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Neutralizing antibody immune correlates in
COVAIL trial recipients of an mRNA second
COVID-19 vaccine boost

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

Neutralizing antibody titer has been a surrogate endpoint for guiding COVID-
19 vaccine approval and use, although the pandemic’s evolution and the
introduction of variant-adapted vaccine boosters raise questions as to this
surrogate’s contemporary performance. For 985 recipients of an mRNA sec-
ond bivalent or monovalent booster containing various Spike inserts [Proto-
type (Ancestral), Beta, Delta, and/or Omicron BA.1 or BA.4/5] in the COVAIL
trial (NCT05289037), titers against 5 strains were assessed as correlates of risk
of symptomatic COVID-19 (“COVID-19”) and as correlates of relative (Pfizer-
BioNTech Omicron vs. Prototype) booster protection against COVID-19 over
6 months of follow-up during the BA.2-BA.5 Omicron-dominant period. Con-
sistently across the Moderna and Pfizer-BioNTech vaccine platforms and
across all variant Spike inserts assessed, both peak and exposure-proximal
(“predicted-at-exposure”) titers correlated with lower Omicron COVID-19 risk
in individuals previously infected with SARS-CoV-2, albeit significantly less so
in naïve individuals [e.g., exposure-proximal hazard ratio per 10-fold increase
in BA.1 titer 0.74 (95% CI 0.59, 0.94) for naïve vs. 0.41 (95% CI 0.23, 0.64) for
non-naïve; interaction p = 0.013]. Neutralizing antibody titer was a strong
inverse correlate of Omicron COVID-19 in non-naïve individuals and a weaker
correlate in naïve individuals, posing questions about how prior infection
alters the neutralization correlate.

Multiple COVID-19 vaccines spanning various platforms have been
approved or authorized for emergency use by the US Food and Drug
Administration (FDA)1 on the basis of having demonstrated safety and
efficacy against symptomatic COVID-19 in randomized, placebo-
controlled phase 3 vaccine trials2–4. As these trials were conducted
early in the COVID-19 pandemic, efficacy was demonstrated against
primarily Prototype (Ancestral) COVID-19 or variants with only minor
genetic drift. At approximately one year into the pandemic, highly
genetically divergent SARS-CoV-2 variants began to emerge and
dominated in sequential waves, each outcompeting the previously
dominant variant5. These ‘variants of concern’ (VOCs) included Alpha/
B.1.1.7, Gamma/P.1, Beta/B.1.351, Delta/B.1.617.2, and Omicron
/B.1.1.529, as well as Omicron subvariants BA.1, BA.4, and BA.5, and

demonstrated varying degrees of immune escape6. With the intro-
duction of booster doses, vaccines based on the Prototype strain
maintained high protection against severe disease and death7–12,
although protection was reduced against any infection, includingmild
or asymptomatic infections11,13,14.

In response, variant-adapted vaccines began to be deployed
during the Omicron era15, and the FDA recommended BA.4/BA.5
inclusion in COVID-19 booster vaccines in Fall 202216. This recom-
mendation was later updated to XBB.1.5 in Fall 2023 and then again to
JN.1 in Fall 202417. COVID-19 boosters will likely need to continue being
updated as SARS-CoV-2 evolves, raising questions as to booster
immunogenicity and protection against previous and current variants.
The COVID-19 Variant Immunologic Landscape (COVAIL) trial was a
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randomized, open-label clinical trial that evaluated the safety and
immunogenicity of second COVID-19 variant vaccine boosters andwas
conducted in four stages at 22 sites in the United States18,19. COVAIL
enrolled participants aged 18 years and older who had previously
received an initial primary vaccination series as well as a first Prototype
booster dose at least 16 weeks prior to enrollment and randomized
them to a secondhomologousor heterologousboost, administeredon
Day 1 (D1). These booster vaccines included mRNA and recombinant
protein vaccines with one or two Spike insert proteins from among
Prototype, Beta, Delta, and Omicron (BA.1 or BA.4/BA.5).

In this work, we studied how antibody level correlates with
symptomatic COVID-19 (hereafter, “COVID-19”) using correlate of risk
(CoR) and correlate of protection (CoP) analyses20–22. Formally, a CoR
seeks to understand how the immune marker is associated with the
clinical endpoint in a defined cohort such as a particular vaccine arm.
CoP analyses23 seek to understand how the immunemarker potentially
modifies and explains the vaccine efficacy of a vaccine arm vs placebo,
or the relative protective efficacy of one vaccine arm vs a second
vaccine arm.

We previously reported that 50% inhibitory dilution (ID50) neu-
tralizing antibody (nAb) titers against D614G (“Reference”, corre-
sponding to Prototype harboring the D614G mutation), Delta, Beta,
BA.1, and BA.4/BA.5, as well as their maximum diversity-weighted24

geometric mean, measured on 14 days post-boost (D15, ‘peak’), were
inverse CoRs of COVID-19 through ~6 months in COVAIL trial Stage 3
participants25. These participants received a boost containing recom-
binant Spike protein of Prototype, Beta, or Beta + Prototype variants.
We also assessed predicted-at-exposure levels of the same nAb titer
markers, with similar results supporting each as an inverse CoR. In
contrast, markers corresponding to the fold-change of antibody levels
between D1 and D15 were not inverse CoRs.

The first objective of the present study was to assess the same six
D15, fold-rise, and exposure-proximal26 (i.e., the predicted level at the
time of exposure leading to a COVID-19 endpoint) nAb titermarkers as
CoRs of COVID-19 in recipients of a one-dose mRNA second vaccine
boost, including separate analyses in SARS-CoV-2 naïve and non-naïve
participants. The second objective was to assess, for groups of booster
study arms (e.g., Omicron-containing vaccines versus Prototype-only
vaccines), the same six antibody markers in the same population as
CoPs against COVID-19. Given that themajority of COVID-19 endpoints
were caused by BA.4 or BA.5, the third objective was to assess BA.4/
BA.5 and D614G nAb titers as CoRs of BA.4/BA.5 COVID-19. In the
present analysis, the COVID-19 endpoint was the symptomatic subset
of self-reported or study-conducted positive SARS-CoV-2 tests (details
below). As more than 200 breakthrough COVID-19 endpoints among
the mRNA vaccine boost recipients were available for the correlates
analyses, substantial precision could be achieved in the analyses.
Moreover, this large number of breakthrough endpoints enabled
additionalquestions tobe answeredcompared to thepreviousCOVAIL
correlates analysis of the recombinant protein vaccines (with 22
breakthrough COVID-19 endpoints) and compared to other previous
COVID-19 vaccine correlates analyses (e.g., 36 breakthrough COVID-19
endpoints in the first correlates analysis of the COVE trial of themRNA-
1273 COVID-19 vaccine27).

Results
Trial schema and participant demographics
TheCOVAIL trial enrolled healthy adults (≥18 years old), irrespective of
prior SARS-CoV-2 infection status, who had received a primary vacci-
nation series and a single boost (homologous or heterologous) with an
approved or emergency use authorized COVID-19 vaccine18,19. In Stage
1 of the trial (March 30 toMay6, 2022), a total of 602 participants were
enrolled and randomized to one of six Moderna mRNA-1273 vaccine
regimens as a second vaccine boost, 597 of whom received the
assigned dose(s). Of those 597, 512 (85.8%) received one dose of an

mRNA-1273 vaccine, while the other 85 (14.2%) received a two-dose
Beta + Omicron mRNA-1273 regimen. In Stage 2 of the trial (May 9 to
23, 2022), a total of 313 participants were enrolled and randomized to
one of six Pfizer-BioNTech BNT162b2 mRNA vaccines as a second
vaccine boost, 312 (99.7%) of whom received the single dose. In Stage 4
of the trial (October 4 to 28, 2022), a total of 202 participants were
enrolled and randomized to one of two Pfizer-BioNTech mRNA biva-
lent vaccines as a second vaccine boost, 201 (99.5%) of whom received
the single dose. The dose of any Moderna arm was 50mcg and the
dose of any Pfizer-BioNTech arm was 30mcg.

Supplementary Fig. 1 shows the trial stages and details of the
vaccine candidate(s) in each study arm. Supplementary Fig. 2 details
participant flow from the 512 (Stage 1), 312 (Stage 2), and 201 (Stage 4)
participants who were enrolled, randomized, and received a one-dose
mRNA vaccine (total n = 1025) through to eligibility for COVID-19
cumulative incidence analysis (n = 1006) and further through to
inclusion in the correlates analysis per-protocol cohort (n = 985). Par-
ticipants who had eligibility deviations or were missing D1 or D15 BA.1
ID50 titers were excluded from cumulative incidence and correlates
analyses. Further, participants with a COVID-19 endpoint prior to
7 days post-D15 were excluded from the correlates analysis per-
protocol cohort for the reason that the D15 antibody marker mea-
surements in these individuals might have been influenced by the
preceding SARS-CoV-2 infection causing this COVID-19 endpoint.

