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In the PREVENT-19 phase 3 trial of the NVX-CoV2373 vaccine
(NCTO04611802), anti-spike binding IgG concentration (spike IgG), anti-
RBD binding IgG concentration (RBD IgG), and pseudovirus 50% neu-
tralizing antibody titer (nAb ID50) measured two weeks post-dose two are
assessed as correlates of risk and as correlates of protection against
COVID-19. Analyses are conducted in the U.S. cohort of baseline SARS-CoV-
2 negative per-protocol participants using a case-cohort design that
measures the markers from all 12 vaccine recipient breakthrough COVID-19
cases starting 7 days post antibody measurement and from 639 vaccine
recipient non-cases. All markers are inversely associated with COVID-19
risk and directly associated with vaccine efficacy. In vaccine recipients with
nAb ID50 titers of 50, 100, and 7230 international units (IU50)/ml, vaccine
efficacy estimates are 75.7% (49.8%, 93.2%), 81.7% (66.3%, 93.2%), and 96.8%
(88.3%, 99.3%). The results support potential cross-vaccine platform
applications of these markers for guiding decisions about vaccine approval
and use.

The NVX-CoV2373 (Novavax) SARS-CoV-2 vaccine is composed of
full-length, stabilized, prefusion, recombinant spike protein trimers
produced from the Wuhan-Hu-1 sequence, assembled into nano-
particles co-formulated with a saponin-based adjuvant (Matrix-M™).
NVX-CoV2373 was found to be safe and immunogenic in adults'* and
to provide high vaccine efficacy against COVID-19 of any severity
caused by the B.1.1.7 (alpha) variant in a phase 3 randomized,

placebo-controlled trial in the United Kingdom®. Furthermore, the
PREVENT-19 (Prefusion Protein Subunit Vaccine Efficacy Novavax
Trial-COVID-19) phase 3 randomized, placebo-controlled trial of
NVX-CoV2373 in adults 18 years of age or older in the United States
(US) and Mexico conducted during a period in which the circulating
variants were predominantly B.1.1.7 (alpha), B.1.351 (beta), P.1
(gamma), B.1.427/B.1.429 (epsilon), and B.1.526 (iota)** showed
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adequate safety and high vaccine efficacy against PCR-confirmed
symptomatic COVID-19°.

PREVENT-19 randomized 29,949 participants in a 2:1 ratio to
receive two doses of NVX-CoV2373 or placebo between December 27,
2020, and February 18, 2021. Based on the occurrence of 77 COVID-19
primary endpoints over 3 months of follow-up post-first vaccination
(14 among vaccine recipients and 63 among placebo recipients at least
7 days after the second vaccine dose), vaccine efficacy was 90.4%; 95%
confidence interval [Cl], 82.9 to 94.6; P< 0.001. As reported in ref. ¢, of
61 COVID-19 primary endpoints with SARS-CoV-2 genomes sequenced
from nasal swabs, 35 were classified as variants of concern and 13 were
classified as variants of interest, based on the Centers for Disease
Control and Prevention classification in June of 2021, and vaccine
efficacy against any variant of concern or interest was 92.6% (95% ClI,
83.6-96.7). These variants are no longer considered to be variants of
concern or of interest. The predominant variant was B.1.1.7 (alpha) (31
of 61 genomes) with small COVID-19 endpoint counts from more than a
dozen other variants (see “SARS-CoV-2 lineages causing COVID-19
endpoints” for additional information). The NVX-CoV2373 vaccine
has been issued an Emergency Use Listing by the World Health
Organization’, conditional authorization by the European
Commission®, and approval or authorization in nearly 40 countries’.

Validation of an immune biomarker as a correlate of protection
(CoP)'*2 against COVID-19 would aid decisions for approval and use of
COVID-19 vaccines, for example by allowing approval for populations
not represented in phase 3 trial cohorts (e.g., pediatrics) or facilitating
approval of alternative formulations or schedules. Two specific inter-
related applications are estimation of the durability of vaccine pro-
tection and estimation of the breadth of vaccine protection against a
set of circulating and emerging strains. Moreover, a validated immune
biomarker guides research to develop next-generation vaccines by
providing an immunogenicity study endpoint for ranking and down-
selection of candidate vaccine regimens.

