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Background. Messenger RNA (mRNA)-1273 vaccine demonstrated 93.2% efficacy against coronavirus disease 2019 (COVID-
19) in the Coronavirus Efficacy (COVE) trial. The humoral immunogenicity results are now reported.

Methods. Participants received 2 mRNA-1273 (100 pg) or placebo injections, 28 days apart. Immune responses were evaluated
in a prespecified, randomly selected per-protocol immunogenicity population (n=272 placebo; n=1185 mRNA-1273).
Serum binding antibodies (bAbs) and neutralizing antibodies (nAbs) to severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2)-spike protein were assessed at days 1, 29, and 57 by baseline SARS-CoV-2-negative (n=1197) and SARS-CoV-
2-positive (n = 260) status, age, and sex.

Results. SARS-CoV-2-negative vaccinees had bAb geometric mean AU/mL levels of 35 753 at day 29 that increased to 316 448
at day 57 and nAb inhibitory dilution 50% titers of 55 at day 29 that rose to 1081 at day 57. In SARS-CoV-2-positive vacinees, the
first mRNA-1273 injection elicited bAb and nAb levels that were 11-fold (410 049) and 27-fold (1479) higher than in SARS-CoV-2-
negative vaccinees, respectively, and were comparable to levels after 2 injections in uninfected participants. Findings were generally

consistent by age and sex.
Conclusions.

mRNA-1273 elicited robust serologic immune responses across age, sex, and SARS-CoV-2 status, consistent with

its high COVID-19 efficacy. Higher immune responses in those previously infected support a booster-type effect.
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The messenger RNA (mRNA)-1273 vaccine was highly effec-
tive in preventing coronavirus disease 2019 (COVID-19) in
the Coronavirus Efficacy (COVE) trial [1, 2]. Assessment of
vaccine-induced immune responses is important to advance
our understanding of how serologic responses contribute to
protection severe acute respiratory

against syndrome
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coronavirus 2 (SARS-CoV-2) infection, and to inform deci-
sions on regulatory approvals including immunobridging be-
tween age groups, since the humoral immune responses are a
correlate of efficacy against mild-to-moderate disease, and po-
tential need for booster doses [3]. In clinical trials, mnRNA-1273
vaccine induced anti-SARS-CoV-2 spike (S) binding antibody
(bAb) levels and SARS-CoV-2 neutralizing antibody (nAb) ti-
ters in adults that were comparable to or higher than those in
plasma from recovered COVID-19 patients, as well as generally
consistent immune responses in older and younger participants
including adolescents [4-6]. Additionally, nRNA-1273 vaccine
elicits neutralizing activity against emerging SARS-CoV-2 var-
iants and rapid rises in nAb titers following booster doses, in-
dicative of immune memory [7-12].

Recently, an mRNA-1273 efficacy of 93.2% with an acceptable
safety profile was reported at the completion of the blinded phase
of the COVE trial [2]. Here we describe the humoral immunoge-
nicity results of 2 doses of mRNA-1273 administered 28 days
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apart in trial participants who were SARS-CoV-2-negative
(infection-naive) or SARS-CoV-2—-positive (prior infection).

METHODS

Study Design

This currently ongoing randomized, stratified, observer-blind,
placebo-controlled trial evaluated the efficacy, safety, and im-
munogenicity of mRNA-1273 SARS-CoV-2 vaccine compared
with placebo in medically stable adults [1, 2]. The trial design,
study outcomes, and assessments were previously described
and are provided in the Supplementary Materials [1, 2].

The trial is conducted in accordance with the International
Council for Technical Requirements for Registration of
Pharmaceuticals for Human Use, Good Clinical Practice
Guidance, and applicable government regulations. The central
Institutional Review Board approved the protocol and consent
forms. All participants provided written informed consent.

Participants, Randomization, and Masking
Eligible participants were adults aged >18 years with no known
history of SARS-CoV-2 infection, whose locations or circum-
stances put them at appreciable risk for SARS-CoV-2 infection
and/or risk of severe COVID-19 [1, 2]. Inclusion/exclusion cri-
teria are provided in the Supplementary Materials.
Participants were randomized 1:1 to receive mRNA-1273
vaccine (100 pg) or placebo, stratified by age and severe
COVID-19 risk criteria (18-64 years and not at risk; 18-64
years at risk; >65 years). Severe COVID-19 risk factors were
defined according to the Centers for Disease Control and
Prevention guidelines at the time of study design [13]. The in-
vestigators, study staff, participants, site monitors, sponsor per-
sonnel (or designees), and laboratory personnel were blinded to
study treatment through blinded phase completion. The vac-
cine was administered by deltoid intramuscular injection using
a 2-dose regimen given 28 days apart in 0.5 mL containing
100 pg of mRNA-1273 or saline placebo [1].

Outcomes
A secondary objective of the COVE trial was the immunogenic-
ity of 2 injections of mRNA-1273 given 28 days apart, assessed
in the immunogenicity subset, a stratified random sample of
participants in the full analysis set (FAS) [1, 2]. Participants
in the FAS with nonmissing baseline characteristics for the stra-
ta who received both planned injections (injection 2 received
within 21-42 days post-injection 1), no major protocol devia-
tions, and serum samples available at both days 1 (baseline) and
57 were eligible for inclusion in the prespecified random subset
(Supplementary  Table 1, Supplementary Figure 1,
Supplementary Methods).