A participant was determined to be SARS-CoV-2 non-naïve
(hereafter, “non-naïve”) if they self-reported a previous SARS-CoV-2
infection or had detectable anti-N antibodies [defined as Elecsys Anti-
SARS-CoV-2 assay (Roche) cutoff index ≥1.0] at D1. Otherwise, a par-
ticipant was considered SARS-CoV-2 naïve (hereafter, “naïve”). Of the
1006 participants eligible for cumulative incidence analyses (Supple-
mentary Fig. 2), 648 (64.4%) were naïve (N = 341 female, mean age 50.4
years, and N = 307 male, mean age 51.8 years). The remaining 358
(35.6%) were non-naïve (N= 201 female, mean age 40.4 years and 157
male, mean age 41.2 years), almost all of whom (342/358, 95.5%) had a
positive anti-N test result at baseline. The remaining 16 non-naïve
participants (4.5%) tested anti-N negative at baseline and were classi-
fied as non-naïve due to self-reporting a previous SARS-CoV-2 infec-
tion. Supplementary Tables 1–3 provide demographic and clinical
information for all enrolled participants, naïve participants, and non-
naïve participants by stage and boost arm.

Available neutralizing antibody titer data
Serum titers were assayed against pseudoviruses expressing Spike-
D614G, B.1.617.2 (Delta), B.1.351 (Beta), B.1.1.529 (Omicron BA.1), or
Omicron BA.4/BA.5 via a central lab (Monogram, San Francisco, Cali-
fornia). Titers were measured for all one-dose mRNA arm participants
using samples from baseline (D1) and 14 days (D15), 28 days (D29),
90 days (D91), and 180 days (D181) after the boost, with the exception
that BA.4/BA.5 titers at D15 were only measured from a random subset
(Supplementary Fig. 1 shows the serum sampling time points). All data
analyzed in the present work have been previously studied in immu-
nogenicity analyses18,19. D15 BA.4/BA.5 titers for participants with
missing values were imputed based on D29 BA.4/BA.5 ID50 and D15
BA.1 ID50 [see the Statistical Analysis Plan (SAP), provided in the Sup-
plementaryMaterial], leveraging the high correlation of thesemarkers
with D15 BA.4/BA.5 ID50. The same maximum diversity-weighted
geometric mean ID50 marker as in our previous work25, hereafter
referred to as weighted average titer, was also assessed.

COVID-19 endpoint definition, case, and non-case definitions
The COVID-19 endpoint was a self-reported positive SARS-CoV-2 test
(RT-PCR or antigen test) or study-conducted positive SARS-CoV-2 test
(nasal swab and subsequent nucleic acid amplification test at an
unscheduled illness visit) with onset date the earliest positive test date.
Almost all (208/213) COVID-19 endpoints met the CDC clinical criteria
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and supportive laboratory criteria for a COVID-19 surveillance case28

(Supplementary Table 4). Periods of COVID-19 endpoint occurrence
for correlates assessment were booster-proximal (endpoint occurring
7–91 days after D15), booster-distal (endpoint occurring 92–188 days
after D15), and overall (endpoint occurring 7–188 days after D15).

Cases were endpoints occurring in participants in the correlates
analysis per-protocol cohort in the booster-proximal, the booster-
distal, or the overall time period as defined above. Non-cases were
participants in the correlates analysis per-protocol cohort with no
evidence of SARS-CoV-2 infection at 7 days post-D15 through to
188 days post-D15.

Cumulative incidence of COVID-19
Supplementary Table 5 shows the numbers of COVID-19 endpoints in
each study stage, by participant naïve/non-naïve status, according to
the time period of endpoint occurrence (early = prior to 7 days post-
D15 visit, booster-proximal, and booster-distal). In Stage 1, among 400
naïve participants, there were 138 (34.5%) COVID-19 endpoints,
including 11 early (prior to 7 days post-D15 visit), 78 booster-proximal,
and49booster-distal. Among 103non-naïveparticipants, therewere 17
(16.5%) COVID-19 endpoints, including 1 early, 10 booster-proximal,
and 6 booster-distal. In Stage 2, among 202 naïve participants, there
were 51 (25.2%) COVID-19 endpoints, including 6 early, 35 booster-
proximal, and 10 booster-distal. Among 103 non-naïve participants,
there were 10 (9.7%) COVID-19 endpoints, including 7 booster-
proximal and 3 booster-distal. In Stage 4, among 46 naïve partici-
pants, there were 11 (23.9%) COVID-19 endpoints, including 2 early and

9 booster-proximal. Among 152 non-naïve participants, there were 7
(4.6%)COVID-19 endpoints, including 1 early, 5 booster-proximal, and 1
booster-distal. Supplementary Table 6 provides a breakdown of the
numbers of COVID-19 endpoints, by participant naïve/non-naïve sta-
tus, with each of 22 different symptoms. There was no statistical dif-
ference in the distribution of symptoms between naïve and non-naïve
participants (chi-squared p =0.12).

Because the three stages enrolled participants in different calen-
dar periods, a force of infection (FOI) score was calculated with data
from the Coronavirus Resource Center’s database hosted by Johns
Hopkins University (JHU) (see the SAP); Supplementary Fig. 3 shows
the distribution of FOI scores across calendar time and trial stage. In
addition, a risk score was constructed for each participant based on
baseline demographics and previous vaccination history using an
ensemble machine learning method (see the SAP). Fig. 1 shows the
cumulative incidence curves adjusting for the FOI score and risk score
among naïve and non-naïve participants in Stages 1, 2, and 4. In all
three stages, non-naïve participants had lower COVID-19 incidence
than naïve participants (calendar-time covariate-adjusted Cox model
p-values < 0.001).

Neutralizing antibody titers in cases and in non-cases
Immunogenicity characterization of nAb titers by randomization arm
andvaccineplatformwerepreviously reported18,19; in thepresentwork,
we describe the titers in naïve and non-naïve participants by COVID-19
case/non-case status with our correlates scope. The six titer markers
were highly correlated at D1 (Spearman rank correlation ρ between
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Fig. 1 | Covariate-adjusted cumulative incidence of COVID-19 over time from
the date of boost receipt (D1) through 188 days post-D15, shown separately for
naïve (golden lines) andnon-naïveparticipants (blue lines), in eachof the three
COVAIL trial stages 1, 2, and 4. Cumulative incidence of COVID-19 is shown for

a Stage 1 Moderna, b Stage 2 Pfizer-BioNTech, and c Stage 4 Pfizer-BioNTech boost
recipients. Analyses adjusted for the force of infection score and risk score. Source
data are provided as a Source Data file.
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0.84 and 0.97; Supplementary Fig. 4) and at D15 (ρ between 0.76 and
0.96; Supplementary Fig. 5). We focus on BA.1 ID50 titer as it was
measured for all participants at D15 and is relevant to the circulating
Omicron strains. Fig. 2 shows scatterplots of D15 vs D1 BA.1 titers in
naïve (Fig. 2a) and non-naïve (Fig. 2b) participants, identifying cases
and non-cases. Naïve participants had lower D1 BA.1 titers as well as
lower D1 BA.1 response rates compared to non-naïve participants, with

26% (N= 163 of 629) of naïve participants vs. 3% (N= 9 of 356) of non-
naïve participants having undetectable BA.1 titer [defined as D1 BA.1
titer ≤limit of detection (LoD), 40AU/ml]. For participants with
detectable D1 titer, the linear regression lines showing a positive cor-
relation betweenD1 andD15 titers were virtually identical for naïve and
non-naïve participants, i.e. leading to the same predictedD15 titer for a
given D1 titer whether naïve or non-naïve. D1 BA.1 titers of 100 and
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1000AU/ml for both naïve and non-naïve participants are predicted to
be boosted 22-fold and 7-fold, respectively, by D15. Supplementary
Fig. 6 shows the parallel results, which were similar, for the weighted
average titer.

Fig. 2c, d, Tables 1 and2presentBA.1 titers by case/non-case status
and proximal/distal to booster. Among naïve participants, BA.1 titers at
D1 were slightly higher in non-cases than cases, with geometric mean
(GM) ID50 in non-cases, booster-proximal cases, and booster-distal
cases 203 (95% CI: 174, 236), 155 (115, 207), 134 (93.3, 191) AU/ml,
respectively, with Geometric Mean Ratio (GMR) 1.31 (95% CI 0.95, 1.82)
of non-cases vs. booster-proximal cases and 1.52 (0.98, 2.35) of non-
cases vs. booster-distal cases (Fig. 2c, Table 1). At D15, BA.1 titers were
similar or slightly higher in non-cases vs. cases, with GM ID50 in non-
cases, booster-proximal cases, and booster-distal cases 3240 (95% CI:
2844, 3690), 3006 (2482, 3641), 2685 (2096, 3440) AU/ml, respec-
tively, with GMR 1.08 (0.82, 1.41) of non-cases vs. booster-proximal
cases and 1.21 (0.83, 1.74) of non-cases vs. booster-distal cases (Fig. 2d,
Table 1).