For many licensed vaccines against viral diseases, either binding
antibodies (bAbs) or neutralizing antibodies (nAbs) have been vali-
dated as CoPs for certain applications”, and the body of evidence
supporting these markers as CoPs for COVID-19 vaccines has been
steadily growing” 2. The U.S. Government (USG) COVID-19 Response
Team and the vaccine developers partnered to design and implement
five harmonized phase 3 COVID-19 vaccine efficacy trials, with one of
the major objectives to develop a CoP based on an IgG bAb or nAb
assay””. The first correlates analysis in this program evaluated the
mRNA-1273 COVID-19 vaccine in the COVE phase 3 trial’, and showed
that both IgG bAb and nAb markers measured 4 weeks post-first dose
and post second dose were associated with vaccine efficacy against
symptomatic COVID-19, with nAb titer mediating about two-thirds of
the vaccine efficacy?’. These markers were IgG bAbs against SARS-CoV-
2 spike protein (“spike IgG”), 1gG bAbs against the spike protein
receptor binding domain (“RBD IgG”), and neutralizing antibodies
measured by a pseudovirus neutralization assay (50% inhibitory dilu-
tion, “nAb ID50”), with all results reported in the World Health Orga-
nization (WHO) International Units. The second correlates analysis in
this program evaluated the Ad26.COV2.S COVID-19 vaccine in the
international ENSEMBLE phase 3 trial, studying the same antibody
markers as correlates, and showed that nAb ID50 measured four weeks
after a single vaccine dose was associated with single-dose vaccine
efficacy against symptomatic COVID-19, and spike IgG and RBD IgG
showed non-significant trends toward associating with vaccine efficacy
against symptomatic COVID-19%. External to the USG-supported pro-
gram, the phase 3 trial of the AZD12222 (ChAdOx1 nCoV-19) vaccine in
the United Kingdom showed that the same three markers, measured
4 weeks post-second vaccination, all associated with vaccine efficacy
against symptomatic COVID-19%. In the current article, we present the
correlates analysis for the PREVENT-19 study. The same spike IgG, RBD
IgG, and nAb ID50 markers are assessed as correlates. The study design

and statistical methods for correlates are very similar to that applied to
the COVE and ENSEMBLE studies, although because the number of
vaccine breakthrough cases evaluable for correlates was small in
PREVENT-19 (12, compared to 36 in COVE and 92 in ENSEMBLE), it was
only possible to apply a subset of the correlates statistical methods
specified in the harmonized Statistical Analysis Plan (SAP)”. Specifi-
cally, the mediation analyses and the multivariable marker correlates
of risk analyses were included for COVE and ENSEMBLE and excluded
for PREVENT-19. Because all 12 breakthrough cases occurred in the
U.S., the entire correlates analysis is restricted to the U.S. participants.

Results

Immunogenicity subcohort and case-cohort set

The assessment of immune correlates was based on the measurement
of spike 1gG and nAb ID50 at D35 (hereafter, “D35” denotes the Day
35 study visit, with an allowable visit window of + 7 days post Day 35) in
the case-cohort set, comprised of a stratified random sample of the
study cohort (the “immunogenicity subcohort”) plus all vaccine reci-
pients experiencing the COVID-19 primary endpoint after D35
(“breakthrough cases”) (Supplementary Fig. 1A). Detailed information
on the sampling design is in the SAP, provided as Supplementary
Material. D35 spike IgG and RBD IgG antibody data were available from
12 vaccine recipient breakthrough cases and 639 non-cases. D35 nAb
ID50 data were available from 11 of the 12 vaccine recipient break-
through cases and from a subset (628) of the 639 non-cases; the
missing nAb ID50 values from vaccine cases and non-cases were
imputed from their spike IgG values using predictive mean matching
(default for imputing a quantitative variable with the R package mice).
All analyses of D35 antibody markers restricted to baseline SARS-CoV-2
negative per-protocol participants in the case-cohort set (Supple-
mentary Table 1, Supplementary Fig. 2).

Participant demographics

Participant demographics and clinical characteristics of participants
selected for the U.S. immunogenicity subcohort (N = 669 in the vaccine
group, N=76 in the placebo group) are shown in Supplementary
Table 2. The demographics description includes a larger number of
vaccine recipients in the immunogenicity subcohort (669 vs. 639)
because 30 participants did not qualify for the immunogenicity sub-
cohort due to not having DO and D35 antibody data or due to evidence
of SARS-CoV-2 infection by 6 days post D35. Of all participants selec-
ted, 46.7% were =65 years old, 49.7% had co-existing conditions asso-
ciated with high risk of severe COVID-19 (as listed in ref. ¢, these were
obesity, chronic lung disease, diabetes mellitus type 2, cardiovascular
disease, and/or chronic kidney disease), and 46.7% were female. Forty-
two and a half percent had minority status (defined as other than White
Non-Hispanic), with 19.6% of the participants being Black or African
American, 20.8% Hispanic or Latino, and 2.6% American Indian or
Alaska Native. The balanced distribution of these participants
according to these key factors is not reflective of the study cohort but
of the sampling design of the immunogenicity cohort; the sampling
design was accounted for in the statistical inferences of the
antibody data.

COVID-19 study endpoint

Correlates analyses were performed based on adjudicated COVID-19
primary endpoints, the same COVID-19 endpoint definition studied in
ref. ¢. However, endpoint onset was required to be at least 7 days post-
D35 visit, differing from Dunkle et al.® where onset was required to be
at least 7 days post-D21 (second dose). The correlates analyses exclu-
ded COVID-19 endpoints between 1 and 6 days post-D35 visit because
some of these endpoints likely had SARS-CoV-2 infection before D35,
which could possibly generate anamnestic responses that would
impact D35 antibody levels. In both the correlates analyses and Dunkle
et al. COVID-19 endpoints were included through to April 19, 2021, the
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Fig. 1| D35 antibody marker level by COVID-19 outcome status in baseline
SARS-CoV-2 negative per-protocol vaccine recipients (U.S. study sites). a Anti-
spike IgG concentration, b anti-RBD IgG concentration, and ¢ pseudovirus (PsV)
neutralization nAb-ID50 titer (n =12 cases, n=639 non-cases for each a-c). The
violin plots contain interior box plots with upper and lower horizontal edges the
25th and 75th percentiles of antibody level and middle line 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. At both sides of the
box, a rotated probability density curve estimated by a kernel density estimator
with a default Gaussian kernel is plotted. Frequencies of participants with positive
spike IgG/detectable nAb ID50 responses were computed with inverse probability
of sampling weighting (reported at the top of the plots as “Rate”). Pos.Cut, Positivity

