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ABSTRACT

BACKGROUND
The safety and immunogenicity of the bivalent omicron-containing mRNA-1273.214
booster vaccine are not known.

METHODS

In this ongoing, phase 2-3 study, we compared the 50-ug bivalent vaccine mRNA-
1273.214 (25 pg each of ancestral Wuhan-Hu-1 and omicron B.1.1.529 [BA.1] spike
messenger RNAs) with the previously authorized 50-ug mRNA-1273 booster. We
administered mRNA-1273.214 or mRNA-1273 as a second booster in adults who had
previously received a two-dose (100-ug) primary series and first booster (50-ug)
dose of mRNA-1273 (>3 months earlier). The primary objectives were to assess the
safety, reactogenicity, and immunogenicity of mRNA-1273.214 at 28 days after the
booster dose.

RESULTS
Interim results are presented. Sequential groups of participants received 50 ug of
mRNA-1273.214 (437 participants) or mRNA-1273 (377 participants) as a second
booster dose. The median time between the first and second boosters was similar
for mRNA-1273.214 (136 days) and mRNA-1273 (134 days). In participants with no
previous severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection,
the geometric mean titers of neutralizing antibodies against the omicron BA.1 vari-
ant were 2372.4 (95% confidence interval [CI], 2070.6 to 2718.2) after receipt of
the mRNA-1273.214 booster and 1473.5 (95% CI, 1270.8 to 1708.4) after receipt of
the mRNA-1273 booster. In addition, 50-ug mRNA-1273.214 and 50-ug mRNA-1273
elicited geometric mean titers of 727.4 (95% CI, 632.8 to 836.1) and 492.1 (95% CI,
431.1 to 561.9), respectively, against omicron BA.4 and BA.5 (BA.4/5), and the
mRNA-1273.214 booster also elicited higher binding antibody responses against mul-
tiple other variants (alpha, beta, gamma, and delta) than the mRNA-1273 booster.
Safety and reactogenicity were similar with the two booster vaccines. Vaccine effective-
ness was not assessed in this study; in an exploratory analysis, SARS-CoV-2 infec-
tion occurred in 11 participants after the mRNA-1273.214 booster and in 9 partici-
pants after the mRNA-1273 booster.

CONCLUSIONS
The bivalent omicron-containing vaccine mRNA-1273.214 elicited neutralizing
antibody responses against omicron that were superior to those with mRNA-1273,
without evident safety concerns. (Funded by Moderna; ClinicalTrials.gov number,
NCT049270065.)
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EVERE ACUTE RESPIRATORY SYNDROME

coronavirus 2 (SARS-CoV-2) vaccines are

safe and effective against coronavirus dis-
ease 2019 (Covid-19). In the Coronavirus Efficacy
(COVE) trial, the mRNA-1273 vaccine (Moderna)
had an acceptable safety profile and 93.2% efficacy
against Covid-19 at a median of 5.3 months
after the two-dose 100-ug primary series immu-
nization.!?

Early in the SARS-CoV-2 pandemic, variants
such as beta (B.1.351) and delta (B.1.617.2) emerged
that conferred immunologic escape or enhanced
transmissibility. In 2022, omicron (B.1.1.529
[BA.1]) and omicron subvariants (BA.2, BA.2.12.1,
BA.4, and BA.5), the most antigenically divergent
variants to date, outcompeted other variants in the
context of substantial preexisting population
immunity from vaccination, infection, or both.>”
Omicron variants continue to cause substantial
numbers of illnesses and deaths.?

Booster immunization with 50-ug mRNA-
1273 improves neutralizing antibody responses
against variants and vaccine effectiveness against
Covid-19.1"12 Nonetheless, the vaccine effectiveness
against omicron is lower than that against other
variants,"1 and second booster doses of omicron-
containing vaccines have been authorized in the
United States.'®™

Vaccination strategies that can induce more
potent, more durable, and broader immune re-
sponses are important to enhance protection.
We previously reported that a modified, bivalent
booster vaccine® containing equal amounts of
messenger RNAs (mRNAs) encoding the ances-
tral SARS-CoV-2 and beta variant spike proteins
elicited superior and more durable neutralizing
antibody responses against the beta, delta, and
omicron variants as compared with mRNA-1273.%
Here, we present interim analysis results of an
omicron-containing bivalent booster candidate,
50-ug mRNA-1273.214, from an ongoing safety
and immunogenicity phase 2-3 study.

METHODS

STUDY OVERSIGHT AND PARTICIPANTS

This open-label, ongoing phase 2-3 study evalu-
ates the immunogenicity, safety, and reactoge-
nicity of bivalent booster vaccine mRNA-1273.214
as compared with the previously authorized
mRNA-1273 booster vaccine in adults who had
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received a two-dose primary series (100 ng) and
first booster dose (50 png) of mRNA-1273 in the
COVE trial*? or under U.S. emergency use autho-
rization (EUA) at least 3 months earlier. Partici-
pants were enrolled and administered single
second booster doses of 50-ug mRNA-1273
(part F, cohort 2) or 50-ug bivalent mRNA-
1273.214 (part G) in a sequential, nonrandom-
ized manner. The mRNA-1273 group serves as a
noncontemporaneous within-study comparator.
Adults with a known history of SARS-CoV-2 in-
fection within 3 months before screening were
excluded. (Details on inclusion and exclusion
criteria, study design, study oversight, and au-
thor contributions are provided in the Methods
section in the Supplementary Appendix, available
with the full text of this article at NEJM.org.)