In contrast, among non-naïve participants, BA.1 titers at both D1
and D15 were markedly higher in non-cases than in booster-proximal
cases (D1: 1848 AU/ml vs. 544 AU/ml; GMR= 3.40 [1.88, 6.14]; D15:
10,257 AU/ml vs. 4060AU/ml; GMR= 2.53 [1.52, 4.21]) (Table 2). This
marked difference was not observed when comparing non-cases and
booster-distal cases (D1: 1848 AU/ml vs.1465 AU/ml; GMR= 1.26 [0.54,
2.96]; D15: 10,257AU/ml vs. 11520AU/ml; GMR=0.89 [0.42, 1.90])
(Fig. 2c, d, Table 2).

Supplementary Fig. 7 shows the same violin box plots as in
Fig. 2c, d, i.e. D1 and D15 BA.1 titers by case/non-case status and
proximal/distal to booster, except additionally stratified by sex
assigned at birth (male or female). Supplementary Figs. 8–10 show
complete information for all six nAb titermarkers for D1, D15, and fold-
rise, respectively.

D15 (peak) titer inverse correlates with risk of COVID-19
The inverse correlations of D15 titerswithCOVID-19 riskwere generally
stronger in non-naïve than naïve participants (Cox model interaction
p-values ranging from 0.002 to 0.009 for the six markers for boost-
proximal cases and p-values ranging from 0.014 to 0.071 for the entire
follow-up; Supplementary Table 7). In addition, we repeated the
interaction tests restricted to the intersection of the middle 90% of
titer values (Supplementary Table 8) and to participants with detect-
able D1 titers (Supplementary Table 9) in two post hoc sensitivity
analyses. The results also supported interactions (Supplementary
Tables 8 and 9). Given the evidence of CoR modification by status of
prior COVID-19, the correlate analyses were conducted separately for
naïve and non-naïve participants.

Low, Medium, and High D15 BA.1 titer subgroups were defined by
tertile cut-points calculated pooling over naïve and non-naïve partici-
pants. Fig. 3 shows the covariate-adjusted cumulative incidence of
COVID-19 through 188 days post-D15 for these three subgroups for
naïve (n = 629) (Fig. 3a) and non-naïve (n = 356) (Fig. 3b) participants.
For both the naïve and non-naïve groups, the covariate-adjusted
COVID-19 risk was similar for the Low vs. Medium subgroups (Naïve:
32.3% vs. 35.1%; Non-naïve: 16.0% vs. 17.7%), and lower for the High
subgroup (Naïve: 20.4%; Non-naïve: 4.0%). Fig. 4a, c show these results
across the full range of D15 BA.1 titers, showing drops in risk at the
highest titers. In naïve participants, the estimated probability of
COVID-19 acquisition was 35.6% (32.0%–38.9%), 31.2% (23.8%–38.9%)
and 23.7% (16.6%–32.7%) at D15 BA.1 titer of 1000, 5000, and
10,000AU/ml, respectively (nonparametric model) (Fig. 4a). In non-
naïve participants, the estimated probability of COVID-19 acquisition
was 41.6% (28.7%–56.0%) at BA.1 titer of 1000AU/ml and decreased to
11.3% (6.8%–42.5%) and 9.2% (6.8%–13.9%) at D15 BA.1 titer of 5000 and
10,000AU/ml, respectively (nonparametric model) (Fig. 4c). Supple-
mentary Figs. 11–15 plot the same risk curves for the other five nAb titer
markers.

Fig. 5a, c show the covariate-adjusted COVID-19 hazard ratios per
10-fold increase in each of the six D15 titer markers. For naïve partici-
pants the results supported weak inverse correlates (HRs 0.78–0.85
per 10-fold increase, p-values = 0.059 to 0.21), with the D15 BA.1 ID50
HR (95% CI) = 0.85 (0.67, 1.09); p = 0.21 (Fig. 5a). In the analyses shown
in Fig. 5, adjustment was done for FOI score and risk score. We further
conducted multiple sensitivity analyses to explore the influence of
three alternative covariate adjustment strategies [adjustment for: (1)
only the FOI score and the ≥65 age indicator; (2) adjustment only for
the ≥65 age indicator; (3) no covariate adjustment] on the results;
hazard ratios of each D15 ID50 marker remained virtually unchanged
across all three strategies (Supplementary Fig. 16). In a post hoc ana-
lysis, we also estimated the covariate-adjusted HR of COVID-19 per 10-
fold increase in each of the six D15 titer markers in naïve participants
among individuals assigned male or assigned female sex at birth
(Supplementary Fig. 18a).

Fig. 4b shows the estimated covariate-adjusted HR of COVID-19 in
naïve participants per 10-fold increase in D15 BA.1 titer among six
subgroups (Moderna, Pfizer-BioNTech, Prototype, Omicron-Contain-
ing, Bivalent Omicron, and Monovalent Omicron); the subgroup ana-
lyses were reported only when there were at least 20 endpoints to
ensure reasonable precision. The HR point estimates were largely
consistent across the subgroups, with that among Prototype insert
boost recipients closest to unity [1.00 (0.56, 1.78); p = 0.999] and that
amongMonovalent Omicron insert boost recipients the smallest [0.57
(0.30, 1.07); p = 0.081], where adjustment was done for FOI score and

Fig. 2 | D1 and D15 BA.1 titers in SARS-CoV-2 naïve and non-naïve participants,
and in non-cases and COVID-19 cases. a, b Scatterplots of D1 and D15 log10 BA.1
titers in a naïve participants (N= 629; 181 cases and 448 non-cases) and b non-naïve
participants (N= 356; 32 cases and 324 non-cases). Titers are in units AU/ml. The
short horizontal red line represents the mean of log10 nAb-ID50 values that are
<LLOQ at Day 15. The diagonal red line represents the fitted linear regression line
between Day 1 and Day 15 log10 nAb-ID50 values that are above LLOQ. LLOQ, a
lower limit of quantification. The gray area around the diagonal red line indicates
the 95% confidence interval of the fitted line. Red dots identify COVID-19 cases;
yellow dots identify naïve non-cases; blue dots identify non-naïve non-cases.
c, d Violin box plots of c D1 and d D15 BA.1 ID50 titers, shown by non-cases (red
dots) and COVID-19 cases (turquoise dots) (stratified by booster-proximal cases,
booster-distal cases, and proximal + distal cases). In (c), D1 titers are shown from
N= 448naïve and 324non-naïve non-cases, N = 122 naïve and 22non-naïve booster-
proximal cases, N = 59 naïve and 10 non-naïve booster-distal cases, N = 181 naïve
and 32 non-naïve proximal+distal cases; in (d), D15 titers are shown from N=448
naïve and 324 non-naïve non-cases, N = 122 naïve and 22 non-naïve booster-
proximal cases, N = 59 naïve and 10 non-naïve booster-distal cases, N = 181 naïve

and 32 non-naïve proximal+distal cases. Violin plots contain interior box plots with
upper and lower horizontal edges at the 25th and 75th percentiles of antibody level
and middle line at the 50th percentile, and vertical bars the distance from the 25th
(or 75th) percentile of antibody level and the minimum (or maximum) antibody
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 (estimated by
a kernel density estimatorwith a default Gaussiankernel) of thedata.Non-cases: No
evidence of SARS-CoV-2 infection at 7 days post-D15 through to 188 days post-D15.
Booster-proximal cases: COVID-19 endpoint between 7 and 91 days post-D15 visit;
booster-distal cases: COVID-19 endpoint between 92 and 188 days post-D15 visit;
cases (proximal + distal): COVID-19 endpoint between 7 and 188days post-D15 visit.
Rate is the percentage of participants with positive responses, with positive
responses defined as titer above the limit of detection (LoD), 40AU/ml. Gray tri-
angles identify non-responders/undetectable. The upper dashed horizontal line in
each plot shows the antigen-specific upper limit of quantification (ULoQ) and the
lower dashed horizontal line in each plot shows the LoD. nAb-ID50, 50% inhibitory
dilution neutralizing antibody titer. Source data are provided as a Source Data file.
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risk score. Results were largely unchanged (Supplementary Fig. 17a, c,
e) in sensitivity analyses exploring the influence of the same three
alternative covariate adjustment strategies as described above.