Non-Cases

Cohort Event
COVID-19 Cases [} Non-Cases

cut-off for spike IgG defined by IgG >10.8424 BAU/m, the assay positivity cut-off.
ULoQ = 6934 BAU/m for spike IgG. Positivity cut-off for RBD IgG defined by

IgG >30.6 BAU/ml. ULoQ = 9801 BAU/ml for RBD IgG. Seroresponse for ID50 was
defined by a detectable value >limit of detection (LOD) (2.612 IUSO/ml). ULoQ =
8319.938 1U50/ml for ID50. Cases experienced the primary COVID-19 endpoint
starting 7 days post D35 visit through to the data cut (April 19, 2021). Non-cases are
sampled into the immunogenicity subcohort with no evidence of SARS-CoV-2
infection (i.e., never tested RT-PCR positive) up to the end of the correlates study
period (the data cut-off date April 19, 2021). Source data are provided in Fig. 1
Source Data file. BAU binding antibody unit; D35, Day 35 visit; ID50, 50% inhibitory
dilution; nAb neutralizing antibody; RBD receptor binding domain; ULoQ upper
limit of quantification.

data cut date of the primary analysis. Vaccine recipient non-cases were
defined as baseline SARS-CoV-2 negative per-protocol participants
sampled into the immunogenicity subcohort with DO and D35 anti-
body data measured with no evidence of SARS-CoV-2 infection (i.e.,
never tested RT-PCR positive) up to the end of the correlates study
period (April 19, 2021). Correlates analyses based on the cumulative
probability of COVID-19 through a fixed time point post D35 selected
59 days as the time point for analysis, where 59 days was selected as the
latest day post-D35 among the 12 vaccine breakthrough COVID-19
endpoint cases with antibody data, which was 73 days post-dose two.

SARS-CoV-2 lineages causing COVID-19 endpoints

Dunkle et al.° reported the variants of concern and variants of
interest of the COVID-19 primary endpoints in PREVENT-19. Of the 77
primary COVID-19 endpoints, lineage information was available from
61 endpoints, and of the 56 COVID-19 endpoints at least 7 days post-
D35 visit and hence included in the immune correlates analyses,
lineage information was available from 44 endpoints. Supplementary
Table 3 shows the distribution of SARS-CoV-2 variants that caused
these 44 COVID-19 endpoints by randomization arm. Eleven of these
variants were of the Wuhan ancestral lineage (genetically close to the
vaccine strain), and 27 and 6 of these variants were classified by the
Center for Disease Control and Prevention (June 2021) as variants of
concern and as variants of interest, respectively. Approximately 50%

of the 44 sequences were alpha (B.1.1.7), with 13 other variants each
causing between 1 and 4 COVID-19 endpoints. All 44 sequences pre-
dated the emergence of B.1.617/AY delta and BA.1-5 omicron variants
of concern.

For all three antibody markers, vaccine recipient non-cases had
higher D35 levels than vaccine breakthrough cases

At D35, 99.6% (95% CI: 99.2%, 99.8%) of vaccine recipient non-cases had
a positive spike IgG response [defined by IgG > 10.8424 binding anti-
body units (BAU)/ml], 98.5% (97.1%, 99.2%) had a positive RBD IgG
response (defined by IgG >30.6 BAU/ml), and 98.8% (97.5%, 99.4%) had
a detectable nAb ID50 titer (defined by nAb ID50 > 2.612 IU50/ml, the
assay detection limit) (Fig. 1, Table 1). For all three D35 markers, the
frequency of vaccine recipients with positive/detectable response was
lower in cases than in non-cases: For Spike IgG, RBD IgG, and nAb ID50,
91.7% (52.5%, 99.1%), 91.7% (52.5%, 99.1%) and 83.3% (47.6%, 96.5%) of
cases had a positive response, respectively, with differences in fre-
quencies for non-cases minus cases of 8.0% (0.5%, 47.2%), 6.8% (—0.7%,
46%), and 15.4% (2.2%, 51.2%)] (Table 1). Furthermore, for all three D35
markers, the geometric mean value was about three times higher for
vaccine recipient non-cases than for vaccine recipient cases [spike IgG
geometric mean 1552 BAU/ml (1407, 1713) in non-cases vs. 528 BAU/ml
(184, 1513) in cases, ratio =2.9 (1.0, 8.3); RBD IgG geometric mean 2123
BAU/ml (1904, 2369) in non-cases vs. 722 BAU/ml (270, 1931) in cases,
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Table 1| D35 antibody marker SARS-CoV-2 seroresponse rates and geometric means in the U.S. cohort by COVID-19

outcome status

D35 Marker COVID-19 Cases® Non-Cases in Inmunogenicity Subcohort® Comparison
N Proportion with GeometricMean N  Proportion with Geometric Mean Response Rate Ratio of GM