Immunogenicity was assessed in serum samples from trial

participants using validated assays for the detection of bAb

against the SARS-CoV-2-S-protein, including an electroche-
miluminescence immunoassay (Meso-Scale Discovery multi-
plex assay [MSD]; Vaccine Immunology Program, Vaccine
Research Center, National Institute of Allergy and Infectious
Diseases, National Institutes of Health) and an enzyme-linked
(ELISA;  PPD
Neutralizing antibody titers evaluated using a
SARS-CoV-2-S protein (D614G) pseudotyped virus neutrali-
zation assay (PsVNA) in 293/ACE2 cells (Neutralizing
Antibody Core Laboratory, Duke University). The S receptor-
binding domain (RBD) and the SARS-CoV-2-nucleocapsid
protein (NP) antibody assays (MSD), used as supportive anal-

immunosorbent  assay Laboratories).

were

yses, were not yet validated at the time of the analysis. Human
convalescent sera collected during March-December 2020
from symptomatic COVID-19 patients served as reference an-
tibody levels (MSD assay and ELISA), and from asymptomatic,
symptomatic, or hospitalized COVID-19 patients (PsVNA).
Assay details are further described in the Supplementary
Methods and Supplementary Table 2. The endpoints evaluated
included quantified S-protein-specific bAb geometric mean
(GM) levels on days 1 (baseline), 29, and 57 and GM fold rise
(GMEFR) relative to day 1 on days 29 and 57; and
SARS-CoV-2-specific nAb GM titers (GMTs) on days 1, 29,
and 57 and GMEFR relative to day 1 on days 29 and 57.
Participants provided nasopharyngeal swabs and blood sam-
ples before the first (day 1) and second (day 29) injections.
Seroresponses (bAb and nAb) to mRNA-1273 vaccination
were assessed at days 29 and 57.

Statistical Analysis

At the final efficacy analysis at completion of the blinded phase
(26 March 2021), immunogenicity of mRNA-1273 was evaluat-
ed in participants who were baseline SARS-CoV-2-negative
(reverse-transcription polymerase chain reaction [RT-PCR]
SARS-CoV-2 test and Roche Elecsys anti-CoV-2-NP) and pos-
itive (RT-PCR SARS-CoV-2 test and/or Roche Elecsys
anti-CoV-2-NP) at day 1 (Supplementary Methods).
Immunogenicity data from quantitative assays at prespecified
timepoints (days 1, 29, and 57) for bAb to S protein, and
PsVNA nAb inhibitory dilution 50% (IDs5,) and 80% (IDg,) ti-
ters were analyzed. Exploratory analyses of bAb against RBD
and NP (MSD) were also performed. Quantitative GM levels
and GMT at each timepoint, and GMFR of bAb or nAb at
each postbaseline timepoint over predose day 1 with corre-
sponding 95% confidence intervals (Cls; ¢ distribution of log-
transformed values, back-transformed to original scale) are
provided by treatment and baseline SARS-CoV-2 status.
Descriptive summary statistics (median, minimum, and maxi-
mum) are provided. For the analysis, antibody values reported
below the lower limit of quantitation (LLOQ) were replaced by
0.5 x LLOQ, and values above the upper limit of quantitation
(ULOQ) were converted to the ULOQ if no actual value was
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reported. Actual values reported beyond the validated ULOQ
were used in the analysis and summarized. Seroresponses in
participants were defined as a >4-fold-increase in GM levels
and GMT from baseline, >4 times the LLOQ for baseline anti-
body levels <LLOQ, or a 4 times or higher fold-rise for baseline
antibody levels >LLOQ, and were also assessed using assay-
specific definitions (Supplementary Methods). Qualitative
data were summarized as frequencies of responses by treatment
group and baseline SARS-CoV-2 status at each timepoint
assessed.

RESULTS

Among the 30415 participants randomized in the COVE tri-
al (27 July-23 October 2020), 1591 participants in the FAS
with available immunogenicity samples (n =335 placebo; n=
1256 mRNA-1273) were evaluated in the prespecified random
immunogenicity subcohort (Figure 1, Supplementary Table 1,
Supplementary Methods). Of these, 1457 participants (92%)
were included in the per-protocol random subcohort for im-
munogenicity (272 [8%] placebo; 1185 [94%] mRNA-1273).
A total of 63 (19%) participants in the placebo group and 71
(6%) in the mRNA-1273 group were excluded from the per-
protocol random subcohort immunogenicity set, most com-
monly due to not receiving dose 2 per schedule or human im-
munodeficiency virus (HIV) infection. Of eligible participants
within  the
SARS-CoV-2-negative and —positive at baseline (day 1), re-

immunogenicity set, 142 and 130 were
spectively, in the placebo group and 1055 and 130 in the
mRNA-1273 group.

Baseline characteristics of the immunogenicity analysis pop-
ulation were generally balanced by treatment group, as in the
COVE population (Table 1 and Supplementary Table 3)
[1, 2]. The mean age was 53.3 years (range, 18-87 years),
46% were female, 72% were white, and racial and ethnic repre-
sentations were consistent with US demographics, including
18% black or African American and 32% Hispanic or Latino
participants. Overall risk for severe COVID-19 was present in
37% of the population and was higher in the baseline
SARS-CoV-2-negative (40%) than —positive (22%) groups.