For non-naïve participants, all six D15 titer markers were inverse
correlates of risk (HRs 0.39–0.52 per 10-fold increase, p <0.001–0.005),
with the D15 BA.1 ID50 HR=0.52 (0.33, 0.82); p =0.005 (Fig. 5c). Among
the six pre-specified subgroups, only Omicron-containing (N= 285)
insert boost recipients had more than 20 endpoints: the HR per 10-fold
increase in D15 BA.1 titer was nearly identical to that among all one-dose
mRNA boost recipients (Fig. 4d). Results were also nearly identical in the
sensitivity analysis to explore the influence of different covariate
adjustment approaches (Supplementary Fig. 17b, d, f).

The correlate analyses were repeated for the fold-rise markers
(Supplementary Figs. 19 and 20), including by subgroups where
applicable based on the 20-endpoint criterion (Supplementary
Figs. 21 and 22). Among naïve participants a larger BA.1 ID50 fold-rise
was associated with higher COVID-19 risk with an estimated HR of 1.34
(1.04, 1.73) (Supplementary Fig. 19), while for non-naïve participants
the estimated HR was 1.59 (0.89, 2.86) (Supplementary Fig. 20). These
fold-rise correlates are challenging to interpret compared to D15
absolute-level correlates, given that larger post-boost fold-rises in
antibody titer were seen in the data analyzed here (as shown in Sup-
plementary Fig. 23 for BA.1).

To enable comparison to the results of the immune correlates
analysis of a third dose of mRNA-1273 in the COVE trial29, we defined a
second endpoint (“COVE COVID-19”), based on the clinical criteria for
the COVID-19 endpoint used in the COVE primary efficacy analyses2,30

aswell aspreviousCOVE immune correlates analyses27,29,31–33. Of the 213
COVID-19 endpoints analyzed above, 191 (89.7%)met the COVE clinical
criteria and supportive laboratory criteria for a COVE endpoint. We
repeated the D15 correlates analyses above using the COVE endpoint
and found that the results (Supplementary Fig. 24) were virtually the
same as for the COVID-19 endpoint.

Exposure-proximal correlates of risk
Titer dynamics were modeled using a mixed effects model based on
observed titer readouts in each booster arm (see the SAP).

Supplementary Table 10 summarizes the estimated half-life of BA.1
titer among naïve and non-naïve participants in each boost arm.
Averaged over the arms, half-life was estimated to be 66 days (95% CI:
58 to 78) for naïve participants and 80 days (95% CI: 67 to 101 days) for
non-naïve participants. Supplementary Fig. 25 graphs the measured
BA.1 log10 ID50 titers at D1, D29, D91, and D181 for 10 randomly
selected individuals (4 were naïve and 6 were non-naïve) along with
their predicted BA.1 log10 ID50 titer over time, based on a biphasic
antibody decay model. Predicted titers aligned closely with the
observed BA.1 ID50 readouts, providing support for the antibody
decay model. Supplementary Fig. 26 additionally plots measured ver-
sus predicted (based on the biphasic antibody decay model) log10
ID50 titers at D15, D29, D91, and D181, separately for BA.1, Beta, Delta,
BA.4/BA.5, D614G, and the weighted average marker. High con-
cordance was seen between the observed and predicted values for
each variant/marker, with Pearson correlations ranging from 0.95 to
0.98 and reliability ratios ranging from 90% to 95%. The predicted-at-
exposure titer against each antigen was then correlatedwith COVID-19
based on a calendar-time Cox regression model (see the SAP).

Fig. 6a, c show the estimatedHR relative to theminimumpredicted
titer through 188 days post-D15 across a range of predicted-at-exposure
BA.1 titers among naïve (n = 629) and non-naïve (n = 356) participants.
The HR decreased as predicted-at-exposure BA.1 titer increased.
Fig. 6b, d show the HR of COVID-19 per 10-fold increase in predicted-at-
exposure BA.1 ID50 in naïve and non-naïve participants, respectively, as
well as in pre-specified subgroups. Compared to D15 (~peak) BA.1 ID50,
predicted-at-exposure BA.1 titer showed a stronger inverse association
with the COVID-19 endpoint in terms of HRs farther from 1, particularly
in non-naïve participants [naïve participants: 0.74 (0.59, 0.94), p =0.016;
non-naïve participants: 0.41 (0.23, 0.64), p <0.001].

We conducted a sensitivity analysis to explore the influence of an
alternative covariate adjustment strategy (no covariate adjustment) on
the results; HRs of each predicted-at-exposure ID50 marker remained
virtually unchanged (Supplementary Fig. 27). We also repeated the
predicted-at-exposure correlates analyses using the COVE endpoint
and found that the results (Supplementary Fig. 28) were virtually the
same as for the COVID-19 endpoint.
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Article https://doi.org/10.1038/s41467-025-55931-w

Nature Communications |          (2025) 16:759 8

www.nature.com/naturecommunications


Exploratory analysis of pre and post-COVID-19 titer
Because of the substantial difference in the relationship between
neutralization titer andCOVID-19 risk by prior infection, we contrasted
the log10 BA.1 titer before and after acquisition of COVID-19 in COVAIL
in naïve cases compared to non-naïve cases. Supplementary Fig. 29a
shows the log10 titers closest in time before (average: 34 days before)
and after (average: 39 days after) the COVID-19 onset date for naïve
and non-naïve cases. Naïve cases tended to have an increase following
COVID-19 while non-naïve cases did not. Supplementary Fig. 29b
provides a violin plot of the slopes by prior infection status. Adjusting
for pre-COVID-19 titer being above or below the median in the non-
naïve arm, the estimated change in BA.1 titer over the average time
interval shown in Supplementary Fig. 29a was a 394% increase (95% CI:
296%, 515%) for naïve cases and a 149% increase (95% CI: 18% decrease,
272% increase) for non-naïve cases. Results were similar using the
weighted average of neutralization titers (Supplementary Fig. 30).

Lineage-specific correlates of risk
Fig. 7a shows the distribution of SARS-CoV-2 lineages over calendar-
time among COVID-19 endpoint cases during the study follow-up, with
Supplementary Tables 11–23 further detailing the lineage distribution
in each of the 13 single-dose mRNA arms. Of the 213 COVID-19

endpoints in the per-protocol correlates cohort, sequences were suc-
cessfully obtained and lineages were identified for 154 (72.3%). The
proportion of viruses that were successfully sequenced was similar
across the 3 stages: 74.8% (107/143) for Stage 1, 67.3% (37/55) for Stage
2, and 66.7% (10/15) for Stage 4. The lineages of the other 59 endpoints
were imputed based on the modal circulating lineage on the date of
COVID-19 onset according to the GISAID database (matched by date
and state or District of Columbia). BA.4 and BA.5 were the most pre-
valent lineages causing COVID-19 endpoints, together accounting for
65.7% (94/143) endpoints in Stage 1, 89.1% (49/55) in Stage 2, and 80%
(12/15) in Stage 4. Thus, our lineage-specific correlates analyses
focused onBA.4/BA.5COVID-19, combining BA.4 and BA.5 into a single
genotype as justified by their Spike proteins having identical amino
acid sequences34, with “lineage-matched” correlates analysis studying
BA.5 titer as a correlate of BA.4/BA.5 COVID-19.

Fig. 7b, d report the estimated HRs of BA.4/BA.5 COVID-19 per 10-
fold increase of D15 BA.4/BA.5 titer in naïve and non-naïve participants,
respectively, in all mRNA arms pooled and in each subgroup with at
least 15 BA.4/BA.5 COVID-19 endpoints. Among naïve participants, the
HR (95% CI) of lineage-matched COVID-19 was 0.79 (0.59, 1.05;
p = 0.102) and a significant inverse correlation was seen in non-naïve
participants with HR =0.45 (0.26, 0.77; p = 0.004). To investigate
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Fig. 4 | Covariate-adjusted cumulative incidence of COVID-19 by D15 BA.1 titer
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BA.1 titer. a, c Covariate-adjusted cumulative incidence of COVID-19 by D15 BA.1
titer at 188 days post-D15, estimated using a Cox model (orange line) or a non-
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ticipants (all mRNA N= 356) and in the designated subgroup (mRNA Omicron-
containing N = 285). Point estimates, 95% confidence intervals (CIs), and 2-sided
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bitory dilution neutralizing antibody titer. Source data are provided as a Source
Data file.
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whether lineage-matched nAb titer is a stronger correlate than lineage-
unmatched nAb titer, we performed the same analyses using D15
D614G titer. As shown in Fig. 7c, e and b, d, point estimates and 95%CIs
for the BA.4/BA.5 COVID-19 HR per 10-fold increase in D15 D614G