Authors who were employees of the sponsor
(Moderna) contributed to the design of the study;
the collection, analysis, or interpretation of the
data; and the drafting of the manuscript. All the
authors critically reviewed and provided input to
manuscript drafts and made the decision to sub-
mit the manuscript for publication. The authors
vouch for the completeness and accuracy of the
data and for the fidelity of the study to the proto-
col, which is available at NEJM.org.

STUDY VACCINES

The 50-ug bivalent mRNA-1273.214 vaccine con-
tains two mRNAs (1:1 ratio, 25 ug each) encod-
ing the prefusion-stabilized spike glycoproteins
of ancestral SARS-CoV-2 (Wuhan-Hu-1) and the
omicron variant (BA.1). The 50-ug monovalent
mRNA-1273 vaccine contains a single mRNA
strand encoding the spike glycoprotein of ancestral
SARS-CoV-2 (Wuhan-Hu-1). The mRNA-1273.214
and mRNA-1273 vaccines were administered intra-
muscularly at a dose of 50 pg in a 0.5-ml volume.

SAFETY ASSESSMENT

The primary safety objective was to evaluate the
safety and reactogenicity of 50-ug mRNA-
1273.214 and 50-pug mRNA-1273 when adminis-
tered as second booster doses (see the Methods
section and Table S1 in the Supplementary Ap-
pendix). Safety assessments included solicited lo-
cal and systemic adverse reactions within 7 days
after booster administration; unsolicited adverse
events within 28 days after booster administra-
tion; and serious adverse events, adverse events
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leading to discontinuation from study vaccine or
participation, medically attended adverse events,
and adverse events of special interest from day 1
through the entire study period (approximately
12 months).

IMMUNOGENICITY ASSESSMENT
The prespecified primary immunogenicity objec-
tives were to show neutralizing antibody respons-
es that were noninferior to 50-ug mRNA-1273
(on the basis of geometric mean titer ratio and
difference in the percentage of participants with
a seroresponse) or superior to 50-ug mRNA-1273
(on the basis of geometric mean titer ratio) against
omicron and noninferior to 50-ug mRNA-1273
(on the basis of geometric mean titer ratio) against
ancestral SARS-CoV-2 with the D614G mutation
(ancestral SARS-CoV-2 [D614G]) 28 days after sec-
ond boosters (day 29) of 50-ug mRNA 1273.214.
(Details are provided in the Statistical Analysis
section below, the Methods section in the Sup-
plementary Appendix, and the statistical analy-
sis plan, available with the protocol.) The pre-
specified key secondary objective was to show
noninferiority (on the basis of the difference in
the percentage of participants with a seroresponse)
against ancestral SARS-CoV-2 (D614G) 28 days
after the second booster of 50-ug mRNA-1273.214
as compared with 50-ug mRNA-1273.
Neutralizing antibody titers (geometric mean
titers) at a 50% inhibitory dilution (ID,,) were
assessed with the use of validated SARS-CoV-2
spike-pseudotyped lentivirus neutralization as-
says against pseudoviruses containing the SARS-
CoV-2 full-length spike proteins of ancestral
SARS-CoV-2 (D614G) or omicron BA.1 variant and
a research-grade pseudovirus assay containing
full-length spike protein for omicron subvariants
BA.4 and BA.5 (BA.4/5). Geometric mean levels
of spike-binding antibody were also assessed
(Meso Scale Discovery) against ancestral SARS-
CoV-2 (D614G), gamma (P.1), alpha (B.1.1.7), beta
(B.1.351), delta (B.1.617.2 and AY.4), and omicron
(BA.1) variants. Immunogenicity assays are fur-
ther described in the Supplementary Appendix.

INCIDENCE OF SARS-COV-2 INFECTION

The incidences of symptomatic and asymptom-
atic SARS-CoV-2 infections were exploratory ob-
jectives. (For details, see the Methods section in
the Supplementary Appendix.)
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STATISTICAL ANALYSIS

Statistical analysis methods are detailed in the
Supplementary Appendix, and the analysis sets
are described in Table S2 and Figure S1. Safety
was evaluated in the safety set, consisting of all
the participants who received second boosters;
solicited adverse reactions were assessed in the
solicited safety set. The per-protocol immunoge-
nicity set consists of all the participants in the
full analysis set who received the planned boost-
er doses, had prebooster and day 29 antibody
data available, and had no major protocol devia-
tions. Primary immunogenicity objectives were
assessed in the per-protocol immunogenicity—
SARS-CoV-2—negative set (primary analysis set).
Analyses were also performed in participants
who had evidence of previous SARS-CoV-2 infec-
tion before the booster.