The validated assay methods used for the measurement of
anti-S bAb levels were highly correlated with one another
and with the nAb PsVNA in the baseline SARS-CoV-2-nega-
tive and -positive groups (r=0.873-0.990; Supplementary
Figure 2). Immunogenicity results (days 1, 29, and 57) are pre-
sented by SARS-CoV-2 baseline status, age, and sex.

Day 1 bAb GM (AU/mL) levels were 62- and 61-fold higher
in SARS-CoV-2-positive participants than those who were
SARS-CoV-2-negative in the placebo and mRNA-1273 groups,
respectively, by the MSD assay (Figure 2 and Table 2). Levels of
bAb remained unchanged during days 1-57 in placebo recipi-
ents who were SARS-CoV-2-positive or -negative at baseline.

Following mRNA-1273 vaccination in the SARS-CoV-2-
negative group, bADb increased 310-fold at day 29 and
2737-fold at day 57 from day 1 GM levels. In SARS-CoV-2-
positive mRNA-1273 recipients, bAb GM levels increased
60-fold at day 29 and 96-fold at day 57 and were 11- and
2-fold higher at days 29 and 57, respectively, compared with
those baseline SARS-CoV-2-negative. By day 29, bAb serores-
ponse rates of >97% were observed, regardless of baseline
SARS-CoV-2 status.

Levels of bAb were 2-fold higher in SARS-CoV-2-negative
mRNA-1273 recipients 18-64 years old than those aged >65
years at day 29 and similar at day 57 (Figure 2 and
SARS-CoV-2-positive
mRNA-1273-vaccinated participants, bAb levels on day 29

Supplementary ~ Table 4). In

were also 2-fold higher in younger than older adults and com-
parable at day 57 for the 2 age groups. The bAb levels were
higher in younger (10-fold at day 29) and older (2- and
3-fold at day 57) SARS-CoV-2-positive than —negative partic-
ipants. Seroresponse rates remained high (>91%-100%) across
both age groups on days 29 and 57. Generally similar bAb levels
were seen in female and male SARS-CoV-2-negative partici-
pants at days 29 and 57; however, bAb levels were 2-fold higher
for SARS-CoV-2-positive males than females at day 29 and
similar at day 57. Seroresponse rates were comparable irrespec-
tive of sex and previous infection (Supplementary Figure 3 and
Supplementary Table 5).

Overall, bAb GM levels at days 29 and 57 were higher in
SARS-CoV-2-negative ~ (3.3- to 29.0-fold) and in
SARS-CoV-2-positive (38- to 61-fold) participants than bAb
GM levels in convalescent sera and were also higher at days
29 (2- to 3l1-fold) and 57 (22- to 65-fold) across
SARS-CoV-2-negative ~ and  —positive  age
respectively (Figure 2). Findings were consistent by sex groups

groups,

(Supplementary Figure S3). The distributions of bAb responses
showed comparable patterns and median magnitudes of bAb
values that exceeded those of convalescent COVID-19 patient
sera, regardless of SARS-CoV-2 status and age (Figure 3).
Results for ELISA were similar to those of the MSD assay
SARS-CoV-2
(Supplementary Figure 4 and Supplementary Tables 5 and 6).

across age, sex, and status  groups
In an exploratory analysis, bAb GM levels specific to
SARS-CoV-2-NP in the mRNA-1273 group were comparable
to placebo in SARS-CoV-2-negative and —positive participants
during days 1-57, and were 10- to 19-fold higher in the
SARS-CoV-2-positive group (Supplementary Table 7).
Exploratory results for SARS-CoV-2-specific bAb to the RBD
were similar to those observed for full-length S-protein, regard-
less of age and SARS-CoV-2 status (Supplementary Figure 5
and Supplementary Table 8).

The nAb ID5y GMTs were 9- and 7-fold higher at baseline in
SARS-CoV-2-positive compared with SARS-CoV-2-negative

participants in the placebo and mRNA-1273 groups,
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30415 randomized 1:1

15206 assigned to placebo
40 did not receive any injection
15166 received 1st injection (FAS)

[ 335 selected as stratified random sampling for immunogenicitysubset® ]

[
v ¥

l 145 Baseline SARS-CoV-2 negative l l 190 Baseline SARS-CoV-2 positive l

60 excluded from PP random subcohort for
immunogenicity

3 excluded from PP random subcohort for
immunogenicity
3 received dose 2 outside window for PP
52 did not receive dose 2 per schedule
2 HIV infection®
3 other major protocol deviations

1 received incorrect vaccination
2 HIV infection

130 included in PP random subcohort
for immunogenicity analysis

142 included in PP random subcohort
for immunogenicity analysis

Figure 1.

i

l 15209 assigned to 100 ug mRNA-1273 l

29 did not receive any injection
15180 received 1st injection (FAS)

[ 1256 selected as stratified random sampling for immunogenicitysubset® ]

[
¥

l 176 Baseline SARS-CoV-2 positive

l 1080 Baseline SARS-CoV-2 negative l

25 excluded from PP random subcohort for
immunogenicity
5 received dose 2 outside window for PP ||
1 did not receive dose 2 per schedule
18 HIV infection
1 other major protocol deviations

46 excluded from PP random subcohort for
immunogenicity
43 did not receive dose 2 per schedule
3HIV infection®