(lineage-unmatched) titer [naïve: HR =0.77 (0.53, 1.13; p = 0.184); non-
naïve: HR =0.45 (0.25, 0.82; p = 0.009)] were similar or even identical
to those obtained in the lineage-matched analysis. Consistent results
were obtained for the subgroup analyses. However, the lineage-
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Fig. 5 | Cox model covariate-adjusted hazard ratios of COVID-19 per 10-fold
increase in D15 or predicted-at-exposure neutralizing antibody titer, shown
separately in SARS-CoV-2 naïve and non-naïve participants. a, c D15 titer (AU/
ml) for each marker BA.1, Beta, Delta, BA.4/BA.5, D614G, or weighted average (Wt.
Avg.); b, d predicted-at-exposure titer (AU/ml) for each marker BA.1, Beta, Delta,
BA.4/BA.5, D614G, or Wt. Avg for follow-up 7–188 days post-D15. Results are shown
in a,bnaïve participants: a BA.1 (N = 629), Beta (N = 629),Delta (N= 629), BA.4/BA.5
(N= 629), D614G (N=629), or weighted average (Wt. Avg.) (N = 629); b BA.1
(N = 629), Beta (N= 629), Delta (N= 629), BA.4/BA.5 (N= 605), D614G (N= 629), or
weighted average (Wt. Avg.) (N = 629) or c, d non-naïve participants: c BA.1
(N = 356), Beta (N= 356), Delta (N= 356), BA.4/BA.5 (N= 356), D614G (N= 356), or

weighted average (Wt. Avg.) (N = 356); d BA.1 (N = 356), Beta (N= 356), Delta
(N= 356), BA.4/BA.5 (N= 351), D614G (N = 356), or weighted average (Wt. Avg.)
(N = 356). D15 analyses adjusted for the force of infection score and risk score.
Exposure-proximal analyses are calendar-time-based and adjusted for the risk
score. Point estimates, 95%confidence intervals (CIs), and 2-sidedWaldp-values are
shown for the D15 titer analyses, and bootstrap percentile 95% CIs and 2-sided p-
values are shown for the predicted-at-exposure analyses. P-values were not adjus-
ted for multiple comparisons. Wt. Avg. =Maximum diversity-weighted geometric
mean of the five nAb titers D614G reference, Beta, Delta, Omicron BA.1, and Omi-
cron BA.4/BA.5. AU, arbitrary units; nAb-ID50, 50% inhibitory dilution neutralizing
antibody titer.

Article https://doi.org/10.1038/s41467-025-55931-w

Nature Communications |          (2025) 16:759 10

www.nature.com/naturecommunications


matched analyses displayed marginally improved precision as the
lineage-matched-based CIs were in general narrower than those
obtained based on D614G titer.

In the exposure-proximal analyses, the inverse correlations of
predicted-at-exposure BA.4/BA.5 titer with BA.4/BA.5 COVID-19 were
consistent with those of lineage-matched D15 (peak) BA.4/BA.5 titer,
with highly similar HR point estimates (95% CI) and recapitulated the
result of stronger inverse correlations in non-naïve participants [HR:
0.40 (0.22, 0.67; p =0.0043)] compared to naïve participants [HR: 0.73
(0.56, 0.94; p =0.009)] (Supplementary Fig. 31). Similar resultswere also
seen in the subgroup analyses. When predicted-at-exposure titer against
D614G was assessed as a correlate of BA.4/BA.5 COVID-19 in a lineage-
unmatched analysis, similar to the D15 (peak) results, lineage matching

did not improve the strength of the correlate [non-naïve: HR=0.33
(0.14, 0.55; p <0.001); naïve: HR=0.69 (0.49, 0.97; p =0.026)].

Correlates of protection analysis in Stage 2 participants
Among Stage 2 Pfizer-BioNTech recipients, Omicron-containing vac-
cines (Beta + Omicron, Omicron, and Omicron + Wildtype/Prototype)
resulted in lower COVID-19 incidence compared to the Prototype
vaccine (0.36 per 100 person-years vs. 0.92 per 100 person-years;
calendar-time Cox model p = 0.001). A correlation of protection ana-
lysis was conducted to assess the D15 ID50 markers as controlled
relative vaccine efficacy CoPs and as mediator CoPs23 of relative vac-
cine efficacy (Omicron-Containing vs. Prototype). Fig. 8 displays the
controlled relative vaccine efficacy curves that contrast the COVID-19
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Fig. 6 | Hazard ratio of COVID-19 relative to minimum predicted-at-exposure
BA.1 titer by predicted-at-exposure BA.1 titer and calendar-time-based hazard
ratios of COVID-19 per 10-fold increase in predicted-at-exposure BA.1 titer,
shown separately in SARS-CoV-2 naïve and non-naïve participants. a, c Hazard
ratio of COVID-19 relative to minimum log10 predicted-at-exposure BA.1 titer (AU/
ml) by predicted-at-exposure BA.1 titer (AU/ml), estimated using a Cox model, in
a naïve participants and c non-naïve participants for follow-up 7–188days post-D15.
The curve was restricted to the middle 95% of the marker distribution. Shaded
regions represent 95% confidence intervals. The green shaded region is a kernel
density estimate of log10 predicted-at-exposure BA.1 titer (AU/ml). Analyses
adjusted for risk score. b, d Calendar-time-based Cox model covariate-adjusted

hazard ratios of COVID-19 per 10-fold increase in predicted-at-exposure BA.1 titer
(AU/ml), in b naïve participants (All mRNA N= 629) and in the designated sub-
groups (mRNAModerna N = 306, mRNA Pfizer-BioNTech N = 131, mRNA Prototype
N = 105, mRNA Omicron-containing N= 459, mRNA Bivalent N = 352, mRNA
Monovalent N = 107), or d non-naïve participants (All mRNA N= 356) and in the
designated subgroup (mRNA Omicron-containing N = 285). Point estimates, 95%
bootstrap percentile confidence intervals (CIs), and 2-sided bootstrap p-values are
shown. P-values were not adjusted for multiple comparisons. Subgroup analyses
were only conducted when the number of endpoints was equal to or exceeded 20,
to ensure sufficient precision. AU arbitrary units nAb-ID50 50% inhibitory dilution
neutralizing antibody titer.
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cumulative incidence through 188 days post-D15 for the hypothetical
assignment of all participants to an Omicron-containing vaccine and
the D15 titer to a given fixed value with the overall cumulative inci-
dence of Prototype vaccine recipients. The Cox-model-based con-
trolled relative vaccine efficacy (95% CI) was estimated to be 51.7%
(8.3%, 74.6%), 60.3% (30.3%, 77.3%), and 67.4% (38.5%, 82.7%)whenD15
titer against BA.1 equals 1000, 3160, and 10,000AU/ml, respectively;
the nonparametric analysis yielded controlled relative vaccine efficacy
estimates spanning from 26% at BA.1 ID50 = 1000AU/ml to 100% at
BA.1 ID50= 10,000AU/ml (Fig. 8a). Qualitatively similar results were
observed for the D15 weighted average nAb titer (Fig. 8b) and for D15
titer against other antigens.

A causal mediation analysis done by the method of Benkeser
et al. 35 (see the SAP) shows that D15 titer against BA.1 mediated an
estimated 27.3% (95% CI: 8.5%–46.0%) of the total Omicron-

containing vs. Prototype relative vaccine efficacy among Stage 2
participants, and the result remained largely the same when restric-
ted to naïve participants (proportion mediated: 28.4%; 95%
CI: 12.4%–44.3%). On the other hand, D15 ID50 against D614G medi-
ated an estimated 8.6% (95% CI: −1.2%–18.3%) of the total relative
vaccine efficacy among Stage 2 participants and 15.7% (95%
CI: 8.5%–22.8%) among naïve participants. Mediation for non-naïve
participants could not be assessed based on too few COVID-19
endpoints.