The primary immunogenicity objectives were
tested with the use of a prespecified hierarchical
approach (see the Methods section and Fig. S2 in
the Supplementary Appendix). Two interim anal-
yses were planned at days 29 and 91 with a two-
sided alpha level (0.025) allocated at each time
point to preserve the family-wise type I error rate
(0.05, two-sided) for immunogenicity hypothesis
testing. The superiority of the antibody response
against omicron after a second booster dose of
50-ug mRNA-1273.214 as compared with 50-ug
mRNA-1273 was tested only after the meeting of
noninferiority criteria for the three primary objec-
tives?': antibody response against omicron after
the second booster doses of 50-ug mRNA-1273.214
as compared with 50-ug mRNA-1273 on the
basis of the geometric mean titer ratio, antibody
response against omicron after the second boost-
er doses of 50-ug mRNA-1273.214 as compared
with 50-ug mRNA-1273 on the basis of the dif-
ference in the percentage of participants with a
response, and antibody response against ances-
tral SARS-CoV-2 (D614G) after the second boost-
er doses of 50-ug mRNA-1273.214 as compared
with 50-ug mRNA-1273 on the basis of the geo-
metric mean titer ratio; all tests were based on a
two-sided alpha level of 0.025 at day 29.

The key secondary objective, noninferiority of
the antibody response after second booster doses
of 50-ug mRNA-1273.214 as compared with 50-ug
mRNA-1273 against ancestral SARS-CoV-2 (D614G)
on the basis of the difference in the percentage
of participants with a seroresponse, was tested

NEJM.ORG



The NEW ENGLAND JOURNAL of MEDICINE

(two-sided alpha level, 0.025) if the primary ob-
jectives were met. Noninferiority is considered to
be shown when the lower boundary of the 97.5%
confidence interval of the geometric mean titer
ratio is 0.67 or more and the difference in the
percentage of participants with a seroresponse is
greater than —10 percentage points. Superiority is
considered to be shown when the lower boundary
of the 97.5% confidence interval of the geometric
mean titer ratio is greater than 1.>?* Interim
analysis results at day 29 are presented.

Observed geometric mean titers and 95% con-
fidence intervals calculated on the basis of the
t-distribution of log-transformed antibody titers
are presented. Differences in antibody responses
between the mRNA-1273.214 and mRNA-1273
groups were assessed with the use of an analysis
of covariance (ANCOVA) model (with antibody
titers after the booster as the dependent variable
and study vaccine as the fixed effect) that was
adjusted for age groups (<65 or 265 years) and
prebooster antibody titers. The geometric mean
titers and 95% confidence intervals estimated ac-
cording to the geometric least-squares means from
the model are presented, as are the differences
in antibody responses (geometric mean titer ra-
tio) between groups estimated according to the
ratio of geometric least-squares means and 97.5%
confidence intervals. Also assessed were sero-
responses (change from below the lower limit of
quantification [LLOQ] to >4 times the LLOQ, or
an increase by a factor of >4 if the baseline value
was greater than or equal to the LLOQ) with
95% confidence intervals (Clopper—Pearson) and
between-group differences in the percentage of
participants with a response and 97.5% confi-
dence intervals (Miettinen—Nurminen) with ad-
justment for age groups. For the primary and
key secondary objectives, 97.5% confidence in-
tervals are provided.

Additional analyses included assessment of
the primary immunogenicity end points in the
per-protocol set for immunogenicity, an analysis
involving participants with evidence of previous
SARS-CoV-2 infection, and an analysis excluding
participants with evidence of SARS-CoV-2 infec-
tion by day 29, performed with the use of an
ANCOVA model (see the Methods section in the
Supplementary Appendix). Observed geometric
mean levels of spike-binding antibody against
variants and differences between the mRNA-
1273.214 and mRNA-1273 groups based on
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geometric mean titer ratios and 95% confidence
intervals assessed by means of ANCOVA are
provided.

The numbers and percentages of participants
with asymptomatic or symptomatic SARS-CoV-2
infections and Covid-19 cases are summarized.
All analyses were conducted with the use of SAS
software, version 9.4 or higher (SAS Institute).

RESULTS

STUDY POPULATION

Between February 18 and March 8, 2022 (part F,
cohort 2), and between March 8 and March 23,
2022 (part G), 819 participants were enrolled
who had previously received the primary series
of 100-ug mRNA-1273 and a first booster dose
of 50-ug mRNA-1273, at least 3 months before
enrollment (Fig. 1). Of these, 197 of the COVE
participants (44.8%) and 243 of the U.S. EUA par-
ticipants (55.2%) were assigned to receive second
booster doses of 50-ug mRNA-1273.214 (440 par-
ticipants), and 264 participants (69.7%) and 115
participants (30.3%), respectively, were assigned
to receive 50-ug mRNA-1273 (379 participants).
A total of 437 participants (53.7%) in the 50-ug
mRNA-1273.214 group and 377 participants
(46.3%) in the 50-ug mRNA-1273 group received
second boosters. Two participants (0.5%) withdrew
consent and discontinued the study after receiv-
ing mRNA-1273.214.