1055 included in PP random subcohort
for immunogenicity analysis

130 included in PP random subcohort
for immunogenicity analysis

Trial profile immunogenicity analysis population. The per-protocol subcohort for immunogenicity analysis consisted of participants in the full analysis set (FAS)

who were sampled into the random subcohort and received both planned doses (ie, received assigned treatment) with dose 2 received within 21-41 days after dose 1, and no
major protocol deviations that impacted critical or key data. ®Stratified random sampling criteria were FAS participants with nonmissing information on strata, based on
per-protocol rules consistent with those used for efficacy and those with immunogenicity data at days 1, 29, and 57, all adjudicated coronavirus disease 2019 cases
(Supplementary Table 1). Samples from people living with human immunodeficiency virus were excluded due to a known interference of antiretroviral medications with
pseudovirus neutralizing antibody assay [41]. Data cutoff: 26 March 2021. Abbreviations: FAS, full analysis set; HIV, human immunodeficiency virus; mRNA, messenger

RNA; PP, per-protocol; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

respectively; titers remained unchanged over time in both pla-
cebo groups (Figure 2 and Table 2). In SARS-CoV-2-negative
participants, nAb GMT IDs, increased 6-fold on day 29 and
108-fold on day 57 compared to baseline (Figure 2 and
Table 2). In SARS-CoV-2—-positive participants, GMT increases
from baseline on day 29 (22-fold) and on day 57 (46-fold)
were 27-fold higher at day 29 and 3-fold higher at day
57 than those of SARS-CoV-2-negative
Seroresponses were 42% in SARS-CoV-2-negative and 79%
in SARS-CoV-2-positive mRNA recipients at day 29, and by
day 57 >95%, SARS-CoV-2
status.

participants.

were regardless  of

In SARS-CoV-negative and —positive participants, nAb IDs
GMTs were 2-fold higher on day 29 and comparable at day 57
in those 18-64 vs >65 years of age (Figure 2 and Supplementary
Table 4). The nAb GMTSs in SARS-CoV-2-positive participants
were higher at days 29 (26- and 20-fold) and 57 (3- and 4-fold)
in younger vs older SARS-2-CoV-negative participants, re-
spectively. Seroresponses were also lower in older (30% and
61%) than younger (47% and 82%) adults on day 29 in the
SARS-CoV-negative and —positive groups, respectively, and
by day 57 were >94%, regardless of baseline SARS-CoV-
2 status and age. Among SARS-CoV-2-negative females and
males, nAb titers were generally comparable at days 29 and
57; however, SARS-CoV-2-positive males had 2-fold higher
nAb titers than females at day 29 and were similar at day 57
(Supplementary Figure 3 and Supplementary Table 5).
Seroresponse rates were generally comparable between males
and females regardless of SARS-CoV-2 status.

Neutralizing IDsq GMTs in SARS-CoV-2-negative partici-
pants were similar at day 29 and higher at day 57 (18-fold)

compared with those of convalescent sera from asymptomatic
patients, and lower at day 29 but higher (2-fold) at day 57 com-
pared with symptomatic patient sera (Figure 2 and
Supplementary Table 4). Among SARS-CoV-positive partici-
pants, nAb GMTs were higher than titers of sera from asymp-
tomatic (25- and 52-fold) and symptomatic (3- and 6-fold)
patients at both days. Compared with serum titers of hospital-
ized patients, nAb titers of SARS-CoV-2-negative participants
were lower at both days, whereas those of SARS-CoV-2-
positive participants were lower at day 29 and similar at
day 57. In younger SARS-CoV-2-negative adults, nAb titers
were similar to those of convalescent asymptomatic sera and
lower in those older at day 29, but were higher in both age
groups at day 57. In comparison with titers of symptomatic pa-
tient sera, nAb titers were lower at day 29 and higher at day 57
irrespective of age. Among SARS-CoV-2-positive participants,
nAb GMTs were higher at both days compared with convales-
cent sera from asymptomatic and symptomatic patients in both
age groups. Across age groups, nAb GMTs were lower than
those of convalescent sera from hospitalized patients regardless
of SARS-CoV-2 status at days 29 and 57, and were more similar
in those SARS-CoV-2-positive at day 57. The distributions of
nAb titers showed similar patterns and magnitudes of response
in comparison with those of convalescent sera, across baseline
SARS-CoV-2 status and age groups (Figure 3). Overall, compa-
rable results for convalescent sera were seen at PSVNA IDgj ti-
ters and for nAb titers in females and males (Supplementary
Figures 3 and 6).

