
Article https://doi.org/10.1038/s41467-024-52348-9

OmicronCOVID-19 immune correlates analysis
of a third dose of mRNA-1273 in the COVE trial
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Avi Kenny5, Marco Carone 5, David Benkeser 6, Lars W. P. van der Laan7,
Weiping Deng8, Honghong Zhou8, Xiaowei Wang8, Yiwen Lu1, Chenchen Yu1,
Bhavesh Borate1, Haiyan Chen9, Isabel Reeder 9, Lindsay N. Carpp 1,
Christopher R. Houchens9, Karen Martins9, Lakshmi Jayashankar9,
Chuong Huynh9, Carl J. Fichtenbaum 10, Spyros Kalams 11, Cynthia L. Gay 12,
Michele P. Andrasik1, James G. Kublin1, Lawrence Corey 1,13,
Kathleen M. Neuzil 14,18, Frances Priddy8, Rituparna Das8, Bethany Girard8,
Hana M. El Sahly 15, Lindsey R. Baden 16, Thomas Jones9, Ruben O. Donis 9,
Richard A. Koup17, Peter B. Gilbert 1,2,5 & Dean Follmann 3 , On behalf of the
United States Government (USG) COVID-19 ImmuneAssays Team*,Moderna, Inc.
Team*, Coronavirus Vaccine Prevention Network (CoVPN)/Coronavirus Efficacy
(COVE) Team*, USG/CoVPN Biostatistics Team*

In the phase 3 Coronavirus Efficacy (COVE) trial (NCT04470427), post-dose
two Ancestral Spike-specific binding (bAb) and neutralizing (nAb) antibodies
were shown to be correlates of risk (CoR) and of protection against Ancestral-
lineage COVID-19 in SARS-CoV-2 naive participants. In the SARS-CoV-2 Omi-
cron era, Omicron subvariants with varying degrees of immune escape now
dominate, seropositivity rates are high, and booster doses are administered,
raising questions on whether and how these developments affect the bAb and
nAb correlates. To address these questions, we assess post-boost BA.1 Spike-
specific bAbs and nAbs as CoRs and as correlates of booster efficacy in COVE.
For naive individuals, bAbs and nAbs inversely correlate with Omicron COVID-
19: hazard ratios (HR)per 10-foldmarker increase (95% confidence interval) are
0.16 (0.03, 0.79) and 0.31 (0.10, 0.96), respectively. In non-naive individuals
the analogous results are similar: 0.15 (0.04, 0.63) and 0.28 (0.07, 1.08). For
naive individuals, three vs two-dose booster efficacy correlates with predicted
nAb titer at exposure, with estimates -8% (-126%, 48%), 50% (25%, 67%), and 74%
(49%, 87%), at 56, 251, and 891 Arbitrary Units/ml. These results support the
continued use of antibody as a surrogate endpoint.

The COVE trial1,2 (NCT04470427) was a randomized, placebo-
controlled phase 3 trial of the mRNA-1273 vaccine. Estimated vaccine
efficacy (VE) against COVID-19 in baseline SARS-CoV-2 negative parti-
cipants was 93.2% [95% confidence interval (CI): 91.0%, 94.8%] over ~5

months of follow-up in the per-protocol analysis. We previously
assessed serum IgG binding antibodies (bAbs) against Spike and neu-
tralizing antibodies (nAbs), measured 28 days after dose 2, as corre-
lates of risk (CoRs) and protection (CoPs) against COVID-19 through
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~4 months post dose 23–6. Using antibody decay models we also
demonstrated that the predicted nAb titer at the time of exposure
correlated with COVID-197. In all these analyses, the markers were
measured against Ancestral Spike and correlated with COVID-19
caused by predominantly Ancestral SARS-CoV-2 lineages8. Each mar-
ker was shown to be a CoR and CoP of COVID-19, with strongest evi-
dence for nAb markers measured by a pseudovirus (vs. live virus)
neutralization assay3. Based on these and other analyses, nAb titer has
been used as a surrogate endpoint for regulatory authorization or
approval of booster doses and variant vaccines9.

In late 2021, the Omicron variant spread rapidly with successive
waves of Omicron subvariants dominating globally bymid-202210,11. All
Omicron subvariants have demonstrated some level of immune
escape, especially from neutralization by antibodies elicited by natural
SARS-CoV-2 infection and/or COVID-19 vaccination12–19. The main
motivation of this article is to systematically study correlates for
Omicron BA.1 and assess whether CoP relationships are applicable
across new variants. We studied four markers (i) measured on the day
of the booster dose (BD1, “boost”), (ii) measured 28 days later (BD29,
“peak”), (iii) fold-rise from BD1 to BD29 (“fold-rise”), and (iv) predicted
at the time of exposure (COVID-19 illness visit for cases).

Four objectives were assessed. Objective 1 compared the four
BA.1 strain markers with the analogous Ancestral strain markers to
assess the importance of variant-matching. Objective 2 compared the
BA.1 antibody/Omicron COVID-19 outcome relationship with the
Ancestral antibody/Ancestral COVID-19 outcome relationship to check
if similar antibody levels are associated with similar reductions in
COVID-19 risk. This question was previously investigated by Cromer
et al.20 using ameta-analysis of 15 studies coveringAncestral, Delta, and
Omicron waves and demonstrated a strong correlation between esti-
mated nAb titer and vaccine effectiveness against COVID-19. Here we
investigate the question through individual-breakthrough analysis of
theCOVE trial. Previous COVE correlates analyses3–6 were conducted in
baseline SARS-CoV-2 negative (naive) participants. Now most people
are non-naive21,22 and CoPs in non-naive participants might differ from
those in naive participants. Objective 3 thus evaluated and compared
correlates in naive vs non-naive participants.Objective 4 considered all
baseline factors and all markers jointly and used multivariable statis-
tical learning to best predict Omicron COVID-19.

Results
Trial schema and participant demographics
A schematic of the COVE trial is provided in Supplementary Fig. 1.
Participants randomized to placebo received mRNA-1273 after it was
shown to be efficacious and later all participants were offered a
booster dose. Blood was drawn on BD1, BD29 and for illness cases at
the onset of symptoms (DD1). Assessment of Omicron COVID-19
occurred from December 1, 2021 through April 5, 2022.