The demographic and clinical characteristics
of the participants were similar in the two groups
(Table 1). The mean ages were 57.3 in the 50-ug
mRNA-1273.214 group and 57.5 in the 50-ug
mRNA-1273 group, and 59.0% and 50.7% of
the participants, respectively, were female. Most
participants were White (87.2% in the mRNA-
1273.214 group and 85.4% in the mRNA-1273
group), and 10.5% and 9.8%, respectively, were
Hispanic or Latinx. Black participants were un-
derrepresented. The percentages of participants
with evidence of previous SARS-CoV-2 infection
were 22.0% in the mRNA-1273.214 group and
26.8% in the mRNA-1273 group. The median
time between the second dose of mRNA-1273 in
the primary series and the first booster of
mRNA-1273 was similar in the two groups (245
days [interquartile range, 224 to 275] in the
mRNA-1273.214 group and 242 days [interquar-
tile range, 225 to 260] in the mRNA-1273 group),
as was the median time between the first boost-
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er dose of mRNA-1273 and the second booster
dose (136 days [interquartile range, 118 to 150]
and 134 days [interquartile range, 118 to 150],
respectively).

SAFETY

The median durations of follow-up were 43 days
(interquartile range, 41 to 45) for the mRNA-
1273.214 booster and 57 days (interquartile range,
56 to 62) for the mRNA-1273 booster. Occurrences
of solicited adverse reactions within 7 days after
the second booster dose were similar for mRNA-
1273.214 and mRNA-1273 (Fig. 2 and Table S3).
The most frequent local adverse reaction after
administration of both second boosters was in-
jection-site pain, and the most frequent systemic

reactions were fatigue, headache, myalgia, and
arthralgia in both groups. The majority of solicited
adverse reactions were mild to moderate (grades 1
and 2) for both boosters. Incidences of grade 3
events were similar in the two groups, and the
most common such events were fatigue and myal-
gia. No grade 4 events occurred in either group.
Unsolicited adverse events regardless of the
relationship to vaccination at least 28 days after
the second booster doses occurred in 18.5% of the
participants in the mRNA-1273.214 group and in
20.7% of those in the mRNA-1273 group (Table
S4). The overall incidences of adverse events that
were considered by the investigator to be related
to study vaccination were 5.7% and 5.8% in the
respective groups. Serious adverse events were

819 Eligible participants who had received a two-injection
primary series of 100-yg mRNA-1273 and
50-pg mRNA-1273 booster were enrolled

A

461 Were enrolled from phase 3 COVE trial

358 Were enrolled from U.S. EUA pool

y

264 Were assigned to receive 50-yig
mRNA-1273 booster

197 Were assigned to receive 50-yg
mRNA-1273.214 booster

115 Were assigned to receive 50-yg
mRNA-1273 booster

243 Were assigned to receive 50-pg
mRNA-1273.214 booster

Y

377 Received an injection of 50-ug
mRNA-1273

437 Received an injection of 50-ug
mRNA-1273.214

\

2 Discontinued study owing
to withdrawal of consent

377 Continued in ongoing study

435 Continued in ongoing study

Figure 1. Study Profile.

sets. The data-cutoff date was April 27, 2022.

Eligible participants who received a previous two-injection primary series of 100-yg mRNA-1273 and a 50-yg
mRNA-1273 booster dose either in the Coronavirus Efficacy (COVE) trial or under the U.S. emergency use authori-
zation (EUA) were enrolled to receive a second booster dose of 50-g mRNA-1273 (administered between February
18 and March 8, 2022) or mRNA-1273.214 (administered between March 8 and March 23, 2022). A total of 379 par-
ticipants received a second booster dose of 50-yg mRNA-1273; 1 participant had previously received the primary se-
ries but not a first booster dose, and another participant had a major protocol deviation. These 2 participants were
excluded from all analysis sets. A total of 437 participants received a second booster dose of mRNA-1273.214; 3 par-
ticipants had discontinued the study before they received the second booster and were excluded from all analysis
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Table 1. Demographic and Clinical Characteristics of the Participants (Safety Set).*

50-ug mRNA-1273.214

50-ug mRNA-1273

Characteristic (N=437) (N=377)
Mean age at screening (range) — yr 57.3 (20-88) 57.5 (20-96)
Age subgroup — no. (%)

18 to <65 yr 263 (60.2) 227 (60.2)

=65 yr 174 (39.8) 150 (39.8)
Sex — no. (%)

Male 179 (41.0) 186 (49.3)

Female 258 (59.0) 191 (50.7)
Hispanic or Latinx ethnic group — no. (%)

Yes 46 (10.5) 37 (9.8)

No 390 (89.2) 340 (90.2)

Not reported or unknown 1(0.2) 0
Race or ethnic group other than Hispanic or Latinx — no. (%)t

White 381 (87.2) 322 (85.4)

Black 31 (7.1) 29 (7.7)

Asian 14 (3.2) 16 (4.2)

American Indian or Alaska Native 0 1(0.3)

Native Hawaiian or other Pacific Islander 0 1(0.3)

Multiracial 7 (1.6) 2(0.5)

Other 3(0.7) 2(0.5)

Not reported or unknown 1(0.2) 4 (1.1)
Time between second injection of MRNA-1273 in the primary

series and the first booster of mMRNA-1273
No. of participants evaluated 435 374

Median (IQR) — days
Time between first booster injection of MRNA-1273 and the
second booster

No. of participants evaluated
Median (IQR) — days
Prebooster RT-PCR assay for SARS-CoV-2 — no. (%)

245 (224-275)

435
136 (118-150)

242 (225-260)

374
134 (118-150)

Negative 434 (99.3) 367 (97.3)
Positive 2 (0.5) 2 (
Missing 1(0.2) 8(2

Prebooster antibody to SARS-CoV-2 nucleocapsid — no. (%)