Seroresponses evaluated by assay-specific definitions for bAb
and nAb were consistent with those defined as a >4-fold in-
crease from baseline for all 3 assays (Supplementary Table 9).
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Table 1. Baseline Demographics and Characteristics of the Inmunogenicity Subset

Baseline SARS-CoV-2-negative® Baseline SARS-CoV-2-positive® Overall
Placebo mRNA-1273 Placebo mRNA-1273 Placebo mRNA-1273

Characteristic (n=142) (n=1055) (n=130) (n=130) (n=272) (n=1185)
Age at screening, y, mean (range) 53.6 (19-8b) 54.5 (18-87) 49.6 (20-83) 47.2 (20-84) 51.7 (19-85) 53.7 (18-87)
Age and health risk for severe COVID-19°

18-64 y and not at risk 49 (3b) 360 (34) 80 (62) 88 (68) 129 (47) 448 (38)

18-64 y and at risk 45 (32) 340 (32) 30 (23) 19 (15) 75 (28) 359 (30)

>65y 48 (34) 355 (34) 20 (15) 23 (18) 68 (25) 378 (32)
Sex

Male 76 (54) 560 (53) 77 (59) 70 (54) 153 (56) 630 (53)

Female 66 (47) 495 (47) 53 (41) 60 (46) 119 (44) 555 (47)
Ethnicity

Hispanic/Latino 47 (33) 334 (32) 45 (35) 41 (32) 92 (34) 375 (32)

Not Hispanic/Latino 95 (67) 717 (68) 84 (65) 88 (68) 179 (66) 805 (68)

Not reported/ unknown 0 40 1(1) 1(1) 1(0) 5(0)
Race and ethnicity group®

Minority 71 (50) 522 (50) 74 (57) 64 (49) 145 (63) 586 (50)

Nonminority 71 (50) 533 (51) 56 (43) 66 (51) 127 (47) 599 (51)
Race

White 103 (73) 767 (73) 87 (67) 89 (69) 190 (70) 856 (72)

Black/African American 24 (17) 188 (18) 38 (29) 29 (22) 62 (23) 217 (18)

Asian 6 (4) 26 (3) 1(1) 6 (5) 7 () 32 (3)

American Indian/Alaska Native 2(1) 17 (2) 1(1) 0 3(1) 17 (1)

Native Hawaiian/other Pacific Islander 0 5(1) 0 0 0 5(0)

Multiracial 4(3) 15 (1) 0 1(1) 4(2) 16 (1)

Other 3(2) 27 (3) 2(2) 4(3) 5(2) 31 (3)

Not reported or unknown 0 10 (1) 1(1) 1(1) 1(0) 11(1)
Baseline RT-PCR results

Negative 142 (100) 1055 (100) 125 (96) 129 (99) 267 (98) 1184 (100)

Positive 0 0 3(2) 1(1) 3(1) 1(0)

Missing 0 0 2(2) 0 2(1) 0
Baseline bAb anti~-SARS-CoV-2¢

Negative 142 (100) 1055 (100) 0 1(1) 142 (52) 1056 (89)

Positive 0 0 130 (100) 129 (99) 130 (48) 129 (11)
Risk for severe COVID-19 at screening

At risk 58 (41) 416 (39) 34 (26) 22 (17) 92 (34) 438 (37)

Not at risk 84 (59) 639 (61) 96 (74) 108 (83) 180 (66) 747 (63)
Risk factor for severe COVID-19 at screening®

Chronic lung disease 15 (11) 83 (8) 6 (5) 3(2) 21 (8) 86 (7)

Significant cardiac disease 10 (7) 79 (8) 7 (5) 6 (5) 17 (6) 85 (7)

Severe obesity 20 (14) 135 (13) 12 (9) 10 (8) 32(12) 145 (12)

Diabetes 26 (18) 182 (17) 15 (12) 6 (5) 41 (15) 188 (16)

Liver disease 1(1) 17 (2) 0 0 1(0) 17 (1)

HIV 0 0 0 0 0 0
Body mass index, kg/m?

No. 142 1050 130 129 272 1179

Mean (SD) 31.4(9) 31.0(8) 30.6 (7) 29.2 (7) 31.0(8) 30.8 (8)

Percentages based on immunogenicity per-protocol subset, randomly sampled from the full analysis set of the Coronavirus Efficacy (COVE) trial as detailed in the Supplementary Methods.

Abbreviations: bAb, binding antibody; COVID-19, coronavirus disease 2019; HIV, human immunodeficiency virus; IRT, interactive response technology; mRNA, messenger RNA; RT-PCR,
reverse-transcription polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SD, standard deviation.

“Baseline SARS-CoV-2 status was positive if there was immunologic or virologic evidence of prior COVID-19, defined as positive RT-PCR test, or bAb against SARS-CoV-2-nucleocapsid above
limit of detection or lower limit of quantitation at day 1; negative was defined as negative RT-PCR test and negative bAb against SARS-CoV-2 assay result at day 1.

PBased on stratification factor from IRT, participants who were <65 years old were categorized as at risk for severe COVID-19 iliness if they had at least 1 of the risk factors specified in the
study protocol at screening.

°Minority includes black/African American, Hispanic/Latino, American Indian/Alaska Native, and Native Hawaiian/other Pacific Islander; nonminority includes all other races with observed race
(Asian, multiracial, white, other) and observed ethnicity not Hispanic or Latino.

9Elecsys nucleocapsid assay.