We measured antibody from a subset of the entire boosted
cohort, namely, COVE participants in the primary series per-protocol
cohort (SARS-CoV-2 negative prior to receipt of two doses of mRNA-
1273 with no major protocol deviations) who received a third dose of
mRNA-1273 vaccine prior to December 31, 2021 (n = 15,713). Supple-
mentary Fig. 2 illustrates participant flow from enrollment through to
the sampling population for the correlates analysis; placebo arm par-
ticipants with SARS-CoV-2 infection prior to mRNA-1273 vaccination
were excluded. Additionally, Supplementary Fig. 2 shows the per-
protocol boosted cohort for this study (n = 14,251) and, via stratified
case-control sampling (see Methods), the per-protocol three-dose
correlates cohort for whom BD1, BD29 (n = 218), and DD1 (n = 55)
antibodies weremeasured (Supplementary Table 1 shows the numbers
of participants in the per-protocol three-dose correlates cohort across
the strata). Participants who tested SARS-CoV-2 RT-PCR+ at their BD1
visit were excluded. In the per-protocol boosted cohort, a study par-
ticipant was considered SARS-CoV-2 naive (hereafter, “naive”) by BD1 if

there was no evidence of SARS-CoV-2 infection (RT-PCR+, Roche
Elecsys seropositive, or a symptomatic COVID-19 endpoint followedby
positive confirmatory testing) from enrollment to BD1 (including the
BD1 visit). A study participant was considered non-naive if the parti-
cipant showed evidence of infection between 14 days post-dose 2 in
the primary mRNA-1273 two-dose series and the BD1 visit (including
testing seropositive at BD1; testing RT-PCR+ at BD1 were excluded
from the per-protocol boosted cohort as discussed above). Based on
this definition, 204 participants were classified as non-naive in the per-
protocol boosted cohort and the other 14,047 participants were clas-
sified as SARS-CoV-2 naive.

Demographic and clinical information for the per-protocol
boosted cohort and the three-dose correlates cohort subset are pro-
vided in Supplementary Table 2. Compared to the per-protocol cor-
relates analysis cohort for the blinded-phase COVE correlates
analyses3,4, the per-protocol boosted cohort was similar in age and sex,
but lower in baseline risk (24% vs. 40%).

To assess the relative efficacy of the booster dose (three-dose vs.
two-dose) and to evaluate antibody markers as correlates of booster
protection, a dynamic, unboosted, nonrandomized control group of
2753 participants was also identified. They were in the baseline-
negative per-protocol cohort according to the definition in ref. 4;
remained in the study throughDecember 1, 2022; andhadnot received
a booster dose by January 31, 2022 (Supplementary Fig. 3).

Omicron COVID-19 study endpoint
Correlates analyses were conducted for the first occurrence of acute
symptomatic COVID-19 with virologically-confirmed SARS-CoV-2
infection, referred to as COVID-19. This adjudicated COVID-19 end-
point was identical to that in the primary analysis1,2 and the primary
series correlates analyses3–6 of the COVE trial. For BD29 marker cor-
relates analyses, all endpoints starting 7 days after BD29 through to
April 5, 2022 (the data cut-off date of the current analysis) were
counted (Supplementary Fig. 1); for correlates analyses involving the
unboosted control, any remaining unboosted participants were cen-
sored on January 31, 2022. Analyses restricted to BA.1 cases (“Omicron
COVID-19”), identified by Spike sequencing of the SARS-CoV-2 lineage
causing the case whenever possible; lineages for all COVID-19 cases
diagnosed before January 15, 2022 were hard-imputed as BA.1. See the
Statistical Analysis Plan for Study of Post Dose 3 and Exposure-
Proximal Omicron Antibody as Immune Correlates for Omicron
COVID-19 in the P301 COVE Study (SAP), available in the Supplemen-
tary Information, and Methods for further details.

A non-case (or control) was defined as a participant who showed
no evidence of SARS-CoV-2 infection (neither Elecsys+ nor RT-PCR+)
between BD1 and April 5, 2022.

In naive participants, consistently lower bAb and nAb levels at
BD29 in Omicron COVID-19 cases vs. non-cases
BD1 Ancestral nAb responses were quantifiable, and BD1 Spike IgG-
Ancestral bAb responses were positive, in virtually all per-protocol
boosted recipients (Supplementary Table 4; assay limits in Supple-
mentary Table 3; quantifiable/positive response defined in Supple-
mentary Table 4). Response rates tended to be slightly lower for BA.1
nAbs and Spike IgG-BA.1 bAbs (Table 1; quantifiable/positive response
defined in Table 1) compared to theAncestralmarkers (Supplementary
Table 4). In non-cases, the geometric means (GMs) of the BA.1 and
Ancestral markers at BD1 were numerically higher for non-naive par-
ticipants vs. naive participants (Table 1, Supplementary Table 4).
Moreover, BA.1 marker levels at BD1 were numerically higher in cases
vs. non-cases among non-naive participants and were closer to 1
amongnaiveparticipants (Table 1). Figure 1 displays individualBD1 and
BD29BA.1marker levels, with Supplementary Fig. 4 showing apost hoc
descriptive analysis of BD1 and BD29 BA.1 marker levels separately in
males and females.
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At BD29, 100% of correlates subcohort members—both naive
participants and non-naive participants—had a quantifiable/positive
response for BA.1 nAbs and Spike IgG-BA.1 bAbs (Table 1). GMs at BD29
were lower in Omicron COVID-19 cases vs. non-cases: e.g., in naive
participants, the GM ratios were 0.53 (0.33, 0.84) for BA.1 nAbs and
0.66 (0.47, 0.93) for Spike IgG-BA.1 bAbs (Table 1), with similar results
for the two Ancestral markers (Supplementary Table 5). Similar GM
ratios were generally obtained in non-naive participants (Table 1,
Supplementary Table 5), except for Ancestral nAbs where the GM ratio
was 0.96 (0.53, 1.73) (Supplementary Table 5).

The lowest GM fold-rise (BD29/BD1) (95%CI) [12.0 (7.2, 20.0)] was
observed for Spike IgG-BA.1 bAbs in non-naive cases,with a very similar
fold-rise [12.2 (7.6, 19.7)] in BA.1 nAbs in non-naive cases (Table 1). The
greatest GM fold-rise [50.9 (42.0, 61.6)] was observed for Spike IgG-
BA.1 bAbs in naive non-cases (Table 1). The same pattern was seen for
the fold-rise Ancestral markers (Supplementary Table 5).

Correlations among antibody markers
In naive participants, Spike IgG-Ancestral and Spike IgG-BA.1 bAbs
were highly correlated at BD1 (weighted Spearman rank r = 0.90;
P <0.001) and at BD29 (r =0.96; P < 0.001); Ancestral and BA.1 nAbs
were moderately correlated at BD1 (r =0.63; P <0.001) and highly
correlated at BD29 (r = 0.89; P <0.001) (Supplementary Figs. 8, 9).
Similar results were seen in non-naive participants (Supplementary

Figs. 10, 11). For all 4 markers, BD1 and BD29 levels were weakly cor-
related among naive participants (e.g., r =0.38, P < 0.001, for BA.1
nAbs) and among non-naive participants (e.g., r =0.35, P = 0.80, for
BA.1 nAbs) (Supplementary Figs. 12, 13).