Discussion
The COVAIL trial was designed to define the immunogenicity land-
scape for different vaccine platforms and inserts among SARS-CoV-2
naïve and non-naïve volunteers who had received one booster dose
following a primary immunization series. Sufficient cases of largely
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Fig. 7 | SARS-CoV-2 lineages of COVID-19 endpoints and hazard ratios of BA.4/
BA.5 COVID-19 per 10-fold increase in neutralizing antibody titer, shown
separately in SARS-CoV-2 naïve and non-naïve participants. a SARS-CoV-2
lineages among the 213 COVID-19 endpoints during follow-up 7–188 days post-D15,
shown by calendar date of COVID-19 onset swab collection. Square: BA.2, circle:
BA.4, triangle: BA.5, plus sign: XZ, rotated plus sign, XBB.1*. The asterisk designates
the inclusion of any descendent lineages of XBB.1 (e.g. XBB.1.1). b–e Cox model
covariate-adjusted hazard ratios of BA.4/BA.5 COVID-19 per 10-fold increase in
b, d D15 BA.4/BA.5 titer (AU/ml) or c, e D15 D614G titer (AU/ml), in b, c naïve par-
ticipants: b (All mRNA N= 629) and in the designated subgroups (mRNA Moderna
N = 306, mRNA Pfizer-BioNTech N = 131, mRNA Prototype N = 105, mRNAOmicron-

containing N = 459, mRNA Bivalent N = 352, mRNA Monovalent N = 107); c (All
mRNA N= 629) and in the designated subgroups (mRNA Moderna N = 306, mRNA
Pfizer-BioNTech N = 131, mRNA Prototype N = 105, mRNA Omicron-containing
N = 459, mRNA Bivalent N = 352, mRNA Monovalent N = 107)or d, e non-naïve par-
ticipants: d (All mRNA N= 356) and in the designated subgroup (mRNA Omicron-
containing N = 285); e (All mRNA N= 356) and in the designated subgroup (mRNA
Omicron-containing N = 285). Point estimates, 95% confidence intervals (CIs), and
2-sided Wald p-values are shown. P-values were not adjusted for multiple com-
parisons. Subgroup analyses were only conducted when the number of BA.4/BA.5
COVID-19 endpoints were equal to or exceeded 15, to ensure reasonable precision.
AU arbitrary units.
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BA.2, BA.4, and BA.5 COVID-19 accrued among recipients of a second
booster such that extensive immune correlates analyses contrasting
inserts and assays to different lineages could be performed. In this
analysis, we focused on the Pfizer-BioNTech and Moderna mRNA
vaccines. Because prior infection substantially modified the associa-
tion of neutralization titer with COVID-19 risk, results were reported
separately for naïve and non-naïve participants.

COVID-19 cumulative incidence for participants in the High D15
BA.1 neutralizing antibody titer tertile subgroup remainedmuch lower
over time compared to participants in the Low or Middle D15 BA.1
neutralizing antibody tertile subgroups, whereas in contrast there was
very little separation between the Low and Middle tertile cumulative
incidence curves. This finding, which was seen both in naïve and non-
naïve participants, suggests there may be a D15 BA.1 neutralizing
antibody threshold associated with protection.

In analyses of naïve participants combined over all vaccine arms,
the hazard ratios of COVID-19 (over ~6 months following the second
booster) per 10-fold increase in D15 neutralizing antibody titer ranged
from 0.78 to 0.85 across the six markers — suggestive of weak inverse
correlates of COVID-19 risk — but with all 95% CI upper limits slightly
higher than 1. Previous correlate studies in naïve participants following
the primary immunization series with Prototype lineages have con-
sistently shown a relationship between D614G neutralization titer and
incidence of COVID-19, with hazard ratios of around 0.4036. This was
also shown in population-level correlates meta-analyses37,38. A corre-
late analysis following a first mRNA booster dose also showed a sig-
nificant association, with a hazard ratio for BA.1 titer of 0.3129. In the
earlier correlate studies of the Moderna mRNA-1273 (Prototype) vac-
cine, post-dose two D614G neutralization titers ranged from about
19 AU/ml to 153,000AU/ml in Monogram assay units (The IU50/ml
values in Gilbert et al. can be back-converted to AU/ml values by
dividing by 0.0653, as described in the Supplementary Material of
Gilbert et al. 27). In COVAIL, D15 BA.1 titer ranged from about 20AU/ml
to 27,000AU/ml in Monogram assay units, demonstrating substantial
overlap with the earlier studies. Further, there were over 150 break-
through COVID-19 endpoints in naïve participants, so the analysis had
ample precision to characterize a relationship in naïve participants,
with a clear conclusion of weaker inverse correlates than previously
found. While the reason for the weaker relationship in COVAIL is not
clear, a potential reason may be related to immune imprinting. The
primary immunization for naïve participants in previous studies and
for COVAIL was from Prototype vaccines. In previous studies, the

circulating strains of SARS-CoV-2 were more similar to the vaccine
strain than for COVAIL which had a preponderance of BA.2 and
BA.5 strains. The immune correlate relationship may weaken with
greater discordance between imprinted strain and circulating strain.

In contrast, significant hazard ratios below one ranging from 0.39
to 0.52 for the six neutralizing titer markers at D15 were observed in
non-naïve participants, where these correlates appeared strongest for
COVID-19 over the first three months of follow-up. These inverse cor-
relates results were robust to other methods of analysis and assay
strains.While non-naïve and naïve participants at the sameD1 titer had
the same predicted D15 titer following boost, non-naïve participants
differ in multiple other ways from naïve participants. These include
higher baseline andD15 neutralization titers (middle 90%D15 BA.1 titer
ranging from about 1850 to 27,104 AU/ml for non-naïve participants
compared to 451–22,834 AU/ml for naïve participants) and potentially
also other factors not measured in this study. Possible reasons for the
difference in the correlates between naïve and non-naïve participants
include: (1) a stronger relationship between antibody and risk at higher
antibody levels, and little relationship at lower levels for which the
quantity of antibody was too low to generate or mark protection; (2) B
cells, T cells, and other factors following natural infection have greater
synergy with antibody at higher titers, compared to B and T cells from
vaccination alone; and/or (3) boosted higher titer antibody following
natural infection is qualitatively better even at the same neutralization
titer. Memory B cells that are reactivated, e.g. via SARS-CoV-2 infection
that occurs post-vaccination, are a source of anamnestic antibody
responses39,40. In an exploratory analysis, we saw a significantly lower
anamnestic response to SARS-CoV-2 in non-naïve participants com-
pared to naïve participants after controlling for pre-COVID-19 neu-
tralizing antibody levels. The factors responsible for clearing the virus
faster and reducing the anamnestic response in non-naïve participants
during COVID-19 are present at exposure andmight have a similar role
in preventingCOVID-19, thus supporting hypotheses (2) and (3) above.
Additional planned correlate analyses involving T-cell responses as
well as systems serology, a computational approach that uses high-
throughput data on non-neutralizing antibody functions and antibody
biophysical properties to identify properties of humoral responses
linkedwith risk41,mayhelp clarify the difference in protectionbetween
naïve and non-naïve participants and whether/how D15 titer predicts
or impacts COVID-19 risk.

In addition to assessing antibody at D15, we correlated predicted
neutralizing titer at each day of follow-up with COVID-19 risk for that
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Fig. 8 | Controlled relative vaccine efficacy curves. The curves show the contrast
in the estimated COVID-19 cumulative incidence at 188 days post-D15 for the
hypothetical assignment of all participants to an Omicron-containing vaccine and
the aD15 BA.1 titer or bD15weighted average to a given fixed value with the overall
estimated cumulative incidence of Prototype vaccine recipients [Stage 2 Pfizer-
BioNTech vaccine arms 7 (Prototype), 8 (Beta + Omicron), 9 (Omicron), 12 (Pro-
totype + Omicron)]. Estimation of the curve was restricted to themiddle 95% of the

marker distribution. Shaded regions represent 95% confidence intervals. The green
shaded region is a smoothed histogram of log10 a D15 BA.1 titer (AU/ml) or b D15
weighted average titer. Analyses adjusted for the force of infection score, risk score,
and baseline naïve/non-naïve status. Wt. Avg. =Maximum diversity-weighted geo-
metric mean of the five neutralizing antibody titers D614G, Beta, Delta, BA.1, and
BA.4/BA.5. AU, arbitrary units; nAb-ID50, 50% inhibitory dilution neutralizing anti-
body titer. Source data are provided as a Source Data file.
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day. For both naïve and non-naïve participants, the predicted-at-
exposure inverse correlates were stronger than for the D15 inverse
correlates. These results suggest that the current level of antibody at
exposure may be a better measure of protective ability over follow-up
than peak antibody, which seems intuitive. Additional studies with
longer follow-ups would help further test this hypothesis. Moreover,
we compared antibody titer at D15 vs. fold-rise in titer from the second
boost to D15 as correlates, and absolute titer – not fold-rise – was the
clear correlate. Thismayhave implications for defining success criteria
for authorization/approval of boosters.

An important question is whether, in the context of a variant
boost, matching the variant of the COVID-19 outcome with neu-
tralization titer provides a stronger correlate relationship than an
unmatched titer. To our knowledge, this question has not been
addressed in previous analyses of individual-level data. We addressed
this question by comparing the hazard ratios for an unmatched ana-
lysis (D614G titer correlated with BA.4/BA.5 Omicron COVID-19) with a
matched analysis (BA.4/BA.5 Omicron titer correlated with BA.4/BA.5
Omicron COVID-19). Generally, the hazard ratios and covariate-
adjusted cumulative incidence functions were quite similar for naïve
participants and nearly identical for non-naïve participants, though
with slightly better precision with variant matching. This result is not
surprising given the high correlation between the different assays
(Supplementary Figs. 4 and 5).