Antibody Response® (GM) (95% CI) Antibody Response® (GM) (95 % CI) Difference (Non- (Non-

(95% CI) (95% ClI) Cases-Cases) Cases/Cases)
AntiSpike IgG 12 91.7% (52.5%, 99.1%) 528 (184,1513) 639 99.6% (99.2%, 99.8%) 1552 (1407,1713)  8.0% (0.5%, 47.2%) 2.9 (1.0, 8.3)
(BAU/mL)
Anti RBD IgG 12 91.7% (52.5%, 99.1%) 722 (270,1931) 639 98.5% (97.1%, 99.2%) 2123 (1904, 2369) 6.8% (-0.7%, 46%) 2.9(11,7.7)
(BAU/mL)
Pseudovirus- 12 83.3% (47.6%, 96.5%) 135 (35, 519) 639 98.8% (97.5%, 99.4%) 461(404,526) 15.4% (2.2%, 51.2%) 3.4 (0.9, 12.5)
nAb ID50
(IU50/ml)

“Cases are baseline SARS-CoV-2 seronegative per-protocol vaccine recipients with the primary COVID-19 endpoint (symptomatic RT-PCR-confirmed COVID-19) starting 7 days post D35 visit

through to the data cut (April 19, 2021).

®Non-cases are baseline negative per-protocol vaccine recipients sampled into the immunogenicity subcohort with no evidence of SARS-CoV-2 infection (i.e., never tested RT-PCR positive) up to

the end of the correlates study period (the data cut-off date April 19, 2021).

°Antibody response defined by IgG concentration above the assay positivity cut-off (10.8424 BAU/mL) or by detectable ID50 > limit of detection (LOD) =2.612 IU50/ml.
Analysis based on baseline SARS-CoV-2 negative per-protocol vaccine recipients in the case-cohort set. Median (interquartile range) days from vaccination to D35 was 38 (6).

ratio=2.9 (1.1, 7.7), and nAb ID50 geometric mean 461 IUSO/ml (404,
526) in non-cases vs. 135 IU50/ml (35, 519) in cases, ratio=3.4
(0.9, 12.5)1.

The two D35 binding antibody markers were highly correlated
with each other (r=0.96), and were each moderately-to-highly corre-
lated with D35 nAb ID50 (nAb ID50 and spike IgG, Spearman rank
r=0.80; nAb ID50 and RBD IgG, r=0.77) (Fig. 2). For each D35 marker,
the reverse cumulative distribution function curve in the context of the
overall vaccine efficacy estimate is shown in Supplementary Fig. 3. As
expected, because the analyzed cohort is baseline SARS-CoV-2 nega-
tive, frequencies of placebo recipients with positive or detectable
responses at D35 were near zero (among non-cases, 0.9% for spike IgG,
0.2% for RBD IgG, and 0.2% for nAb ID50) (Supplementary Table 4).

For all three markers, D35 level is inversely correlated with risk
of COVID-19 in vaccine recipients
The cumulative incidence of COVID-19 for vaccine recipient subgroups
defined by D35 antibody marker tertiles suggest that COVID-19 risk
decreased with increasing tertiles for both antibody markers (Fig. 3),
although given the small number of breakthrough cases the SAP spe-
cified not conducting hypothesis tests for tertile correlates. For both
spike IgG and RBD IgG, there were 5, 7, and 0 breakthrough cases in the
Low, Medium, and High D35 marker subgroups, with point estimates
of marginalized hazard ratios 1.48 (95% CI: 0.43, 5.10) for Medium vs.
Low and 0.0 (0.0, Not Calculated) for High vs. Low (spike IgG) and 1.40
(0.38, 5.11) for Medium vs. Low and 0.00 (0.0, Not Calculated) for High
vs. Low (RBD IgG). For nAb ID50, there were 8, 2, and 2 breakthrough
cases in the Low, Medium, and High D35 subgroups, with point esti-
mates of marginalized hazard ratios 0.26 (0.05, 1.41) for Medium vs.
Low and 0.25 (0.05, 1.33) for High vs. Low; thus point estimates (with
wide confidence intervals) indicate about four-fold lower risk for vac-
cine recipients with nAb ID50 above the 33rd percentile compared to
those with the lowest tertile nAb ID50 titers.

The SAP specified hypothesis tests for whether the quantitative
D35 markers correlated with risk of COVID-19. All three markers sig-
nificantly inversely correlated with risk [estimated hazard ratio per
tenfold increase in marker level: 0.36 (0.20, 0.63), p < 0.001 for spike
IgG; 0.35 (0.18, 0.69), p=0.002 for RBD IgG; and 0.39 (0.19, 0.82),
p=0.013 for nAb ID50 (Table 2A). All three markers passed the spe-
cified multiple testing correction [family-wise error rate (FWER)-
adjusted p = 0.005, p = 0.013, and p = 0.030 for spike IgG, RBD IgG, and
nAb ID50, respectively]l. When the results were placed on the hazard
ratio scale, per standard deviation increase in marker value to aid
comparability of the correlates, the correlate strengths were similar:
hazard ratios 0.52 (0.36, 0.75) for spike IgG, 0.51 (0.33, 0.79) for RBD
IgG, and 0.49 (0.28, 0.86) for nAb ID50 (Table 2B). The narrower

confidence intervals for spike IgG and RBD IgG may reflect lower
technical measurement variability for the binding antibody assay.