Strong inverse correlations with Omicron COVID-19 risk and
BD29 BA.1 markers, as well as bAb fold-rise markers, especially
in naive participants
We next assessed the BD1, BD29, and fold-rise markers as CoRs of
Omicron COVID-19. First, covariate-adjusted Omicron COVID-19 risk
was estimated through 92 days post-dose 3 across a range of marker
levels, separately among naive and non-naive participants. As shown in
Supplementary Figs. 14 and 15, no evidence of association with COVID-
19 was apparent for the BD1 BA.1 or BD1 Ancestral markers,
respectively.

In contrast, the two BD29 BA.1 markers each inversely correlated
with Omicron COVID-19 in naive participants (Fig. 2a, b) [HR per 10-
fold increase (95% CI): 0.31 (0.10, 0.96), P = 0.042 for BA.1 nAbs and
0.16 (0.03, 0.79), P =0.024 for Spike IgG-BA.1 bAbs; both family-wise
error rate adjusted (FWER) P =0.118] (Fig. 2e). Among non-naive par-
ticipants, BD29 BA.1 nAbs trended toward correlating with Omicron
COVID-19 [HR =0.28 (0.07, 1.08), P = 0.064 and FWER P = 0.382] and
BD29 Spike IgG-BA.1 bAbs inversely correlatedwithOmicronCOVID-19
[HR =0.15 (0.04, 0.63), P =0.009 and FWER P = 0.158] (Fig. 1c–e).
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Fig. 1 | Distributions of BD1 and of BD29 neutralizing antibody (nAb) and
binding antibody (bAb)marker levels, stratified by OmicronCOVID-19 case vs.
non-case status and by SARS-CoV-2 naive vs. non-naive status. a–d nAb titer
against Spike (BA.1 strain) pseudovirus; e–h IgG bAb concentration against Spike
(BA.1 strain). Points are from per-protocol boosted participants in the original-
vaccine (filled triangles) or crossover-vaccine (open circles) arm with lines (gray:
original-vaccine arm; red: crossover-vaccine arm) connecting the BD1 and BD29
data points for an individual participant (a,e:n = 79;b, f:n = 84;c,g: 32;d,h:n = 23).
The violin plots contain interior box plots with upper and lower horizontal edges
representing the 25th and 75th percentiles of antibody level and middle line
representing the 50th percentile. The vertical bars represent the distance from the
25th (or 75th) percentile of antibody level and the minimum (or maximum) anti-
body level within the 25th (or 75th) percentile of antibody level minus (or plus) 1.5

times the interquartile range. Each side shows a rotated probability density (esti-
mated by a kernel density estimator with a default Gaussian kernel) of the data.
Positive response rates were computed with inverse probability of sampling
weighting. LLOQ, lower limit of quantification. AU/ml, arbitrary units/ml.
LLOQ= 8AU/ml for nAb BA.1 and 102 AU/ml for Spike IgG BA.1. Positive (quantifi-
able) response for BA.1 nAb at a given timepointwasdefined by value ≥LLOQat that
timepoint. Positive response for Spike IgG-BA.1 bAb at a given timepoint was
defined by value ≥LLOQ at that timepoint. Omicron Case = COVID-19 endpoint in
the interval [≥7 days post BD29AND ≥December 1, 2021 toApril 5, 2022 (data cutoff
date)]. Non-case =Did not acquire COVID-19 (of any strain) in the interval [BD1 to
April 5, 2022]. SARS-CoV-2 naive =No evidence of SARS-CoV-2 infection from
enrollment through to BD1; Non-naive = Any evidence of SARS-CoV-2 infection in
the interval [≥14 days after the first two doses of mRNA-1273, BD1].
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Ancestral markers had similar HRs, but with wider CIs (Supplementary
Fig. 16). An interaction test was conducted and no evidence of naive/
non-naive status modifying the HR was found (interaction p =0.97 for
BD29 BA.1 nAb and 0.66 for BD29 Spike IgG-BA.1 bAb).

The bAb fold-rise markers also correlated inversely with Omicron
COVID-19 (Fig. 2e; Supplementary Figs. 17 and 18). Among naive par-
ticipants, the HR per 10-fold increase in fold-rise Spike IgG-BA.1 bAbs
was 0.31 (0.12, 0.77), P =0.012 and FWER P = 0.074; among non-naive
participants, it was 0.45 (0.24, 0.85), P =0.013 and FWER P =0.171. For

fold-rise BA.1 nAbs, the corresponding HRs were 0.45 (0.13, 1.49),
P =0.190 andFWER P = 0.412 in naive participants and0.58 (0.32, 1.05),
P =0.072 andFWERP =0.261 innon-naiveparticipants (Fig. 2e). Similar
results were seen in both populations for the Ancestral fold-rise mar-
kers (Supplementary Fig. 18).

An alternative method for assessing markers as CoRs is to divide
participants into subgroups defined by antibody marker tertile (Low,
Medium, High) and to compare the cumulative incidence curves and
hazard ratios across the tertiles. Thismethoddiffers from the previous
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Fig. 2 | Analyses of BD29 and of Fold-Rise (BD29/BD1) BA.1 strain neutralizing
antibody (nAb) titer and Spike IgG-BA.1 strain binding antibody (bAb) con-
centration as a correlate of risk of Omicron COVID-19. Curves show cumulative
incidence of Omicron COVID-19, estimated using a Cox model (purple) or a non-
parametric method (blue), in per-protocol boosted (a, b) SARS-CoV-2 naive parti-
cipants (N = 14,047) and (c, d) non-naive participants (N = 204) by 92 days post
BD29 by BD29 antibodymarker level. The solid lines indicate the mean cumulative
incidences. The dotted lines and shadings in between indicate bootstrap pointwise