COVAIL was conceived to explore how variant-based vaccines
might modify the post-boost immunological landscape. While our
study had sufficient statistical power to look at correlates of risk, it was
underpowered for correlates of protection (CoP) analyses that entail
comparisons of COVID-19 incidence between arms, and we assessed
groupings of study arms to check for large relative efficacy between
groups and, where found, to assess CoPs of the relative efficacy. There
was a large reduction in COVID-19 incidence for the Pfizer-BioNTech
Omicron-containing versus Prototype vaccines allowing a CoP analysis
(0.36 per 100 person-years vs. 0.92 per 100 person-years; p = 0.001).
Controlled relative vaccine efficacyCoP analysis thatpooledovernaïve
and non-naïve participants yielded relative efficacy estimates ranging
from 51.7% at D15 BA.1 titer of 1000AU/ml to 67.4% at 10,000AU/ml
and between 26% at 1000AU/ml to 100% at 10,000AU/ml depending
on themethodused, supporting aCoP althoughwith limitedprecision.
AssessmentofD15 titers asmediators of the relative efficacy supported
a modest fraction of the relative efficacy mediated through titer, 27%
for D15 BA.1 titer.

While not randomized to the COVAIL stage, we observed a much
lower COVID-19 incidence rate among non-naïve compared to naïve
participants after adjustment for D15 antibody and baseline risk score.
While this comparisonmaybebiaseddue to residual confounding, one
might expect the bias to understate the benefit of natural infection as
non-naïve participants have demonstrated by their past infection that
they had a greater likelihood of exposure. For seasonal coronaviruses,
previous infection increases the riskof subsequent infection42. Further,
in an exploratory analysis that adjusted for pre-COVID-19 titer, we
observed a markedly reduced anamnestic response to COVID-19 in
non-naïve participants suggesting that unmeasured factors are more
quickly clearing the virus and likely have a similar beneficial effect in
preventing COVID-19. A deeper examination of the immunological
profile in naïve compared to non-naïve participants may identify spe-
cific factors responsible for the lower COVID-19 rate in non-naïve
participants.

A strength of our study is that it is a prospective randomized trial
studying a second booster dose during the BA.2/BA.4/BA.5 periodwith
extensive characterization of neutralization titers over time against
multiple variants for all participants. To our knowledge, this is the first
randomized trial with an individual-level immune correlates analysis
conducted of a booster variant dose. Moreover, the study was well
powered with a large number of COVID-19 breakthrough cases and

over 100-fold inter-vaccinee variation in antibody levels at D1 and at
D15. Additionally, we studied mRNA vaccines that are widely used and
thus most relevant to public policy.

A limitation of our study is that it only assessed neutralization
titers as correlates. This limitation will be addressed in future work,
including T-cell and systems serology analyses. A second limitation is
that our study used a COVID-19 endpoint for some cases (59/213, 28%)
that was defined as a self-reported positive viral test, differing from the
endpoint definition in the phase 3 trials that required central lab vir-
ologic confirmation and meeting pre-specified symptoms criteria.
However, the majority of COVID-19 endpoints (154/213, 72%) were
virologically confirmed. Additional limitations are that it assessed
titers against SARS-CoV-2 variants that are no longer circulating and
that there is the potential formisclassification between naïve and non-
naïve cases, given that anti-N antibodies are known to wane over time
and may yield negative results even if the participant was previously
infected. Additionally, some participants were categorized as non-
naïve based solely on self-reported data. Finally, because this is an
observational study and antibody level and naïve/non-naïve status
were not randomly assigned, it is possible that confounding partly
drives the difference in slopes between the naïve and non-naïve
groups. To drive a difference in slopes, however, this confounding
would need to be complex,where say testing and riskbehavior depend
on the underlying and unknown antibody level in naïve participants in
a different way than for non-naïve participants.

The current vaccination policy for COVID-19 is moving toward
booster dosing with updated vaccines matched to recently circulating
variants. Licensure of variant-based vaccines using neutralization titer
as a surrogate endpoint has been predicated on the strong and con-
sistent relationship between neutralization titer and COVID-19 mostly
from studies of primary immunization or first booster doses and with
earlier variants. As SARS-CoV-2 develops into an endemic virus,
population-level immunity reflects multiple bouts of vaccination and
infection with successively different variants and the relationship
between neutralization titer and COVID-19 risk may continue to
change. We show this relationship continues within the non-naïve
population, which supports the continued useof neutralization titer as
a surrogate endpoint guiding approval and use. Moreover, the rele-
vance of this finding increases as the naïve population continues to
decrease in size. We also show that this relationship has changed
within the naïve population underscoring the need for continued
evaluation of the relationship between neutralization titer and variant
COVID-19 risk.

Methods
All analyseswerepre-specified in the SAP, except asnotedwhen results
are presented and in Section 10 of the SAP.

COVAIL trial
All participants in the COVAIL trial (NCT05289037) provided written
informed consent before enrollment. A stipend was provided for
participation in the study, which was determined by each enrolling
site. The trial was reviewed and approved by the Advarra Central
Institutional Review Board on 22 March 2022 and overseen by an
independent Data and Safety Monitoring Board. The trial complied
with all relevant ethical regulations. For further details on trial
design, safety, and immunogenicity in Stages 1–318 and Stage 419,
see Branche et al 18,19.

Baseline risk score
A baseline risk score for best predicting the occurrence of COVID-19
starting 7 days after the D15 visit was built using cross-validated super
learning pooling over all study participants, based on all demographic
and vaccination history input variables, using a similar approach as
taken for assessing immune correlates in the phase 3 trials through the
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US Government’s COVID-19 Vaccine Correlates of Protection
Program27,31,32,43–45. The baseline risk score developed using the
Superlearner46,47 model (CV-AUC=0.604) was adjusted for as a cov-
ariate in all correlates analyses and cumulative incidence analyses. See
the SAP for further details.

Force of infection score
To address the fact that the four stages enrolled participants in dif-
ferent calendar periods and that incidence of COVID-19 can have
temporal trends, the peak correlates analyses also adjusted for an FOI
score calculated with data from the Coronavirus Resource Center’s
database [previously hosted by Johns Hopkins University at https://
coronavirus.jhu.edu/); that site is now inactive and the data can be
accessed on Github at https://github.com/CSSEGISandData/COVID-19
and https://github.com/govex/COVID-19/tree/master/data_tables/
vaccine_data. See the SAP for further details.

D15 and fold-rise correlates of risk analyses
Univariable correlates of risk analyses were performed in the corre-
lates analysis per-protocol cohort (Supplementary Fig. 2), pooling
across the 13 one-dose mRNA arms (Supplementary Fig. 1) and in pre-
specified subgroups determined by vaccine received. Analyses were
conducted separately for baseline naïve and non-naïve participants.
The analyses were based on Cox regression models adjusting for two
covariates: the FOI score and baseline risk score and conducted
separately for each D15 and fold-rise nAb-ID50 marker. Sensitivity
analyses were also conducted to examine each component of the
covariate adjustment strategy [(1) adjustment only for the FOI score
and for the ≥65 age indicator; (2) adjustment only for the ≥65 age
indicator; (3) no covariate adjustment]. The covariate-adjusted hazard
ratios of COVID-19 per 10-fold increase in eachmarker were estimated
and reported, along with 95% CIs and Wald-type, two-sided p-values.
For further details, see the SAP.

Controlled risk curves were also reported in addition to HRs. A
controlled risk curve describes theCOVID-19 cumulative incidence had
all participants received a specified vaccine under investigation and
had their marker set to a specified level under consideration. Con-
trolled risk curves were estimated using: 1. A semiparametric Cox-
regression-based approach; and 2. A nonparametric approach devel-
oped in refs. 48, 49 and were implemented using the R package
vaccine50. In addition to plotting the controlled risk curve by a full
range of marker levels, we also estimated the controlled risk by D15
BA.1 ID50 tertiles using a Cox-regression-based approach. For further
details, see the SAP. Code for conducting the controlled risk curve
analyses is provided in Supplementary Software 1.

Antibody decay model for supporting exposure-proximal cor-
relates analysis
A linear mixed effects (LME) model was formulated for longitudinal
measurements of log10 antibody titers and fit tomeasurements at visit
days 14 (D15), 28 (D29), 90 (D91), and 180 (D181) post-vaccination. The
model had fixed effects for days since D15, prior infection assessed by
N-positivity at D1, and the interaction of prior infection and time since
D15. The model has an individual-level random intercept. This model
was used to calculate the antibody half-lives shown in Supplementary
Table 10.Half-liveswerecalculatedbasedon anLMEmodel to facilitate
comparison with previously reported results.

For the correlates analyses, the antibody decay model was pie-
cewise linear with a bend at day 76, separate (fixed effects) terms for
naïve and non-naïve participants, and a random intercept as in Eq. (1).