Panels a through c in Fig. 4 show the marginalized Cox modeling
results in terms of estimated cumulative incidence of COVID-19 (from 7
to 59 days post-D35) across D35 marker levels in vaccine recipients. For
each antibody marker, COVID-19 cumulative incidence/risk decreased
as antibody marker level increased. Across the range of D35 spike IgG
concentrations, estimated risk decreased from 0.0030 (0.0007,
0.00063) at low concentration spike IgG =100 BAU/ml (3rd percen-
tile) to 0.0005 (0.0002, 0.0009) at 6934 BAU/ml, a six-fold decrease in
risk level (Fig. 4a). For D35 RBD IgG concentration, estimated risk
decreased from 0.0035 (0.0008, 0.0087) at low concentration RBD
1gG =100 BAU/ml to 0.0004 (0.0001, 0.0009) at 9801 BAU/ml (the
ULOQ), an ~9-fold decrease in risk level (Fig. 4b). For D35 nAb ID50, the
estimated risk decreased from 0.0022 (0.0006, 0.0040) at low nAb
ID50 titer =50 IU50/ml (3rd percentile) to 0.0003 (0.0001, 0.0010) at
the highest value evaluated 7230 1U50/ml, a 7.3-fold decrease in risk
level (Fig. 4¢).

When vaccine recipients were divided into subgroups defined by
their D35 antibody marker level above a specific threshold (vs. at a
given value, as in Fig. 4a-c) and varying the threshold over the range of
values, nonparametric regression showed that the cumulative inci-
dence of COVID-19 (from 7 to 59 days post-D35) decreased with each of
the D35 markers (panels d-f in Fig. 4). Risk decreased from 0.00105
(0.00042, 0.00168) in vaccine recipients with spike IgG concentration
>67.6 BAU/mI to 0.00021 (0, 0.00063) for vaccine recipients with
spike IgG concentration >2130 BAU/ml; from 0.00105 (0.00042,
0.00167) in vaccine recipients with RBD IgG concentration >15.3 BAU/
ml to 0.00018 (0, 0.00060) for vaccine recipients with RBD IgG con-
centration >3010 BAU/ml; and from 0.00105 (0.00042, 0.00168) in
vaccine recipients with nAb ID50 >1.31 BAU/ml to 0.00064 (0.00006,
0.00122) for vaccine recipients with nAb ID50 > 320 IU50/ml. Addi-
tional nAb ID50 threshold increases did not reduce risk further. Panels
g-iin Fig. 4 provide tables of risk estimates corresponding to the plots
in panels d-f, respectively.

For all three markers, vaccine efficacy increases with D35 level

Figure 5 shows the estimated vaccine efficacy against COVID-19 (from 7
to 59 days post-D35) across a range of levels of each D35 antibody
marker. [The causal parameter being estimated is one minus the
probability of COVID-19 by 59 days for the vaccine group supposing
the D35 marker is set to a given level for all vaccine recipients, divided
by the probability of COVID-19 by 59 days for all baseline negative per-
protocol placebo recipients; see the SAP (Section 11) for details.] Esti-
mated vaccine efficacy increased with the level of each D35 marker. At
three selected D35 spike IgG concentration values covering the span of
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binding domain.

values (100, 1000, and 6934 BAU/m), estimated VE was 65.5% (23.0%,
90.8%), 87.7% (77.7%, 94.4%), and 94.8% (88.0%, 97.9%), respectively.
At three selected D35 RBD IgG concentration values (100, 1000, and
9801 BAU/m), estimated VE was 60.5% (—4.1%, 90.0%), 86.1% (74.8%,
93.8%), and 95.1% (88.7%, 98.4%), respectively. At four selected nAb
ID50 titers (50, 100, 1000, and 7230 IU50/ml), estimated VE was 75.7%
(49.8%, 93.2%), 81.7% (66.3%, 93.2%), 92.8% (85.1%, 97.4%) and 96.8%
(88.3%, 99.3%), respectively. Additionally, the D35 marker values
associated with 80 and 90% VE were: spike IgG, 340 BAU/ml
(<LLOQ =1.35, 1287) and 1577 BAU/ml (26, >ULOQ = 6934), respec-
tively; RBD IgG, 456 BAU/ml (<LLOQ =30.6, 1595) and 2185 BAU/ml
(100, >ULOQ=9801), respectively; and nAb ID50, 81 IU50/ml
(<LOD =2.612, 369) and 444 IU50/ml (<LOD =2.612, >7230), respec-
tively. A causal sensitivity analysis using the same methodology and
implementation as used in the correlates analyses of the COVE and
ENSEMBLE trials supported that vaccine efficacy increased with each
marker after accounting for potential unmeasured confounding of the
effect of the D35 antibody marker on occurrence of COVID-19 (Sup-
plementary Fig. 4).