Negative 341 (78.0) 276 (73.2)
Positive 95 (21.7) 100 (26.5)
Missing 1(0.2) 1(0.3)

Prebooster SARS-CoV-2 status — no. (%)§

Negative 340 (77.8) 267 (70.8)

Positive 96 (22.0) 101 (26.8)
By both RT-PCR assay and SARS-CoV-2 nucleocapsidi 1(0.2) 1(0.3)
By RT-PCR assay only 1(0.2) 1(0.3)
By SARS-CoV-2 nucleocapsid onlyi: 94 (21.5) 99 (26.3)

Missing 1(0.2) 9 (2.4)

* Percentages may not total 100 because of rounding. IQR denotes interquartile range, RT-PCR reverse-transcriptase
polymerase chain reaction, and SARS-CoV-2 severe acute respiratory syndrome coronavirus 2.

T Race and ethnic group were reported by the participant.

I The Elecsys assay for binding antibody to SARS-CoV-2 nucleocapsid was used.

§ Prebooster SARS-CoV-2 status was positive if there was evidence of previous SARS-CoV-2 infection, defined as positive
binding antibody against the SARS-CoV-2 nucleocapsid or positive RT-PCR assay 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 assay at day 1.
The data-cutoff date was April 27, 2022.
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Gradel M Grade2 Grade 3
A mRNA-1273 I 79.5
W mRNA-1273.214 I 79.4
. mRNA-1273 I 76.6
Pain  mRNA-1273.214 773
mRNA-1273 [W3.7
Local Erythema 1 RNA-1273.214 [Tl 6.9
) mRNA-1273 [ 6.6
Swelling 1 RNA-1273.214 [0 6.9
Axillary Swelling mRNA-1273 l15.4
or Tenderness ~ MRNA-1273.214 1174
An mRNA-1273 I 6.1
Y mRNA-1273.214 I 70.3
mRNA-1273 | 3.4
Fever  mRrNA-1273.214 |11 4.4
mRNA-1273 B 411
Headache  mpNA-1273.214 439
. mRNA-1273 T 514
Fatigue 1 RNA-1273.214 I 54.9
Systemic
) mRNA-1273 356
Myalgia 1 rNA-1273.214 I 306
A mRNA-1273 317
Arthralgia  rNA-1273.214 31
. mRNA-1273 [0 10.0
Nausea or Vomiting  1,rNA-1273.214 1103
. mRNA-1273 B 211
Chills  rNA-1273.214 . 238
T T T T T T T T T 1
0 20 40 60 80 100
Percentage of Participants
Figure 2. Solicited Local and Systemic Adverse Reactions, According to Grade.
Shown are the percentages of participants in whom solicited local or systemic adverse reactions occurred within 7
days after the booster dose in the solicited safety set (351 participants in the mRNA-1273 group and 437 partici-
pants in the mRNA-1273.214 group). For some systemic adverse reactions, data were available for 350 participants
in the mRNA-1273 group.

observed in two participants in the mRNA-1273.214
group (prostate cancer and traumatic fracture) and
in one participant in the mRNA-1273 group (spi-
nal osteoarthritis); none were considered to be
related to study vaccination. Medically attended
adverse events occurred in 9.8% of mRNA-1273.214
participants and in 13.8% of mRNA-1273 partici-
pants. Medically attended adverse events that were
considered to be related to study vaccination oc-
curred in two participants (0.5%) in the mRNA-
1273.214 group (grade 2 fatigue and grade 1
dermatitis) and in two participants (0.5%) in the
mRNA-1273 group (hypertension and urticaria,
both grade 1). No fatal events or adverse events
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leading to study discontinuation were observed.
At the data-cutoff date, no deaths and no events
of myocarditis or pericarditis occurred, and one
additional serious adverse event (grade 3 nephroli-
thiasis), considered to be unrelated to study vacci-
nation, was reported in the mRNA-1273.214 group.

IMMUNOGENICITY

In the primary analysis set of participants with-
out evidence of previous SARS-CoV-2 infection,
the observed geometric mean titers of neutralizing
antibodies against ancestral SARS-CoV-2 (D614G)
were 5977.3 (95% confidence interval [CI], 5321.9
to 6713.3) and 5649.3 (95% CI, 5056.8 to 6311.2)
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and against omicron were 2372.4 (95% CI, 2070.6
to 2718.2) and 1473.5 (95% CI, 1270.8 to 1708.4)
28 days after the mRNA-1273.214 and mRNA-1273
boosters, respectively (Table 2). Estimated geomet-
ric mean titers after adjustment for age groups and
prebooster titers were 6422.3 (95% CI, 5990.1 to
6885.7) and 5286.6 (95% CI, 4887.1 to 5718.9)
against ancestral SARS-CoV-2 (D614G) 28 days af-
ter the mRNA-1273.214 and mRNA-1273 boosters,
respectively, with a geometric mean titer ratio of
1.22 (97.5% CI, 1.08 to 1.37), which met the pre-
specified criterion for noninferiority. Estimated
geometric mean titers against omicron were 2479.9
(95% CI, 2264.5 to 2715.8) and 1421.2 (95% CI,
1283.0 to 1574.4) 28 days after the mRNA-
1273.214 and mRNA-1273 booster doses, respec-
tively, with a geometric mean titer ratio of 1.75
(97.5% CI, 1.49 to 2.04), which met the prespeci-
fied superiority criterion.