95% CIs. The distribution of the marker in the respective analysis population, cal-
culated by kernel density estimation, is plotted in light green. e Hazard ratios of
Omicron COVID-19 per 10-fold increase in each BD29 and fold-rise (BD29/BD1) BA.1
marker in per-protocol boosted SARS-CoV-2 naive participants or non-naive par-
ticipants. Baseline covariates adjusted for: baseline risk score, at risk status, com-
munity of color status, BD1 marker level (paired to the BD29 marker studied).
P values are based on the Wald test and are 2-sided.
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methods in that it does not rely on any modeling assumptions. Con-
sistent with the analyses described above, no evidence was found to
support the BD1 BA.1 or Ancestral markers as inverse correlates of
Omicron COVID-19, with HRs (High to Low tertile) generally close to 1
and relatively wide CIs (Supplementary Table 7). In contrast, Cox-
model-based marginalized COVID-19 cumulative incidence curves
among naive and non-naive participants for subgroups defined by
tertile of BD29 BA.1 (Supplementary Fig. 23) and Ancestral (Supple-
mentary Fig. 24) bAbs and nAbs were consistent with inverse correla-
tions. Evidence appeared strongest in naive participants and for the
nAb markers, with HR (95% CI) High to Low tertile for BD29 BA.1 nAbs
of 0.27 (0.09, 0.78), P = 0.016 and FWER P =0.181 and0.24 (0.07, 0.77),
P =0.017 and FWER P =0.101 for BD29 Ancestral nAbs (Supplementary
Table 8). These analyses also supported the fold-rise markers as
inverse correlates (cumulative incidence curves by tertile shown in
Supplementary Figs. 25, 26), with HRs (High vs. Low tertile) indicating
inverse correlations and passing FWER-correction for being a sig-
nificant correlate including Ancestral nAb fold rise [HR =0.15 (0.05,
0.42), p <0.001, FWER P =0.021 for naive participants and 0.14 (0.04,
0.45), p < 0.001, FWER P = 0.020] for non-naive participants (Supple-
mentary Table 9).

Predicted-at-exposure and BD29 antibody correlates of booster
relative efficacy among SARS-CoV-2 naive participants
The analyses reported up to this point have considered antibody
markersmeasured at a fixed time-point relatively close to vaccination.
Given that antibody responses wane post-vaccination, however,
immune responses at the timeof exposuremaybebetter correlates for
COVID-19 outcomes, especially over longer follow-up periods, com-
pared to early fixed-time-pointmeasurements. Therefore, we analyzed
time-varying predicted antibody levels where the daily risk of COVID-
19 depends on the predicted antibody level on that day using a Cox
model with calendar time index [see Methods and ref. 7] in naive
participants. Predicted antibody levels correlated well with the actual
antibody readouts on DD1, thus validating the prediction (Supple-
mentary Figs. 31, 32). Results were similar for the bAb markers.

Receipt of a third dose provided a 46% (20%, 64%) reduction in
COVID-19 throughout follow-up compared to a dynamic unboosted
(two-dose) control group. Figure 3a, b provide correlates of booster
efficacy curves in naive participants for various levels of predicted-at-

exposure antibody by contrasting the hazard of boosted participants
with a given predicted-at-exposure antibody level with the overall
hazard of the unboosted as a reference group. For boosted recipients
with predicted-at-exposure BA.1 nAb titers of 56 AU/ml (10th quantile),
251AU/ml (median) and 891 AU/ml (90th quantile) at exposure, the
proportion reduction in COVID-19 risk for booster relative efficacy
(three-dose vs. two-dose) is −8% (95%CI −126%, 48%), 50% (95%CI 25%,
67%) and 74% (95% CI 49%, 876%) (Fig. 3a). Booster relative efficacy
results for BD29 BA.1 nAb titer (Supplementary Fig. 33a) were similar
[booster relative efficacy = −7% (−113%, 46%) for 102AU/ml (10th
quantile); 56% (33%, 72%) for 479AU/ml (median); 80% (54%, 91%) for
1738AU/ml (90th quantile)]. Analyses repeated with BD29 BA.1 Spike
IgG-BA.1 bAbs (Supplementary Fig. 33b) and with predicted-at-
exposure Ancestral nAbs and Spike IgG-Ancestral nAbs (Supplemen-
tary Fig. 34a, b) yielded curves with similar shape.

Analogous analyses with an unboosted control for the non-naive
participants were not possible due to extreme confounding; specifi-
cally, different events tended to define a participant as non-naive in the
boosted vs in the unboosted group. Among the boosted, participants
generally became non-naive due to asymptomatic infections in Spring
2021, whereas among the unboosted, participants generally became
non-naive due to COVID-19 in Fall 2021.

Comparison to Ancestral strain correlates study
We next compared the Ancestral antibody/Ancestral COVID-19 VE
curve (2-dose vs. placebo) estimated previously in baseline-negative
participants in COVE4 (Fig. 4a)with the BA.1 antibody/Omicron COVID-
19 booster efficacy (3-dose vs. 2-dose) curve in SARS-CoV-2 naive
participants (Fig. 4b). Since the Ancestral CoP curve used a nAb assay
measured in ID50/ml, we concluded an assay concordance study and
scaled the BD29 BA.1 nAb from PPD AU/ml units to ID50/ml units.
We then used the previously established conversion factor for
Ancestral nAbs to further scale BA.1 nAb titers in ID50/ml units to
imputed IU50/ml units (see Methods), making the x-axes in Fig. 4a, b
directly comparable. Post dose 3 BA.1 nAb titers were lower than post
dose 2 Ancestral nAb titers, with only a limited range of overlap in the
highest end of post dose 3 BA.1 nAb titers and the lowest end of post
dose 2 Ancestral nAb titers (~100 IU50/ml to ~300 IU50/ml). Compar-
ison of the two curves within this range of overlap shows that esti-
mated vaccine efficacy (versus placebo) against Ancestral COVID-19
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(BA.1 strain) pseudovirus; (b) IgG binding antibody (bAb) concentration against
Spike (BA.1 strain). The curves show the relative efficacy of three-dose mRNA-1273

vs. two-dose mRNA-1273. The dashed black lines are 95% confidence intervals. The
green histograms are an estimate of the density of predicted-at-exposure antibody
marker level in per-protocol boosted SARS-CoV-2 naive participants. The gray
shadings indicate the middle 90% (5th percentile to 95th percentile) of this marker
distribution.

Article https://doi.org/10.1038/s41467-024-52348-9

Nature Communications |         (2024) 15:7954 6

www.nature.com/naturecommunications


−0.25

0

0.25

0.5

0.75

1

101 102 103 104

nAbs Against Spike (Ancestral Strain) Pseudovirus (IU50/ml) 
 at 28 Days Post Dose 2

2−
D

os
e 

vs
. P

la
ce

bo
 V

ac
ci

ne
 E

ffi
ca

cy
 

 A
ga

in
st

 A
nc

es
tra

l C
O

VI
D

−1
9

−0.25

0

0.25

0.5

0.75

1

101 102 103 104

nAbs Against Spike (BA.1 Strain) Pseudovirus (Imputed IU50/ml) 
 at 28 Days Post Dose 3

3−
D

os
e 

vs
. 2

−D
os

e 
Bo

os
te

r E
ffi

ca
cy

 
 A

ga
in

st
 B

A.
1 

C
O

VI
D

−1
9

−0.25

0

0.25

0.5

0.75

1

101 102 103 104

nAbs Against Spike (BA.1 Strain) Pseudovirus (Imputed IU50/ml) 
 at 28 Days Post Dose 3

3−
D

os
e 

vs
. P

la
ce

bo
 E

xt
ra

po
la

te
d 

Bo
os

te
r 

 E
ffi

ca
cy

 A
ga

in
st

 B
A.