Comparing the antibody markers as correlates of risk and pro-
tection across phase 3 trials/vaccine platforms

Table 3 compares the inverse correlate of risk results for spike IgG,
RBD IgG, and nAb ID50 across three randomized, placebo-controlled
COVID-19 vaccine efficacy trials supported by the USG: PREVENT-19¢,
COVE (two doses of Moderna mRNA-1273 at D1 and D29)*, and
ENSEMBLE (one dose of Janssen Ad26.COV2.S at D1)*. In this com-
parison for ENSEMBLE we restricted to data from the U.S. study sites
(ENSEMBLE-U.S.) in order to match the fact that the correlates analyses
of PREVENT-19 and COVE both restricted to the U.S. Direct comparison

of binding antibody correlates of risk across these three trials is pos-
sible because the Meso Scale Discovery (MSD) assay at Nexelis that was
used in PREVENT-19 and the MSD assay at VRC that was used in COVE**
and ENSEMBLE® both had the original assay readout (in Arbitrary
Units/ml) transformed to WHO International Standard 20/136 inter-
national units (BAU/ml scale)®*°. Direct comparison of the nAb ID50
correlate of risk across these three trials is also possible because the
Duke assay (used in COVE) and the Monogram assay (used in PREVENT-
19 and ENSEMBLE) underwent concordance testing®**' and were cali-
brated to the WHO IS 20/136 (described in refs. ***') to be expressed in
IUS0/ml.

The estimated strength of the IgG spike correlates of risk is
strongest in PREVENT-19 (hazard ratios 0.36 and 0.35, respectively, per
ten-fold increase) compared to COVE (hazard ratios 0.66 and 0.57,
respectively) and ENSEMBLE-U.S. (hazard ratios 0.62 and 0.50,
respectively) (Table 3). The estimated strength of the nAb ID50 cor-
relate of risk is comparable in the three trials (hazard ratios 0.39, 0.42,
0.38, respectively). Both binding antibody markers pass FWER-
correction for being a significant correlate in two of the three trials
(exception ENSEMBLE-U.S., for both) and the nAb ID50 marker passes
FWER-correction for being a significant correlate in all three trials.

For spike IgG and nAb ID50, Fig. 6 compares the vaccine efficacy-
by-antibody marker curves from PREVENT-19 to those estimated from
the three trials above, as well as that from COV002 in the United
Kingdom* (two doses of AstraZeneca AZD1222/ChAdOx1 nCoV-19 at
DO and D28). Direct comparison of vaccine efficacy at a given spike IgG
concentration across the four trials is possible because of the reasons
discussed above, as well as the fact that the MSD assay at PPD that was
used in COV002* also had the original assay readout (in Arbitrary
Units/ml) transformed to WHO International Standard 20/136
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d
. No. cases / Attack Haz. Ratio
D35 Marker Tortile N0 atrisks  rate Pt Est.  95% CI
Anti Spike IgG (BAU/ml) Low 5/5,079 0.0010 1 N/A
Medium 7/5,137 0.0014 1.48 (0.43,5.10)
High 0/5,078 0.0000 0.00 (0.00, 0.00)
Anti RBD IgG (BAU/ml) Low 5/5,073 0.0010 1 N/A
Medium 7/5,084 0.0014 1.40 (0.38,5.11)
High 0/5,137 0.0000 0.00 (0.00-0.00)
Pseudovirus-nAb ID50 (IU50/ml) Low 8/5,138 0.0016 1 N/A
Medium 2/5,063 0.0004 0.26 (0.05,1.41)
High 2/5,093 0.0004 0.25 (0.05,1.33)
Placebo 43/6,821 0.0063

Baseline covariates adjusted for: Baseline risk score.
Maximum failure event time 59 days post Day 35 visit.
9 Tertiles:

Spike IgG: Low is < 1100 BAU/ml, Medium is 1100 to 2900 BAU/ml, High is > 2900 BAU/ml.
RBD IgG: Low is < 1700 BAU/ml, Medium is 1700 to 3900 BAU/ml, High is > 3900 BAU/ml.
ID50: Low is < 300 TU50/ml, Medium is 300 to 890 IU50/ml, High is > 890 TU50/ml.
§ No. cases = estimated number of this cohort with an observed COVID-19 primary endpoint. No. at-risk = estimated number in the population for analysis: baseline negative
per-protocol vaccine recipients not experiencing the COVID-19 primary endpoint or infected through 6 days post Day 35 visit.