The percentages of participants with a serore-
sponse against ancestral SARS-CoV-2 (D614G)
were 100% (95% CI, 98.9 to 100) for mRNA-
1273.214 and 100% (95% CI, 98.6 to 100) for
mRNA-1273 at 28 days after the booster doses,
with an estimated difference of 0, which met the
noninferiority criterion. The percentages of partici-
pants with a seroresponse against omicron were
100% (95% CI, 98.9 to 100) for mRNA-1273.214
and 99.2% (95% CI, 97.2 to 99.9) for mRNA-1273
at 28 days after the booster doses, with an es-
timated difference of 1.5 percentage points
(97.5% CI, —1.1 to 4.0), which met the noninfe-
riority criterion. Therefore, the criteria for all
primary and key secondary immunogenicity end
points were met according to the prespecified
testing sequence. The criteria for all immunoge-
nicity end points were also met in the study
participants overall, regardless of SARS-CoV-2
infection before the booster (Table S5).

In participants with previous SARS-CoV-2 in-
fection, geometric mean titers were higher after
the mRNA-1273.214 booster than after the mRNA-
1273 booster against both ancestral SARS-CoV-2
(D614G) and omicron, with geometric mean titer
ratios of 1.27 (95% CI, 1.07 to 1.51) and 1.90 (95%
CI, 1.50 to 2.40), respectively (Fig. 3 and Tables
S6 and S7). For both boosters, the percentage of
participants with a seroresponse was 100% for
ancestral SARS-CoV-2 (D614G) and omicron,
and the difference was 0.

In participants without evidence of previous
SARS-CoV-2 infection, the observed geometric
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mean titer of neutralizing antibodies against omi-
cron BA.4/5 subvariants at 28 days after the
mRNA-1273.214 booster (727.4 [95% CI, 632.8 to
8306.1]) was higher than that after the mRNA-1273
booster (492.1 [95% CI, 431.1 to 561.9]), and the
model-based geometric mean titer ratio was 1.69
(95% CI, 1.51 to 1.90) (Fig. S3 and Table S8).
Similarly, geometric mean titers against the sub-
variants were higher after the mRNA-1273.214
booster than after the mRNA-1273 booster in
participants with previous SARS-CoV-2 infection
(23374 [95% CI, 1825.5 to 2992.9] vs. 1270.8
[95% CI, 987.3 to 1635.8]) and also in all par-
ticipants regardless of previous SARS-CoV-2 in-
fection (940.6 [95% CI, 826.3 to 1070.6] vs. 645.4
[95% CI, 570.1 to 730.6]), with corresponding
geometric mean titer ratios of 1.60 (95% CI, 1.34
to 1.91) and 1.68 (1.52 to 1.84), both having
lower boundaries of the confidence interval great-
er than 1.

In participants without evidence of previous
SARS-CoV-2 infection, geometric mean levels of
spike-binding antibody were higher (nominal al-
pha level, 0.05) after the mRNA-1273.214 booster
than after the mRNA-1273 booster, and geomet-
ric mean titer ratios ranged from 1.11 (95% CI,
1.03 to 1.19) to 1.24 (95% CI, 1.14 to 1.35) across
the ancestral SARS-CoV-2 (D614G) and omicron
(BA.1), alpha, beta, gamma, and delta variants
(Fig. S4 and Table S9). Similar geometric mean
titer ratios were seen in all participants regard-
less of previous SARS-CoV-2 infection (Table S10).
Observed geometric mean levels of spike-binding
antibody are summarized in Table S11.

INCIDENCE OF SARS-COV-2 INFECTION
Among all participants, starting 14 days after
the booster and regardless of prebooster SARS-
CoV-2 infection status, SARS-CoV-2 infection
occurred in 11 participants (2.5%) in the mRNA-
1273.214 group and in 9 participants (2.4%) in
the mRNA-1273 group. Asymptomatic infection
occurred in 6 participants (1.4%) in the mRNA-
1273.214 group and in 7 participants (1.9%) in
the mRNA-1273 group; Covid-19 according to the
COVE trial definition occurred in 4 participants
(0.9%) and in 2 participants (0.5%), respectively,
and Covid-19 according to the Centers for Dis-
ease Control and Prevention (CDC) definition
occurred in 5 participants (1.1%) and in 2 par-
ticipants (0.5%), respectively.