®Participants could be under 1 or more categories and were counted once at each category. Data cutoff: 26 March 2021.
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Figure 2.  Spike binding and neutralizing antibody titers by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) baseline status and age. Geometric mean (GM)
concentrations of SARS-CoV-2—specific spike (S) binding antibodies assessed by Meso-Scale Discovery Multiplex assay (MSD) (A) and neutralizing antibody GM titers by
pseudovirus neutralizing antibody assay (PsVNA) IDsy (inhibitory dilution 50%, defined as the serum dilution at which SARS-CoV-2 infection is reduced by 50% in PsVNA) (B)
at the corresponding visit days (days 1, 29, and 57) and baseline SARS-CoV-2 status and age groups. The lower limit of quantitation (LLOQ) and upper limit of quantitation
(ULOQ) were, respectively, 200 and 1128 439 AU/mL for MSD and 19 and 4404 GM |Ds, for PsVNA assays. Antibody values <LLOQ were replaced by 0.5 x LLOQ and those
>UL0Q were converted to the ULOQ if actual values were not reported and where available are reported. The 95% confidence intervals (Cls) were calculated based on the
t-distribution of the log-transformed values for GM levels and GM IDsg titers, then back-transformed to the original scale for presentation. *Responses in participants who
received placebo (Pbo) averaged across days, study vaccine, and age group for SARS-CoV-2—negative and —positive cohorts. *Seroresponses at participant levels defined as a
>4-fold increase in GM levels and titers from baseline >4 x LLOQ for those with baseline antibody levels <<LLOQ, or a 4 times or higher-level ratio in participants with
baseline antibody level >LLOQ. Human convalescent sera (Conv) collected from coronavirus disease 2019 patients tested by MSD (n = 84) and PsVNA (n = 165; 34 asymp-
tomatic [A], 71 symptomatic [S], and 60 hospitalized [H]) assays served as reference control titers. For conversion of binding antibody AU/mL to binding antibody units, multiply
AU units by 0.009 for MSD spike (S2-P) protein, and for conversion to international units by 0.242 for PsVNA IDsg titers [3]. Data cutoff: 26 March 2021.
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Table 2. Binding Antibody Levels and Neutralizing Antibody Titers by Severe Acute Respiratory Syndrome Coronavirus 2 Status

SARS-CoV-2 Status Spike-Binding Antibody Neutralizing Antibody (IDso)
SARS-CoV-2-negative Placebo mRNA-1273 Placebo mRNA-1273
(N=142) (N=1055) (N=142) (N =1055)
Baseline No.? 139 1046 142 1052
GM level/titer® 115 115 9 10
(95% CI)® (105-125) (111-119) (NE-NE) (9-10)
Day 29 No.? 139 1040 142 1053
GM levelftiter 117 35753 10 56
(95% CI)® (106-130) (33376-38299) (9-10) (51-59)
GMFR 1 310 1 6
(95% CI)® (1-1) (288-333) (1-1) (5-6)
Seroreponse®
no./N1 (%) 1/137 (1) 1022/1033 (99) 1142 (1) 437/1052 (42)
(95% CI)9 (0-4) (98-100) (0-4) (39-45)
Day 57 No.? 141 1035 142 1053
GM level/titer® 125 316448 10 1081
(95% CI)® (106-147) (300071-333719) (9-11) (1020-1146)
GMFR? 1 2737 1 112
(95% CI)¢ (1-1) (2572-2913) (1-1) (105-120)
Seroreponse®
no./N1 (%) 2/139 (1) 1021/1027 (99) 2/142 (1) 1033/1050 (98)
(95% Cl)® (0-5) (99-100) (0-5) (97-99)
SARS-CoV-2-positive Placebo mRNA-1273 Placebo mRNA-1273
(N=130) (N=130) (N=130) (N=130)
Baseline No.? 128 127 129 130
GM level/titer 7127 6989 83 68
(95% CI)® (4899-10368) (4832-10109) (59-115) (50-93)
Day 29 No.? 127 130 129 130
GM levelftiter 5672 410049 53 1479
(95% CI)® (3955-8135) (313904-535 643) (40-71) (1070-2045)
GMFR® 1 60 1 22
(95% CI)® (1-1) (46-80) (1-1) (16-29)
Seroreponse®
no./N1 (%) 2/126 (2) 123/127 (97) 0/128 (0) 102/130 (79)
(95% CI)® (0-6) (92-99) (0-3) (70-85)
Day 57 No.? 128 130 130 130
GM level/titer® 5186 668 685 48 3146
(95% CI)® (3609-7451) (570884-783242) (35-64) (2540-3897)
GMFR? 1 96 1 46
(95% CI)¢ (1-1) (69-134) (1-1) (34-63)
Seroreponse®
no./N1 (%) 3/127 (2) 124/127 (98) 1/129 (1) 123/130 (95)
(95% CI)9 (1-7) (93-100) (0-4) (89-98)

Spike-binding antibody (MSD) and PsVNA values reported as below the lower limit of quantitation (LLOQ) are replaced by 0.5 x LLOQ. Values greater than the upper limit of quantitation
(ULOQ) were replaced by the ULOQ if actual values were not available, and where available are reported. LLOQ =200 and ULOQ = 1128439 for MSD S2-P, and LLOQ =19 and ULOQ =
4404) for PsVNA [Dsg.

Abbreviations: Cl, confidence interval; GM, geometric mean; GMFR, geometric mean fold rise; IDso, pseudovirus neutralizing titer (inhibitory dilution 50%); mRNA, messenger RNA; MSD,
Meso-Scale Discovery multiplex assay; NE, not estimated; PsVNA, pseudovirus neutralizing antibody assay; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

#Number of participants with nonmissing data at the corresponding timepoint.

5GM level for MSD and GM titer for PsVNA assays.

°95% Cl calculated based on the t-distribution of the log-transformed values or the difference in the log-transformed values for GM value and GMFR, respectively, then back-transformed to the
original scale for presentation.