Fig. 3 | COVID-19 risk by D35 antibody marker level in baseline SARS-CoV-2
negative per-protocol vaccine recipients (U.S. study sites). Baseline risk score-
adjusted cumulative incidence of COVID-19 by Low, Medium, High tertile of D35
antibody marker level. a, d Anti-spike IgG concentration; b, d anti-RBD IgG con-
centration; ¢, d pseudovirus (PsV) nAb-ID50 titer, where in ¢ the estimate for the
High tertile is very similar to that for the Medium tertile and hence appears

superimposed with the Medium tertile estimate. No p values for hypothesis tests
are used because of the small number of COVID-19 breakthrough cases, as specified
in the Statistical Analysis Plan. Source data are provided in Fig. 3 Source Data file.
D35, Day 35 visit; ID50, 50% inhibitory dilution; nAb neutralizing antibody; RBD
receptor binding domain.

international units (BAU/ml scale)*~°. Direct comparison of vaccine
efficacy at a given nAb ID50 titer in PREVENT-19 to results at the same
nAb ID50 titer in COVE is possible because of the reasons discussed
above, as well as the fact that the Monogram pseudovirus neutraliza-
tion assay was also used to assay samples from the COV0O2 trial*.
COVO002 included variable time intervals between the first and second
doses of vaccine; to replicate the COV002-specific correlates analysis
of ref. ** we present the results including all dose intervals.

Estimated vaccine efficacy increased with increasing spike IgG
concentration in each trial (Fig. 6a). The figure shows that the dis-
tribution of spike IgG was similar for the NVX-CoV2373 and mRNA-1273
vaccines, slightly lower for the former (geometric mean concentration
1552 vs. 2652 BAU/ml). The dynamic range of this marker among NVX-
CoV2373 recipients is wider than in mRNA-1273 recipients, which may
explain the strong statistical significance of the PREVENT-19 results
(p<0.001), stronger than COVE (p =0.005). The apparently stronger
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Table 2 | Hazard ratios of COVID-19 (A) per tenfold increase or (B) per standard deviation increase in each D35 marker in
baseline negative per-protocol vaccine recipients (U.S. study sites)

A
D35 Antibody Marker No. cases/No at-risk® Hazard Ratio per 10-fold Increase P value (2-sided) Q value® FWER®
Point Est. 95% ClI
Anti Spike IgG (BAU/ml) 12/15,294 0.36 (0.20, 0.63) <0.001 0.007 0.005
Anti RBD IgG (BAU/mLl) 12/15,294 0.35 (0.18, 0.69) 0.002 0.012 0.013
PsV-nAb ID50 (IU50/ml) 12/15,294 0.39 (0.19, 0.82) 0.013 0.031 0.030
B
D35 Antibody Marker No. cases/No at-risk® Hazard Ratio per Standard
Deviation-Increment Increase
Point Est. 95% ClI
Anti Spike IgG (BAU/ml) 12/15,294 0.52 (0.36, 0.75)
Anti RBD IgG (BAU/ml) 12/15,294 0.51 (0.33,0.79)
PsV-nAb ID50 (IU50/ml) 12/15,294 0.49 (0.28, 0.86)

Analyses were adjusted for baseline risk score. Maximum failure event 59 days post Day 35 visit.

2No. at-risk = estimated total number of baseline SARS-CoV-2 negative per-protocol vaccine recipients not experiencing the COVID-19 primary endpoint or infected through 6 days post Day 35 visit;
no. cases = number of this cohort with an observed COVID-19 primary endpoint at least 7 days after D35 and prior to the data cut-off April 19, 2021. P values are not shown for B because they are

structurally identical to those for A.

°Q value and FWER (family-wise error rate) are computed over the set of p values for the three quantitative markers using the Westfall and Young permutation method (10,000 replicates).

correlate of protection for NVX-CoV2373 than for mRNA-1273 is indi-
cated by the steeper estimated vaccine efficacy curve, although the
true vaccine efficacy curves could readily be the same as there is
inadequate statistical precision to determine whether the curves differ.
This figure also supports that spike IgG at 1000 BAU/ml or higher is
associated with high vaccine efficacy (at least 85-90%) for both NVX-
CoV2373 and mRNA-1273. In addition, the figure supports similar
vaccine efficacy curves for NVX-CoV2373 and AZD1222 over the range
of spike IgG concentrations that overlap and hence can be compared
(IgG concentration about 50-800 BAU/ml). The AD26.COV2.S vaccine
induced spike IgG levels an order of magnitude lower than those
induced by NVX-CoV2373, limiting the ability to compare the vaccine
efficacy curves between these vaccines.

Estimated vaccine efficacy also increased with increasing nAb ID50
titer in each trial (Fig. 6b). The distribution of nAb ID50 titer was similar
for the NVX-CoV2373 and mRNA-1273 vaccines, slightly higher for the
former (geometric mean concentration 461 vs. 247 I[U50/ml). Again the
dynamic range of this marker among NVX-CoV2373 recipients is wider
than that among mRNA-1273 recipients. However, the results suggest
comparable-strength correlates of protection for NVX-CoV2373 and
mRNA-1273 as indicated by comparably-steep estimated vaccine effi-
cacy curves and the similar hazard ratios (0.39 and 0.42, respectively)
per 10-fold nAb ID50 increase. The vaccine efficacy point estimates
suggest that higher nAb ID50 titers may be needed to achieve the same
level of high vaccine efficacy for NVX-CoV2373 than for mRNA-1273,
but given the wide 95% confidence intervals this cannot be inferred
statistically. Over the regions of overlapped titers, Fig. 6b also tenta-
tively suggests that higher nAb ID50 titers for NVX-CoV2373 may be
needed to achieve the same level of high vaccine efficacy as seen for the
AD26.COV2.S and AZD1222 vaccines; the fact that the NVX-CoV2373
nAb ID50 titers are considerably higher than those for the viral vector
vaccines may explain why the overall vaccine efficacy is higher for NVX-
CoV2373. Overall, the comparative results are consistent with a corre-
late of protection model that attributes differences in overall vaccine
efficacy observed across the four regimens to differences in the dis-
tribution of spike IgG or of nAb ID50 among the four vaccine regimens,
consistent with the results of meta-analyses®>*,