1 
C

O
VI

D
−1

9

a

b

c
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placebo vaccine efficacy against Ancestral COVID-19 by D57 (28 days post dose 2)
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The blue histogram shows the distribution of post dose 2 Ancestral nAb titer. The
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the marker distribution. b The solid curve graphs three-dose vs. two-dose booster
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the most and least conservative estimates of extrapolated booster vaccine efficacy
against Omicron (BA.1) COVID-19 by BD29 (28 days post dose 3) BA.1 nAb titer in
imputed IU50/ml for a 3-dose group vs an unvaccinated group. The curves are
based on inferring an unvaccinated group using observational cohort data repor-
ted in eTable 2 in ref. 23, namely that by 13 months post dose 2, VE (versus an
unvaccinated control) against infection and hospitalization waned to 34% and 62%,
respectively. In (b) and (c), the greenhistogram shows the distributionof post dose
3 BA.1 nAb titer. The light green shadings indicate themiddle 90% (5th percentile to
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was 91% at post-dose 2 Ancestral nAb titer of 100 IU50/ml (Fig. 4a),
whereas estimated vaccine efficacy (3-dose versus 2-dose) against
Omicron COVID-19 was 71% at post-dose 3 BA.1 nAb titer of 100
imputed IU50/ml (Fig. 4b).

Using observational cohort data to attempt to infer an unvac-
cinated group for comparison to the boosted (three-
dose) cohort
The Ancestral CoP curve in Fig. 4a uses an unvaccinated control group
while the Omicron curve in Fig. 4b uses a vaccinated (2-dose) but
unboosted group. To infer an unvaccinated group for the Omicron
curve we reasoned as follows. The two-dose unboosted control group
had a median of ~13 months follow-up between dose 2 and December
2021. Observational data have shown that by 13months post dose 2, VE
(versus an unvaccinated control) against infection and hospitalization
waned to 34% and 62%, respectively [eTable 2 in ref. 23]. Using these
estimates, we scaled the booster efficacy curve of Fig. 4b to derive a
CoP curve with an unvaccinated control using Eq. (1):

CoPðAbÞ= 1� f1� BEðAbÞg× ð1� VEÞ× 100% ð1Þ

where BE(Ab) is the Booster Efficacy curve of Fig. 4b and VE is either
0.34 or 0.62, leading to lower and upper bounds for the estimated CoP
curve (Fig. 4c). Comparison of the curves in Fig. 4a vs. Fig. 4c in the
region of nAb titer overlap (~100–300 IU50/ml) shows slightly lower
vaccine efficacy estimates in the Omicron CoP curve (81–89%) vs. the
Ancestral CoP curve (91%).

Predicting Omicron COVID-19 risk
We applied ensemble machine learning to investigate the COVID-19
predictive power of individual or combinations of antibodymarkers in
naive and non-naive boosted participants. Classification accuracy was
quantified by the cross-validated area under the receiver operating
characteristic (ROC) curve (CV-AUC) and its 95% CI. All models inclu-
ded baseline risk factors (risk score, at risk status, community of color
status) (Supplementary Tables 10 and 11). Main results for naive par-
ticipants are: (1) the best model based on BD1 markers included both
nAb and Spike IgG bAb against BA.1 [CV-AUC =0.641, 95% CI (0.552,
0.721)]; (2) Models that included BD29 markers generally out-
performed the BD1-only marker models, where the single-marker
model with BD29 nAb against BA.1 achieved CV-AUC=0.677 (0.591,
0.753); and (3) Models replacing BD29 markers with BD29/BD1 fold-
rise markers resulted in lower prediction accuracy [e.g., CV-
AUC =0.582 (0.493, 0.666) for nAb against BA.1]. Main results for non-
naive participants are: (4) The best model based on BD1 markers
included anti-receptor binding domain (RBD) IgG Ancestral bAbs and
nAbs and BA.1 nAbs [CV-AUC =0.621 (0.465, 0.756)]; (5) Models that
included one variant-matching BD29 marker had negligible predictive
power given their CV-AUCwas lower than the model with baseline risk
factors alone [e.g., CV-AUC =0.559 (0.389, 0.719) for BA.1 nAbs]; (6)
Replacing the BD29 bAb marker with its corresponding fold-rise
marker improved prediction performance [e.g., CV-AUC =0.651
(0.496, 0.780) for fold-rise of RBD IgG-Ancestral bAbs vs. 0.577 (0.411,
0.728) for absolute level]; and (7) Multivariable marker models gen-
erally performed better than single marker models, with the best
model including BD29 Ancestral RBD IgG bAbs and nAbs [CV-
AUC =0.712 (0.558, 0.829)].

Discussion
In this paper we provide an extensive analysis of the correlation
between antibody response to a thirddoseofmRNA-1273 andOmicron
COVID-19 risk during the initial Omicron wave in the COVE trial. Using
multiple complementary statistical methods, we evaluated a variety of
antibody measurements made at different times to fully evaluate
relationships between antibody responses and clinical outcome.

Strengths include use of a randomized clinical trial cohort with rigor-
ous follow-up, careful virologic and symptom sampling, use of vali-
dated assays, and standardized analyses that facilitate comparison
with theGilbert et al. correlates analysis4 following seconddoseduring
the Ancestral era of the same trial. We find that antibody measured
28 days post third dose generally correlates with Omicron COVID-19
disease, supporting its continued use as a surrogate endpoint for
regulatory decision making. For the BA.1 nAb assay, BD29 titer was
estimated to have hazard ratios of 0.31 (95% CI: 0.10,0.96) and 0.28
(0.07, 1.08) for SARS-CoV-2 naive participants and non-naive partici-
pants, respectively, similar to the previous estimates for SARS-CoV-2
naive participants with an Ancestral nAb assay, 0.42 (0.27, 0.65).
Consistent associations were seen with the bAb assays and with
alternate statistical methods of analysis.