4GMFR of S protein-specific binding antibody relative to day 1 on days 29 and 57, and GMFR of SARS-CoV-2-specific neutralizing antibody relative to day 1 on days 29 and 5.

°Seroresponses at participant levels defined as a >4-fold increase in GM levels and titers from baseline >4 x LLOQ for those with baseline antibody levels <LLOQ, or a 4 times or higher-level
ratio in participants with baseline antibody level >LLOQ.

*Number of participants meeting the criterion at the time point; percentages are based on N1, the number of participants with nonmissing data at baseline and the corresponding time point.

995% Cl is calculated using the Clopper-Pearson method. For conversion of binding antibody AU/mL to binding antibody units, multiply AU units by 0.009 for MSD spike (S2-P) protein and for
conversion to international units by 0.242 for PsVNA IDsg titers [3]. Data cutoff: 26 March 2021.
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Figure 3. Distribution of binding and neutralizing antibody responses by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) status and age. Reciprocal endpoint
geometric mean (GM) spike (S) binding antibody log+q levels by Meso-Scale Discovery Multiplex assay (MSD; A), and neutralizing antibody titers by S-pseudovirus neutralizing
antibody assay (PsVNA) (inhibitory dilution 50%, defined as the serum dilution at which SARS-CoV-2 infection is reduced by 50% in PsVNA,; IDsq logso) (B) at the corresponding
visit days (days 1, 29, and 57), and baseline SARS-CoV-2 status and age groups. The lower limit of quantitation (LLOQ) and upper limit of quantitation (ULOQ), respectively,
were logyg 2.3 and 6.1 for MSD and logyq 1.3 and 3.6 for PsVNA IDsy assays. Antibody values reported as below the LLOQ were replaced by
0.5 x LLOQ. Values greater than the ULOQ are replaced by the ULOQ if actual values were not available and where available are reported. Human convalescent sera (-
Conv) collected from coronavirus disease 2019 patients tested by MSD (n=84) and PsVNA (n = 165; 34 asymptomatic [A], 71 symptomatic [S], and 60 hospitalized [H])
assays served as reference control titers. 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. Data cutoff: 26 March 2021.
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DISCUSSION

This immunogenicity analysis of the COVE study demonstrat-
ed robust SARS-CoV-2-S bAb and nAb responses following a
2-dose schedule of mRNA-1273 vaccine in a relatively large
sample size of participants, consistent with its high efficacy in
the trial [1, 2]. High levels of both bAb and nAb were observed
following the first dose and increased further after a second
dose, regardless of baseline SARS-CoV-2 infection status, and
were as much as an order of magnitude higher in individuals
with evidence of prior infection than in those infection naive
after the first injection, suggesting an immune-enhancing ef-
fect. These immunologic findings were generally similar across
age and sex groups.

Vaccine studies have generally evaluated bAb and nAb re-
sponses as correlates of protection or surrogate markers against
infection for many viral diseases; however, such a relationship is
just coming into view for COVID-19 [3, 14]. Several lines of ev-
idence support that antibody responses elicited by SARS-CoV-2
infection or vaccines targeting the S-protein will contribute to a
protective effect [15-20], including recent studies suggesting
that neutralization titer may be an important predictor of vac-
cine efficacy [3, 14, 17]. In an analysis of the COVE study, esti-
mated vaccine efficacies in mRNA-1273 recipients with day 57
nAb IDs titers of 10-1000 IU/mL were 78%-96%, and in those
with S-bADb levels of 33-4000 BAU/mL were 85%-94%, and
comparable to the 93.2% efficacy in the trial [3]. The levels of
nAb and bAb observed in our analysis at day 57 among baseline
SARS-CoV-2-negative (261 IU/mL and 2789 BAU/mL) and -
positive (761 IU/mL and 6123 BAU/mL) participants, respec-
tively, using the same laboratory assays, approximate those re-
ported protective levels. Additionally, in the COVE analysis,
bAb results for RBD and S-protein assays were comparable
and shown to be tightly correlated using the same MSD plat-
form [3], as observed in our exploratory analysis.

Neutralizing assays are the gold standard for measurement of
functional antiviral antibodies associated with protection
against infection, while bAb assays detect all antibodies gener-
ated in response to the antigen of interest [21]. The concor-
dance reported for bAb in relation to nAb titers and
demonstrated relationships with vaccine efficacy against mild
COVID-19, as well as the lesser variability of bAb assays, high-
throughput capability, and ease of standardization, indicate the
potential value of validated bAb assays as measures of protec-
tive immunity [3, 17, 22]. Moreover, the robust bAb increases
observed at day 29 compared with those of nAb (GMFR, 66 vs 2)
suggest that bAb could be used as an early, sensitive predictor of
protective immunity. Additionally, in a post hoc analysis of HIV
participants excluded from the immunogenicity set, due to the
presence of antiretroviral therapy in HIV patient sera known
to cause false-positive results in the PsVNA [41], bAb titers gen-
erally increased through day 57 following mRNA-1273

vaccination as seen in the immunogenicity set, indicating that
bAb assays can be used to assess immune responses in this pop-
ulation (Supplementary Figure 7) [3].