Xi tð Þ=β0 +β1 t � ti,d15
� �

+β2 I NposD1 = 1ð Þð Þ+β3 t � ti,d15
� �

I NposD1 = 1ð Þ
+β4 t � ti,d15 � 76

� �
I t � ti,d15 ≥ 76
� �� �

+β5 t � ti,d15 � 76
� �

I t � ti,d15 ≥ 76
� �� �

I NposD1 = 1ð Þ+bi + ϵi, t

ð1Þ

where ti,d15 is the calendar date of the D15measurement for individual
i, Xi tð Þ is the time-varying log10 antibody titer on calendar day t for
individual i, t � ti,d15 is the number of days since the D15measurement
for individual i on calendar day t, I NposD1 = 1ð Þ is an indicator of being
anti-n positive on D1, t � ti,d15 � 76

� �
is the number of days since

76 days after the D15 measurement for individual i on calendar day t,
I t � ti,d15 ≥ 76
� �

is an indicator of whether calendar day t is at least
76 days after the D15 measurement for individual i, bi � N 0, τ2

� �
is an

individual-level random intercept, and ϵi, t � N 0, σ2
� �

. Values below
the LODare interval-censoredbelowLOD, i.e. followa tobitmodel. The
model is fit to the D15, D29, D91, and D181 measurements.

Model fitting only used each participant’s data prior to a possible
breakthrough infection (regardless of symptoms) or out-of-study
vaccination. A participant is determined to have had an asymptomatic
infection between D22 and D91 if the following three conditions held:
(1) anti-N seropositive at D29 or D91 visit, (2) anti-N seronegative at the
D15 visit; (3) No COVID-19 endpoint during follow-up through 14 days
post D29 visit (if first anti-N seropositive at Day 29) or through 14 days
post D91 visit (if first anti-N seropositive at D91 visit). A participant is
determined to have had an asymptomatic infection between D91 and
D181 if the following three conditions held: (1) anti-N seropositive at
theD181 visit, (2) anti-N seronegative at theD15,D29, andD91 visits, (2)
No COVID-19 endpoint during follow-up through 14 days post D181
visit. Participants who were determined to have had an asymptomatic
infection between the D22 and D91 visits only contributed their D15
measurement. Participants who were determined to have been
asymptomatically infected between D91 and D181 only contributed
measurements through the earlier of the date of D91 or the date of
their symptomatic infection. This restriction was evaluated in simula-
tions to assess the risk of bias prior to data analysis. The model was fit
separately for each antibody marker.

Exposure-proximal correlates of risk analysis
In an exposure-proximal correlates analysis, the predicted-at-exposure
marker level was associated with the instantaneous risk of COVID-19
via a two-stepprocedure26. First, eachparticipant’s log10 antibody titer
trajectory was predicted based on the antibody decay model. In the
second step, a proportional hazards regressionmodel was formulated.
These analyses were conducted separately in naïve and non-naïve
participants, and adjusted for the baseline risk score as a covariate.
Because exposure-proximal analyses operated on the calendar-time
scale, the external FOI was accounted for automatically and no FOI
score adjustment was done. Bootstrap percentile CIs and p-values are
reported. Code for conducting all exposure-proximal correlates of risk
analyses is provided in Supplementary Software 1. See the SAP for
further details.

Controlled relative vaccine efficacy D15 correlates of protection
analysis
Controlled relative vaccine efficacy curves describe the cumulative
incidence of COVID-19 had all participants received a specified vaccine
under investigation and had their D15 marker set to a specified level
under consideration, compared to the cumulative incidenceof COVID-
19 had all participants received another specified vaccine. Controlled
relative vaccine efficacy curves were estimated using: 1. A semipara-
metric Cox-regression-based approach; and 2. A nonparametric
approachdeveloped in refs. 48,49. Both approacheswere applied to all
participants and separately to baseline naïve participants and adjusted
for the FOI score and the risk score (andnaïve status for all participants
analysis). The methods were applied to compare the Stage-2 Pfizer-
BioNTechOmicron-containing vaccines to the Stage-2Pfizer-BioNTech
Prototype vaccine and were implemented using the R package
vaccine50. Code for conducting the controlled relative vaccine efficacy
analyses is provided in Supplementary Software 1.
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Mediation D15 marker correlates of protection analysis
Mediation analysis using the method previously used for the US
Government COVID-19 Vaccine CoP Program Phase 3 trials35 was
applied to the Stage-2 Pfizer-BioNTechOmicron-containing vaccines
to Stage-2 Pfizer-BioNTech Prototype vaccine. Point and 95% con-
fidence interval estimates were generated for the natural indirect
effect, i.e., marker-mediated VE (vaccine efficacy mediated through
a given D15 marker), the natural direct effect, i.e., non-marker-
mediated VE (vaccine efficacy through all other pathways not
through the D15 marker), and the proportion of vaccine efficacy
mediated through the D15 marker.

Neutralizing antibody assay
A central lab (Monogram)measured neutralizing antibody titers using
the PhenoSense SARS-CoV-2 Assay (Monogram Biosciences)51. This
assay has been validated to CLIA/CAP standards and was also used for
US Government COVID-19 Vaccine CoP Program Phase 3 trials43–45.

In the assay, HEK 293 cells (Monogram Biosciences Master Cell
Bank LC0027490) were co-transfected with a plasmid driving the
expression of Spike-D614G and a lentiviral backbone plasmid (har-
boring a firefly luciferase reporter gene). Pseudovirus stocks were
collected 2 days post-transfection, filtered, and stored <−70 °C.

At 24 h prior to assay day, HEK 293 cells were transiently trans-
fected with plasmids driving the expression of the ACE2 receptor and
of the TMPRSS2 protease. On assay day, the pseudovirus was incu-
bated for one hour at 37 °Cwith the test samples. Serum samples were
run in singlicate titrations using 10 serial three-fold dilutions. A sus-
pension (10,000 cells per well) of the transiently transfected HEK 293
cells was then added to the serum-virus mixtures. Plates were incu-
bated for 3 days at 37 °C in 7% CO2, after which Steady Glo reagent
(Promega)was added to eachwell. Luminescence,measured in relative
light units, is directly proportional to virus inoculum infectivity and
was measured using a Luminoskan luminometer.

Neutralization titers express the inhibitory dilution of serum
samples at which relative light units were reduced by 50% (ID50)
compared to virus control (no serum) wells. Data analysis (inhibition
curve fitting and ID50 determinations) was done using Monogram
proprietary analysis software. ID50 readouts are in arbitrary units/ml
(AU/ml). For the D614G strain, multiplying AU/ml by 0.0653 calibrates
these titers to those in the 20/136 WHO International Standard for
anti-SARS-CoV-2 immunoglobulin (described in the Supplementary
Materials of Gilbert et al.27), enabling the titers to be expressed in
International Units (IU50/ml). Variant-specific neutralizing antibodies
in the 20/136 International Standard, however, have not been mea-
sured in the PhenoSense SARS-CoV-2 Assay, and thus only D614G titers
can be expressed in IU50/ml. For this reason, we always report AU/ml
in the present work. The limit of detection (LOD) of the Monogram
assay was 40AU/ml (the same for all lineages of Spike-pseudotyped
virus: D614G, Beta, Delta, BA.1, and BA.4/BA.5); all values below the
LOD were assigned value ID50 = 20AU/ml.

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

Data availability
The trial dataset will be available to appropriate academic parties on
request from the corresponding author, in accordance with the data
sharing policies of the Division of Microbiology and Infectious Dis-
eases of NIAID with input from the investigator group subject to sub-
mission of a suitable study protocol and analysis plan. Requests should
be directed to the corresponding author, Dr. Dean Follmann (dfoll-
mann@niaid.nih.gov), and will be responded to within a
month. Source data are provided with this paper.

Code availability
All analysesweredone reproducibly on the basis of publicly available R
scripts hosted on the GitHub collaborative programming platform
(https://github.com/CoVPN/correlates_reporting2)52 as well as in Sup-
plementary Software 1. The analyses described in the correlates_re-
porting2 module (Cox proportional hazards modeling of risk) were
conducted in R53 (version 4.0.4) andusedover 100Rpackages (https://
github.com/CoVPN/correlates_reporting2/blob/master/renv.lock).
The analyses described in the “README.txt” file (cumulative incidence
analysis, controlled risk curve analysis, and controlled relative vaccine
efficacy analysis) were conducted in R53 (version 4.2.1) and used the R
packages vaccine (version 1.2.1)54 and CFsurvival (version 0.1.0)55. The
analyses described in the “README.md” file (all exposure-proximal
correlates of risk analyses) were conducted in R53 (version 4.3.1) and
used nearly 100 R packages, listed in the README.md file.
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