB, et al. Science 2022;375:43-50).
Authentication The cell lines were not authenticated.

Mycoplasma contamination The cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines  No misidentifed cell lines were used in the study.
(See ICLAC register)

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Clintrials.govNCT04927065
Study protocol The protocol and SAP are provided in supplementary material.

Data collection The trial is ongoing and being conducted across 23 medical sites in the US (provided in the supplement). Participants were enrolled
during August 10th-23rd, 2022 for mRNA-1273.222 (Part H) and during February 18th-March 8th, 2022 for mRNA-1273 (Part F,
cohort 2). Between August 10 and 23 2022, 511 participants received 50-ug of mMRNA-1273.222. These participants had previously
received the primary series of 100-ug mRNA-1273 and a first booster dose of 50-pug mRNA-1273, >3 months before enroliment
(Figure 1). Of these,305 (59.7%) participants originated from the COVE trial and 206 (40.3%) were US vaccinees under the EUA,
respectively. Data is reported for the mRNA-1273.222 (Part H) group based on the 29-day interim analysis data cutoff date of
September 23, 2022 and in the mRNA-1273group (Part F, cohort 2) based on the data cutoff date of July 6, 2022 at the day 91
interim analysis (Nature Communications in press, 2023).

Outcomes The primary safety objective was to evaluate the safety and reactogenicity of 50-ug mRNA-1273.222 when administered as a second
booster dose. Safety assessments included solicited local and systemic adverse reactions <7 days and unsolicited adverse events <28
days post-booster administration, and serious adverse events, adverse events leading to discontinuation from study vaccine and/or
participation, medically-attended adverse events, and adverse events of special interest from day 1 through the entire study period
(~6 months).

The pre-specified primary immunogenicity objectives were to demonstrate non-inferior nAb or superior nAb responses against
omicron BA.4/BA.5 and non-inferior nAb responses against ancestral SARS-CoV-2 with the D614G mutation (ancestral SARS-CoV-2
[D614G]), 28 days after the second booster dose (day 29) of mMRNA 1273.222 50-pg compared with mRNA-1273 50-ug (Table S1 and
statistical methods). Non-inferiority objectives were based on endpoints of geometric mean titer [GMT] ratio [GMR] and
seroresponse rate [SRR] differences and those for superiority were based on GMR.

The incidence of symptomatic and asymptomatic SARS-CoV-2 infection was an exploratory objective.
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