In the absence of threshold antibody titers required for pro-
tection against COVID-19, immune responses following vacci-
nation have been compared with those of convalescent patient
sera [17]. In one study of COVID-19 vaccine clinical trials, a
50% protective neutralization level against detectable
SARS-CoV-2 infection was equivalent to 20.2% (95% confi-
dence interval [CI], 14.4%-28.4%) of mean convalescent levels
(estimated ~54 IU/mL [95% CI, 30-96 IU/mL]), and was sig-
nificantly lower for severe infection (3% of mean convalescent
level [95% CI, 0.7%-13%]) [17]. The median magnitudes of
bAb and nAb values in our study were generally similar to or
higher than those of convalescent sera from COVID-19 asymp-
tomatic and symptomatic patients and lower than or compara-
ble to sera from hospitalized patients, regardless of age, sex, and
SARS-CoV-2 status, consistent with the clinical benefit seen in
the COVE and effectiveness studies [1, 2, 23]. These results also
indicate that vaccination may provide benefit in previously in-
fected individuals [24, 25].

Immunological memory following SARS-CoV-2 infection
has been broadly characterized [26-28]; however, phase 3 clin-
ical trials of COVID-19 vaccines have focused on the measure-
ment of serologic responses, and the contributions of memory
responses to long-term protection is less known [29]. A key
finding in our study was that bAb levels and nAb titers after
the first injection were higher in SARS-CoV-2-positive than
SARS-CoV-2-negative participants and comparable to those af-
ter the second injection in baseline-negative participants. These
observations support an immune-booster effect in persons pre-
viously infected with SARS-CoV-2 [26], consistent with studies
showing that vaccinating previously SARS-CoV-2-infected in-
dividuals is associated with increased antibody responses and
disease protection after 1 vaccine dose [29-33]. Neutralizing ti-
ters are also enhanced against variant viruses 1 month after a
third mRNA-1273 dose compared with a second injection in
the primary vaccination series [7-11]. Given the robust re-
sponse to 1 dose of mRNA-1273 observed in previously infected
persons, it is plausible that a 1-dose regimen may be sufficient to
achieve protection from COVID-19 outcomes in these persons.
However, additional studies are needed to better understand the
relationships between the durability of protection and humoral
and cell-mediated immunogenicity for future planning of
COVD-19 vaccines, including evaluation of booster doses and
multivalent vaccines.

While comparable immunogenicity following mRNA-1273
vaccination has been previously reported in young and old
adults [5, 6] and in adolescents [4], this phase 3 study demon-
strates robust bAb and nAb responses regardless of age and
SARS-CoV-2 baseline status in a large sample size that is rep-
resentative of US ethnic and racial demographics. In the
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present study, regardless of age, bAb and nAb values were high-
er in baseline SARS-CoV-2-positive than -negative partici-
pants, as seen in the overall population, and were lower in
older than younger adults who were SARS-CoV-2-baseline
negative following both doses and baseline-positive after 1
dose; nonetheless, seroresponse rates were high (94%-100%)
across both age groups at day 57. Our study indicated that se-
rologic responses were generally comparable in infection-naive
males and females at both days 29 and 57, consistent with effi-
cacy findings in the trial [1, 2]; however, immune responses
were numerically higher in SARS-CoV-2-positive males than
females at day 29 but were similar at day 57 with little difference
in seroresponse rates, regardless of sex. While females have been
found to have more effective immunologic responses to a num-
ber of viruses following natural infection, studies of convalescent
sera from COVID-19 patients have shown that male sex is asso-
ciated with higher antibody titers than females, possibly due to
increased risks of disease severity and outcomes in males, and en-
hanced immune responses to higher viral loads [34-36].

This study has some limitations. A serologic threshold of
protective titer has not yet been established for SARS-CoV-2
infection; hence, the differences observed in comparison to
convalescent sera are of unknown significance, and interpreta-
tion of the results must consider differences in COVID-19 con-
valescent titers attributed to various factors (patient age, disease
severity, time since disease onset). Cellular immune responses
in addition to humoral responses likely contribute to protec-
tion against COVID-19 and were not evaluated in the study;
however, T-cell-mediated immunity following mRNA-1273
vaccination has been reported [5, 16, 22, 37, 38]. While immu-
nogenicity data through 57 days following vaccination are pre-
sented, the long-term kinetics and durability of the response
will be measured in the ongoing study. Additionally, antibody
levels were measured against Wuhan 1 (D614G) and do not re-
flect immunogenicity against other variants; however, the effec-
tiveness of mRNA-1273 against emerging variants over time
has been demonstrated [7-11]. This study evaluated immuno-
genicity after 2 doses of mRNA-1273 separated by 28 days, and
longer vaccination intervals, which can result in higher anti-
body titers can be evaluated in future studies [39]. Strong cor-
relations between the bAb and nAb assays used in the
immunogenicity assessment were observed and although nAb
titers were evaluated by a pseudovirus assay, prior data suggest
the assay is a relevant surrogate for live-virus neutralization
[3, 40]. The consistency observed for assay-specific defined se-
roresponses vs those assessed as >4-fold increases from base-
line in this study warrants additional investigation.

Opverall, nRNA-1273 vaccination in the COVE trial elicited ro-
bust immunogenicity after the first and second injections, regard-
less of age, sex, and baseline SARS-CoV-2 status. The ongoing trial
will provide additional data assessing the durability of the immune
response and long-term efficacy of the vaccine.
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