Given that the non-naive participants have hybrid immunity,
which has been demonstrated to be quantitatively and qualitatively
different from vaccination-alone induced immunity24–28, one of our
objectives was to evaluate correlates separately in naive and non-naive
participants. In our study, naive and non-naive participants were
similar in age (median 52 vs. 54 years, respectively), at-risk status (27%
vs. 24%, respectively), and BD29 nAbs (BA.1 nAb GMTs for non-cases:
491 AU/ml vs 572 AU/ml, respectively). We found that the correlates
results were very similar between naive and non-naive participants,
with e.g., estimated hazard ratios of Omicron COVID-19 of 0.31 and
0.28, respectively, per 10-fold increase in BD29 BA.1 nAb titer. There
was also no evidence of naive/non-naive status modifying the hazard
ratio, as determinedby a formal statistical test. Thus thenaive andnon-
naive groups appear similar in this analysis, i.e., with regard to immune
correlates after a third (booster) dose.

In addition to peak BD29 antibody, we evaluated BD1 and BD29/
BD1 fold rise as correlates of Omicron COVID-19. BD1 antibody, mea-
sured at a median of 11 months post second dose, was poorly corre-
latedwith BD29 antibody andgenerally did not correlatewithOmicron
COVID-19 In comparison, Hertz et al. measured baseline IgG a median
of 6 months from third to fourth Pfizer mRNA vaccine dose and
showed individuals with low baseline IgG to index-strain receptor
binding domain or index-strain S2 had significantly higher risk of
COVID-19 during the Omicron wave of early/mid 202229. BD1 anti-
bodiesmight have beenmore predictive had boosting occurred closer
to the second dose. Another possible explanation is the difference in
the number of doses (booster after 3 doses in Hertz et al. vs. after two
doses in the currentmanuscript). TheBD29/BD1 fold risemarkers have
similar strengths of evidence as correlates as the peakBD29markers in
univariablemarker analyses, whereasmultivariable analyses suggested
weaker evidence in naive participants and stronger evidence in non-
naive participants.

We focused on the BA.1 assays as they matched the BA.1 Omicron
COVID-19 cases accrued during follow-up. In contrast, the Ancestral
bAb and nAb assays were matched to the mRNA-1273 antigen. Unsur-
prisingly, the BD29 Ancestral bAb and nAb levels were higher than the
BA.1 levels for both assays. In naive Omicron COVID-19 cases, for
example, the geometric mean BD29 Ancestral nAb titer was 12-fold
higher than the geometricmeanBA.1 nAb titer (3234 AU/ml vs. 259 AU/
ml, SupplementaryTable 5 andTable 1). Even so, theBA.1 andAncestral
markers are highly correlated and the hazard ratios in naive partici-
pants for BA.1 and Ancestral nAbs are 0.31 and 0.33, respectively and
for bAbs are 0.16 and 0.23, respectively; Fig. 2e and Supplementary
Fig. 16e). Thus, for SARS-CoV-2 naive participants, variant-antibody
matching to variant COVID-19 may not give a meaningfully better
prediction of booster relative efficacy. For non-naive participants,
correlation point estimates suggested variant-antibody matching
improved the correlate, albeit with insufficient precision to draw a
conclusion.

Our study allowed a comparison of bAbs and nAbs as correlates.
nAb assays appealingly measure in vitro function while bAb assays
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have the advantage of less technical measurement error. Measure-
ments from both assays consistently correlated with Ancestral COVID-
19 in SARS-CoV-2 naive participants after primary immunization in
multiple studies.9 We demonstrated that BA.1 bAbs significantly cor-
related with Omicron COVID-19 with very similar hazard ratios and
p-values for SARS-CoV-2 naive participants and non-naive participants.
For BA.1 nAbs, the relationships for naive participants and non-naive
participants were again very similar with slightly larger p-values than
for bAbs (Fig. 2e, Supplementary Fig. 16e). Our results do not
demonstrate that one assay readout is a better correlate of Omicron
COVID-19 than the other.

An important limitation is the fact that the timing of the boostwas
not randomized. This could lead to a bias in the relative efficacy of
estimates at a given antibody level that compareboosted tounboosted
participants (Figs. 3 and 4), although it should have minimal effect on
the CoR analyses that compare between antibody levels among
boosted participants. The relative efficacy would be overestimated if
early-boosted participants tended to be at lower risk; in contrast, the
relative efficacy would be underestimated if late/never-boosted parti-
cipants had lower risk or were less likely to report COVID-19. Although
we statistically adjusted for covariates to attempt to address this issue,
residual confounding still remains a concern.

Other limitations include: (i) our analysis is for BA.1 Omicron
COVID-19 and not current variants; (ii) while we preferentially sampled
those with severe COVID-19, it was too rare to study as a separate
endpoint; (iii) vaccination was with the Ancestral strain and non-naive
participants predominantly acquired Ancestral strain COVID-19; (iv)
non-naive participants were largely defined by asymptomatic infection
amedian of ~8months prior to boost rather than symptomatic COVID;
(v) the sample size for non-naive participants was relatively small such
that the multivariable learning analyses in particular had limited pre-
cision, and thus these results are interpreted as hypothesis generation
in need of additional analysis; and (vi) T-cell and B-cell responses were
not studied, such that the contribution of other immune markers as
potential correlates of protection could not be assessed.

An important question is the transportability of CoP relation-
ships across new variants. In SARS-CoV-2 naive participants, the HR
of Omicron COVID-19 in BA.1 nAb measured at “peak” (BD29) was
0.31 (95% CI: 0.10, 0.96) and relatively similar to the HR of Ancestral
COVID-19 in SARS-CoV-2 negative two-dose recipients measured at
“peak” post-dose 2 (D57), 0.42 (0.27, 0.65). A different question is
whether a given titer from a nAb assay matched to the circulating
variant gives the same level of protection across variants—a variant-
invariant absolute CoP. In Fig. 4a we showed that a post-dose 2
Ancestral nAb titer of 100 IU50/ml was associated with a 91%
reduction in Ancestral COVID-19, compared to placebo, while in
Fig. 4c a post-dose 3 BA.1 nAb titer of 100 imputed IU50/ml was
associatedwith between a 81% and 89% reduction in Omicron COVID-
19 compared to an extrapolated unvaccinated control. Thus the
antibody level required for ~90% protection is similar across variants,
a conclusion aligned with the meta-analysis model of ref. 30 who
proposed a single vaccine efficacy curve for different variants. While
in our study results could be interpreted in IU50/ml units based on
two concordance studies (PPD to Duke for BA.1, Duke to IU50/ml for
Ancestral D614G), for many correlates studies concordance testing
will not be available, in which case convalescent serum scaling is the
most effective and practical approach, especially when combining
data from different assays and labs.

In summary, we found that neutralizing antibody titer measured
28 days post-third dose generally correlated with Omicron COVID-19,
with this conclusion supported by multiple statistical methods of
analysis. These findings support the continued use of neutralizing
antibody titer as a surrogate endpoint for regulatory decision-making.
Moreover, consistent associations were also seen with binding anti-
body levels.