In participants with no previous SARS-CoV-2
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Table 2. Primary Immunogenicity Analysis of Ancestral SARS-CoV-2 (D614G) and Omicron after 50 yg of mRNA-1273.214 or mRNA-1273 as
a Second Booster Dose in Participants with No Previous SARS-CoV-2 Infection.*

(N=334) (N=260) (N=334) (N=260)

Before booster

No. of participants evaluatedy 334 260 334 260

Observed geometric mean titer (95% Cl)i: 1266.7 1521.0 298.1 332.0

(1120.2t0 1432.5)  (1352.8101710.2)  (258.8 to 343.5) (282.0 t0 390.9)

Day 29

No. of participants evaluated 334 260 334 260

Observed geometric mean titer (95% Cl)i: 5977.3 5649.3 2372.4 1473.5

Seroresponse at day 29|

Variable

Factor change in geometric mean titer
(95% Cl)+

Estimated geometric mean titer (95% Cl)§

Geometric mean titer ratio (97.5% CI)§

No. of participants/total no. 334/334 260/260 333/333 256/258
Percentage of participants (95% Cl) 100 (98.9 to 100) 100 (98.6 to 100) 100 (98.9 to 100) 99.2 (97.2t0 99.9)
Difference (97.5% Cl) — percentage 0 — 1.5 (-1.1to 4.0)77 —

Ancestral SARS-CoV-2 (D614G)

50-yg mRNA-1273.214 50-ug mRNA-1273 50-pug mRNA-1273.214 50-yg mRNA-1273

(5321.9t0 6713.3)
4.7 (44105.1)

6422.3
(5990.1 to 6885.7)

1.22 (1.08 to 1.37)

(5056.8 to 6311.2)
3.7 (3.410 4.0)

5286.6
(4887.1t0 5718.9)

Omicron

(2070.6 to 2718.2)
8.0 (7.2 t0 8.8)

2479.9
(2264.5 to 2715.8)

1.75 (1.49 to 2.04)

(1270.8 to 1708.4)
4.4 (4010 5.0)

1421.2
(1283.0 to 1574.4)

points**

*%

Antibody values assessed by means of pseudovirus neutralizing antibody assay that were reported as being below the lower limit of quan-
tification (LLOQ; 18.5 for ancestral SARS-CoV-2 [D614G] and 19.9 for omicron) were replaced by 0.5 times the LLOQ. Values greater than
the upper limit of quantification (ULOQ); 45,118 for ancestral SARS-CoV-2 [D614G] and 15,502.7 for omicron) were replaced by the ULOQ
if actual values were not available. Included are participants with no previous SARS-CoV-2 infection (primary analysis set).

Shown is the number of participants with nonmissing data at the time point (at or after baseline).

The 95% confidence intervals were calculated on the basis of the t-distribution of log-transformed values or difference in the log-transformed
values for geometric mean titer and factor change in geometric mean titer, respectively, then back-transformed to the original scale.
Log-transformed antibody levels were analyzed with the use of an analysis of covariance model, with the study vaccine as a fixed effect and
with adjustment for age group (<65 or =65 years) and prebooster titers. The resulting least-squares means and 95% confidence intervals,
and the difference in least-squares means and 97.5% confidence intervals, were back-transformed to the original scale.

The value exceeded noninferiority criteria and met superiority criteria, including meeting noninferiority criteria for the three primary objec-
tives in the prespecified hypothesis testing sequence and the superiority criterion of a lower boundary of the confidence interval for the
geometric mean titer ratio greater than 1.

Seroresponse at a participant level was defined as a change from below the LLOQ to at least 4 times the LLOQ, or an increase by a factor
of at least four if the baseline value was greater than or equal to the LLOQ; the comparison was with the prevaccination baseline value.
Percentages were based on the number of participants with nonmissing data at baseline and the corresponding time point; 95% confi-
dence intervals were calculated with the use of the Clopper—Pearson method.

The difference in the percentage of participants with a seroresponse is a calculated common risk difference that uses 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 confidence interval cannot be calculated when the percentage of participants with a seroresponse
in both groups is 100%; the absolute difference is reported.

" The 97.5% confidence interval was calculated by means of a stratified Miettinen—Nurminen method, with adjustment according to age group.

infection, infections occurred in 11 of 339 par-
ticipants (3.2%) in the mRNA-1273.214 group
and in 5 of 266 participants (1.9%) in the mRNA-
1273 group after the booster (Table S12). Asymp-
tomatic infection occurred in 6 participants (1.8%)
in the mRNA-1273.214 group and in 4 partici-
pants (1.5%) in the mRNA-1273 group; Covid-19
according to the COVE trial definition occurred
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in 4 participants (1.2%) and in 1 participant (0.4%),
respectively, and Covid-19 according to the CDC
definition occurred in 5 participants (1.5%) and in
1 participant (0.4%), respectively.

There were three SARS-CoV-2 reinfections in
the mRNA-1273 group. No emergency depart-
ment visits or hospitalizations due to Covid-19
were seen.
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A Neutralizing Antibody Titers against Ancestral SARS-CoV-2 (D614G)
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Figure 3. Observed Neutralizing Antibody Titers against Ancestral SARS-CoV-2 (D614G) and Omicron after 50 pg of
mRNA-1273.214 or mRNA-1273 Administered as a Second Booster Dose.

Pseudovirus neutralizing antibody geometric mean titers are provided for all participants regardless of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection before the booster (per-protocol immunogenicity set)
and for those with or without previous SARS-CoV-2 infection before the booster. Data are from participants with
nonmissing data at the time point. Nine participants in the mRNA-1273 group had missing data on prebooster
SARS-CoV-2 status. Antibody values that were reported as below the lower limit of quantification (18.5 for ancestral
SARS-CoV-2 [D614G] and 19.9 for omicron) were replaced by 0.5 times the lower limit of qualification. Values great-
er than the upper limit of quantification (45,118 for ancestral SARS-CoV-2 [D614G] and 15,502.7 for omicron) were
replaced by the upper limit of qualification if actual values were not available. The 95% confidence intervals (indi-
cated by I bars) were calculated on the basis of the t-distribution of the log-transformed values for geometric mean
titer, then back-transformed to the original scale for presentation. Data for observed neutralizing antibody geomet-
ric mean titers according to previous SARS-CoV-2 infection are provided in Table S7.