Methods
COVE trial
TheCOVE trial, conducted in theUnited States, enrolled adults aged 18
andover at appreciable riskof SARS-CoV-2 infection and/or high risk of
severe COVID-19 disease1,2. In the primary two-dose series, eachmRNA-
1273 dose was 100μg; the third (booster) dose was 50μg.

Omicron COVID-19 endpoints
The rationale for excluding COVID-19 endpoints between 1 and 6 days
post-BD29 is that participants with these endpoints might had SARS-
CoV-2 infection before BD29 and may have generated anamnestic
responses that affected the BD29 antibody level. The BD29 study visit
was not always 28 days post the BD1 visit because of the allowable
study visit windows (within 19 and 45 days, both inclusive, of the BD1
visit; see per-protocol exclusions in Supplementary Fig. 2). COVID-19
cases in COVE were sequenced and we prioritized sampling cases with
BA.1 lineage based on sequencing. Of the 79 naive cases, 41 were
identified as BA.1 by sequencing, 26 were identified as BA.1.1 by
sequencing, and 12 were inferred to be BA.1 based on COVID-19
occurring after January 15, 2022. Of the 32 non-naive cases, 16 were
identified as BA.1 by sequencing, 3 were identified as BA.1.1 by
sequencing, and 13 were inferred to be BA.1 based on COVID-19
occurring after January 15, 2022.

Case-control sampling design
The correlates study adopted a case-control sampling design stratified
by the COVE trial randomization arm, a participant’s SARS-CoV-2 naive
and non-naive status at BD1, four calendar periods of BD1 visits, and a
person’s baseline demographics; see the SAP for details. A total of 218
participants (163 SARS-CoV-2 naive and 55 non-naive) had their BD1
and BD29 antibody markers measured and met the per-protocol cri-
teria to be included in the final analysis (Supplementary Fig. 2). Of
these samples, 111 were Omicron COVID-19 cases (79 BD1 SARS-CoV-2
naive and 32 BD1 non-naive) and 107 were non-cases (84 BD1 SARS-
CoV-2 naive and 23 BD1 non-naive).

Appendix A of the SAP describes how an Omicron case is
approximated by adjudicated COVID-19 case (positive RT-PCR for
SARS-CoV-2 with eligible symptoms) ≥ 7 days post BD29 AND ≥
December 1, 2021, given the emergence of Omicron (BA.1) wave. Pri-
mary endpoint COVID-19 cases with knownOmicron BA.1 lineage were
prioritized for sampling.

Pseudovirus neutralizing antibody assay
Serum nAb activity against SARS-CoV-2 was measured in validated
assays utilizing lentiviral vector pseudotyped with full-length Spike of
the Ancestral (D614G) strain (referred to as Ancestral) NC_045512.2
(PPD Vaccines VAC62) and with full-length Spike of the BA.1/
B.1.529 strain (referred to as BA.1) (PPD Vaccines VAC122). VAC62 and
VAC122 utilized the Gen5 Microplate Reader and Imager Software,
version 3.08. A four-parameter logistic function was used to fit the
reference standard using Statistical Analysis Software (SAS) version
9.2, and the sample antibody concentrations were determined by
interpolating the sample responses off the fitted reference standard
curve. The readout of each assay is serum antibody concentration
Ab[C], reported in units ID50 titer [arbitrary units (AU)/ml] with
labeling ID50 (AU/ml). For the Ancestral and BA.1 strains, the lower
limit of quantitation (LLOQ) is 10 and 8AU/ml, respectively; values <
LLOQ were set to LLOQ/2. For the Ancestral strain, the upper limit of
quantitation (ULOQ) is 281,600AU/ml; for the BA.1 strain, the ULOQ is
24,503 AU/ml. For each strain, values >ULOQ were assigned ULOQ.

Binding antibody assay
Serum IgG bAbs against Spike antigens of the Ancestral (D614)
(referred to as Ancestral), Gamma, Alpha, Beta, Delta AY4, and Omi-
cron BA.1 strains and against the RBD antigen (Ancestral) were
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measured using a validated solid-phase electrochemiluminescence
(ECL) S-binding IgG immunoassay (PPD Vaccines VAC123). Software
associated with the Meso Scale Discovery (MSD) Plate Reader (MPR)
Model No. 600 Discovery Workbench (version 4.0.12.1) was used to
generate ECL responses. A four-parameter logistic function was used
to fit the reference standard using SAS version 9.2, and the sample
antibody concentrations were determined by interpolating the sample
responses off the fitted reference standard curve.

The readout of each assay is serum bAb concentration, reported
in units AU/ml. A factor to enable conversion from AU/mL to binding
antibody units (BAU/ml) was not developed for any of the antigens in
the PPD assay, and thus the bAb readouts could not be expressed in
international units. The assay limits are listed in Supplementary
Table 3. For Ancestral Spike and BA.1 Spike the LLOQ is 69 and
102 AU/ml, respectively. For Ancestral RBD the LLOQ is 79 AU/ml. For
each strain, values <LLOQ were set to LLOQ/2. Data analyses
restricted to Spike IgG-BA.1 bAbs, Spike IgG-Ancestral bAbs, and RBD
IgG-Ancestral bAbs, where the latter marker was only studied in the
multivariable statistical learning analyses.

Statistical methods
All data analyses were prespecified in the SAP. All CoR analyses
adjusted for at-risk status [defined in ref. 1], predicted baseline risk
score, and community of color classification (all persons other than
white non-Hispanic). All controlled correlates of protection analyses
further adjusted the BD1 level of the matching antibody marker. All
P values for correlations are two-sided.

Assessment of BD1, BD29, and fold-rise markers as correlates of
risk (CoRs)
Univariate analyses assessed each of the BD1, BD29, and Fold-Rise
markers as CoRs of Omicron COVID-19 in the per-protocol boosted
cohort (original-vaccine and crossover-vaccine arms combined). Ana-
lyses were performed as described previously3,4. In brief, the survey R
package31 was used to obtain point and 95% confidence interval (CI)
estimates of the covariate-adjusted hazard ratio of Omicron COVID-19
across marker tertiles and per 10-fold increase in marker level. The
analyses used inverse probability sampling–weighted Cox regression.
Wald-based two-sided P values for an association of each antibody
marker with Omicron COVID-19 are also reported. The same Cox
models were also used to estimate antibody marker conditional
cumulative incidence of the COVID-19 primary endpoint, with boot-
strap 95%CIs reported.Nonparametric dose-response regression32 was
also used to estimate antibody marker conditional cumulative inci-
dence of the COVID-19 primary endpoint, with influence
function–based 95% CIs reported.

Cox regression models were also fitted with an interaction term
between BD1 and BD29 marker levels, to investigate whether the BD1
marker modifies the effect of the BD29 biomarker. These models
adjusted for at risk status, predicted baseline risk score, and commu-
nity of color classification, as well as for BD1 marker level.

Point estimates of antibody marker threshold conditional cumu-
lative incidence of Omicron COVID-19 and 95% point-wise CIs were
calculated using nonparametric targeted minimum loss–based
threshold regression33.

Machine learning analysis34 was also performed to estimate the
best models for predicting Omicron COVID-19. The multivariable
analysis was conducted as before3, but with a few differences detailed
in the SAP.

Antibody decay and Cox modeling for booster efficacy and
exposure proximal correlates
For each participant with antibody measurements on BD1 and DD1, a
slope was calculated and the median slope was used to predict anti-
body concentration or titer at each following day for each individual

with BD29 antibody using Eq. (2):

Abi dð Þ=Ab29i +B×d ð2Þ

whereAb29i is an individual’s log10 antibody concentration or titer on
BD29, d is the number of days post BD29, and B is the median slope
described above. This imputed antibody level was then used as a time-
varying covariate in a Cox model shown in Eq. (3):

h tð Þ=h0 tð Þ exp Xα + Z tð Þ β0 +β1Ab d tð Þð Þ� �� �
w tð ÞRðtÞ ð3Þ

where X includes minority status, high risk, and risk score, t is the
number of days since 12/1/2021, and AbðdðtÞÞ is an individual’s pre-
dicted log10 antibody level on day t, which is dðtÞ days post BD29, and
Z ðtÞ is 1 after boosting and 0 before, wðtÞ a weight and RðtÞ identifies
when an individual is in the risk set (i.e., excluded from BD1 to
BD29 + 6). The booster relative efficacy (3-dose vs 2-dose) as a function
of predicted antibody is given by Eq. (4):

1� expðβ0 +β1AbÞ ð4Þ

where Ab ranges over the distribution of predicted antibody over the
course of follow-up.

Booster efficacy estimates remove Ab(d(t)) from model (1) when
fitting the model and the booster efficacy is given by Eq. (5):

1� expðβ0Þ ð5Þ

BD29 is also assessed as a correlate using Eq. (3) with Ab d tð Þð Þ
replaced with BD29 antibody.

Code and a mock data set for these analyses are contained in
Supplementary Software 1.

Comparison to Ancestral strain correlates study
The first blinded phase correlates study4 estimated how two-dose vs.
placebo vaccine efficacy varied by Ancestral nAb titer (Duke D614G
pseudovirus neutralization assay) at 4 weeks post dose 2 (Day 57), with
Ancestral nAb titer calibrated to the WHO 20/136 International Stan-
dard and reported in International Units (IU/ml; conversion of Ances-
tral nAb titers in 50% inhibitory dilution (ID50) to IU50/ml described in
the Supplementary Material and SAP of ref. 4 It is of interest to com-
pare the Ancestral antibody marker, Ancestral COVID-19 vaccine vs.
placebo efficacy curvewith the BA.1 antibodymarker, OmicronCOVID-
19 booster relative efficacy (three-dose vs. two-dose) curve, to ascer-
tainwhether a different amountof variant-matched antibody is needed
for high-level booster three dose vs. two dose protection than for high-
level two dose vs. placebo protection. To do this, we defined an
imputed BA.1 nAb biomarker at BD29 scaled such that it can be
absolutely quantitatively interpreted vs. Ancestral nAb in IU/50ml
units. This scaling was accomplished in two steps. First, a PPD/Duke
assay concordance studywas performed on n = 250 samples (results in
Supplementary Tables 12 and 13). The results showed that the PPD and
Duke assays were highly concordant for both Ancestral and BA.1 nAb
titers (Spearman correlation =0.92 for Ancestral and 0.95 for BA.1).
The concordance study also estimated Eq. (5) (see Supplementary
Table 14), which describes the relationship between PPD AU/ml and
Duke ID50/ml (in the log10-scale) for BA.1 nAb titers:

ðPPD AU=ml+0:303Þ=1:24=Duke ID50=ml: ð6Þ

Using this relationship, PPD BA.1 nAb titers in AU/ml were con-
verted to Duke titers in ID50/ml. Second, Duke ID50/ml was converted
to IU50/ml using a conversion factor of 0.242 as previously described in
ref. 4 Note that the conversion factor of 0.242 for Ancestral nAbs was
established based on calibration of Ancestral nAbs to the WHO anti-
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SARS CoV-2 Immunoglobulin International Standard (20/136). For BA.1
nAbs, given that we need to make the assumption that the same con-
version factor of 0.242 (as for Ancestral nAbs) can be used for BA.1 nAbs
to convert from Duke ID50/ml to IU50/ml (as the WHO International
Standard for anti-SARS-CoV-2 immunoglobulin has not been assayed
against Spike-BA.1 pseudovirus, to enable calibration of Duke BA.1 nAbs
in ID50 to IU50/ml), we term the units of the converted BA.1 nAbs
“imputed IU50/ml”. The BD29 booster relative efficacy curve analysis
was repeated for this biomarker, and results overlaid with the original
Day 57 vaccine efficacy curve analysis, providing a means for absolute
comparison of variant-matched titer levels associated with efficacy.

Inclusion and ethics
The mRNA-1273-P301 study was conducted in accordance with the
International Council for Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use, Good Clinical Practice guidelines,
and applicable government regulations. The Central Institutional
Review Board approved the mRNA-1273-P301 protocol and the con-
sent forms. All participants provided written informed consent before
enrollment. Central IRB services for the mRNA-1273-P301 study were
provided by Advarra, Inc., 6100 Merriweather Dr., Suite 600, Colum-
bia, MD 21044. All necessary patient/participant consent has been
obtained and the appropriate institutional forms have been archived.

Site PIs were invited as co-authors andwere given the opportunity
for intellectual contribution.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Access to patient-level data presented in this article and supporting
clinical documents by qualified external researchers who provide
methodologically sound scientific proposals will be available upon
reasonable request. Such requests can be made to Moderna Inc., 200
Technology Square, Cambridge, MA 02139, email: datashar-
ing@modernatx.com. A materials transfer and/or data access agree-
ment with the sponsor will be required for accessing shared data. All
other relevant data are presented in the paper. The protocol is avail-
able online at ClinicalTrials.gov: NCT04470427.

Code availability
All analysesweredone reproducibly on the basis of publicly available R
scripts. A portion of these are hosted on the GitHub collaborative
programming platform35. The rest of these are contained in the Sup-
plementary Software file.
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