DISCUSSION

When administered as a second booster, a 50-ug
dose of the bivalent omicron BA.l-containing
mRNA-1273.214 vaccine had a safety and reacto-
genicity profile that was similar to that of the
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prototype 50-ug mRNA-1273 booster vaccine.
The frequency of adverse events after a second
booster dose of 50-ug mRNA-1273.214 was simi-
lar to or lower than the frequencies previously
reported for the first booster dose of 50-ug
mRNA-1273 and the second dose of the 100-ug
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mRNA-1273 primary series."*!? Overall, the safe-
ty and reactogenicity of mRNA-1273.214 after
three previous mRNA-1273 doses administered
at intervals of at least 3 months are reassuring
and are similar to those previously reported for
the bivalent beta-containing candidate, mRNA-
1273.211, which had a safety profile similar to
that of mRNA-1273 through 6 months after vac-
cination.”

Neutralizing antibody responses have been
used to infer Covid-19 vaccine efficacy.*** The
mRNA-1273.214 vaccine elicited a superior neu-
tralizing antibody response against omicron, as
compared with mRNA-1273, 28 days after the
booster dose, and the magnitude of the differ-
ence in the responses exceeded the recommended
superiority criteria.® The neutralizing antibody
response against ancestral SARS-CoV-2 (D614G)
was also higher with mRNA-1273.214 than with
mRNA-1273, which indicates no decrement in
the ancestral SARS-CoV-2 (D614G) antibody re-
sponses. Neutralizing antibody responses were
consistently higher with mRNA-1273.214 than
with mRNA-1273, irrespective of previous SARS-
CoV-2 infection. On the basis of epidemiologic
data suggesting decreasing vaccine effectiveness
against omicron infection and suggesting that
breakthrough infections can occur in vaccinated
persons, including those with previous SARS-
CoV-2 infection,®1*'*2¢ having the capability to
boost immune responses in persons with previ-
ous infection is important, given the potential for
enhanced protection against Covid-19.>*%> Mecha-
nisms of increased antibody responses with biva-
lent vaccines have yet to be elucidated but could
include generation of new memory immune re-
sponses.”’

Cross-reactivity against multiple variants is
highly desirable given the continuous viral evolu-
tion and emergence of escape variants. We previ-
ously reported that the bivalent beta-containing
mRNA-1273.211 vaccine induced consistently
higher neutralizing antibody responses and spike-
binding antibody responses against multiple vari-
ants than mRNA-1273.%° In the present study, the
bivalent omicron-containing mRNA-1273.214 vac-
cine also elicited higher neutralizing antibody
responses than mRNA-1273 against omicron
BA.4/5 subvariants and higher spike-binding anti-
body responses against alpha, beta, gamma, del-
ta, and omicron variants regardless of previous
SARS-CoV-2 infection. The longevity of antibody
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responses is also important to future vaccination
strategies. Enhanced durability of the antibody
responses at 6 months after immunization was
observed for mRNA-1273.211,%° and monitoring
of the persistence of mRNA-1273.214 antibody re-
sponses continues in this ongoing clinical study.

Study limitations include the lack of random-
ization. Although the enrollment dates of the
booster groups were within weeks of each other,
representing similar epidemiologic environments
of circulating variants, variant sequences were not
ascertained. Furthermore, the temporal distances
between primary vaccination and first and second
boosters were similar in the two groups, despite
the sequential study design. The study assessed
only humoral immune responses, and future work
is needed to characterize cellular responses. Given
the public health importance of these data, longer-
term follow-up is under way to further evaluate the
safety and antibody persistence of the bivalent
vaccine. The incidence of infections was numeri-
cally higher in the mRNA-1273.214 group than in
the mRNA-1273 group among participants with
no previous SARS-CoV-2 infection and balanced
between the two groups among all participants
owing to reinfections in the mRNA-1273 group.
However, the study was not designed to evaluate
vaccine effectiveness, and the follow-up time of
infection after the booster is limited, which pre-
cludes conclusions about protection.

In this study, the 50-ug bivalent omicron-
containing mRNA-1273.214 vaccine, when ad-
ministered as a booster dose, had a safety and
reactogenicity profile that was similar to that of
50-ug mRNA-1273 and elicited superior neutral-
izing antibody responses against omicron at 28
days after immunization. Neutralizing antibody
responses were also higher against omicron sub-
variants BA.4/5 and ancestral SARS-CoV-2 (D614G).
The mRNA-1273.214 booster also elicited higher
spike-binding antibody responses against omi-
cron, alpha, beta, gamma, and delta variants
than mRNA-1273. These results are consistent
with the evaluation of our bivalent beta-contain-
ing vaccine, which induced enhanced and dura-
ble antibody responses.”® Together, these find-
ings indicate that bivalent vaccines may be a new
tool in the response to emerging variants.
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