Discussion

The immune correlates analysis of baseline SARS-CoV-2 negative per-
protocol participants enrolled at U.S. study sites of the PREVENT-19
trial of the NVX-CoV2373 vaccine vs. placebo showed that anti-spike

IgG concentration, anti-RBD IgG concentration, and pseudovirus
neutralization ID50 titer measured 2 weeks post second dose at the
D35 study visit were significant inverse correlates of risk of sympto-
matic COVID-19 occurrence over the subsequent 7 to 59 days. In
addition, vaccine efficacy increased with higher D35 antibody marker
levels, such that vaccine efficacy was estimated to be 66% for vaccine
recipients with low spike IgG value of 100 BAU/ml (3rd percentile),
increasing to 95% at the highest quantifiable antibody level of 6934
BAU/ml (the assay ULOQ). Similarly, for D35 RBD IgG, vaccine efficacy
was estimated at 61% for vaccine recipients with a low value of 100
BAU/ml (3rd percentile), whereas this increased to 95% at 9801 BAU/ml
(the assay ULOQ); for nAb ID50, vaccine efficacy was estimated at 76%
for vaccine recipients with low nAb ID50 value of 50 IU50/ml (3rd
percentile) and increased to 97% at highest antibody levels of 7230
1U50/ml (97.5th percentile). With only 12 vaccine breakthrough cases
in the PREVENT-19 trial, it is remarkable that all three markers passed
the multiple hypothesis testing correction for being inverse correlates
of risk, indicating that the estimated correlations were quite strong.
The limited precision in statistical inferences (i.e., wide confidence
intervals) resulting from only 12 cases illustrates the challenges in
deriving precise estimates of vaccine efficacy to specific values of the
antibody markers. Rather, we propose that the results be interpreted
more qualitatively as providing strong support that all three markers
are immune correlates, and additional studies with more breakthrough
cases are needed to more precisely define the quantitative relationship
between the levels of each antibody marker and vaccine efficacy.
Along the same vein, the level of precision of the data limits the
ability to uncover differences in the performance of the three antibody
markers, and in terms of point estimates the results are similar, with
possible exceptions of more steeply decreasing risk with threshold of
spike IgG and with threshold of RBD IgG than with threshold of nAb
ID50 in the nonparametric threshold analysis (Fig. 4 Panels d and e vs.
Panel f). The apparent similarity of results is in part explained by the
fairly high correlation between the two markers (Spearman rank cor-
relation 0.80). The binding antibody markers had greater precision in
the correlates analyses in terms of narrower confidence intervals
around the hazard ratios, marker-specific probabilities of COVID-19,
and marker-specific vaccine efficacy; for example, 95% confidence
intervals about hazard ratios per SD increase in the marker were 0.36
to 0.75 for spike IgG and 0.33 to 0.79 for RBD IgG, vs. 0.28 to 0.86 for
nAb ID50. Based on the ratio of squared standard errors to estimated
log hazard ratio coefficient, this difference in confidence interval width
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Fig. 4| Analyses of D35 antibody markers as a correlate of risk in baseline SARS-
CoV-2 negative per-protocol vaccine recipients (U.S. study sites). Baseline risk
score-adjusted cumulative incidence of COVID-19 by 59 days post D35 by D35 a anti-
spike IgG, b anti-RBD IgG, or ¢ pseudovirus (PsV)-nAb ID50 titer, estimated using a
marginalized Cox model. The dotted black lines indicate bootstrap pointwise 95%
Cls. The upper and lower horizontal gray lines are the overall cumulative incidence
of COVID-19 from 7 to 59 days post D35 in placebo and vaccine recipients,
respectively. Curves are plotted over the antibody marker range from the 2.5th
percentile to the 97.5th percentile: 60.9 to 6934 BAU/ml for spike IgG (where 6934
is the ULOQ), 89.8 to 9801 BAU/ml for RBD IgG (where 9801 is the ULOQ), and 14.2
to 7230 IU50/ml for PsV-nAb ID50. Baseline risk score-adjusted cumulative inci-
dence of COVID-19 by 59 days post D35 by D35 d, g anti-spike IgG, e, h anti-RBD IgG,
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assume a non-increasing threshold-response function. The upper boundary of the
green-shaded area is the estimate of the reverse cumulative distribution function
(CDF) of D35 antibody marker level. The vertical red dashed line is the D35 antibody
marker threshold above which no COVID-19 endpoints occurred (in the time frame
of 7 days post D35 through to the data cut-off date April 19, 2021). g-i D35 antibody
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plots in d-f. Source data are provided in Fig. 4 Source Data file. BAU, binding
antibody unit; D35, Day 35 visit; ID50, 50% inhibitory dilution; nAb neutralizing
antibody; RBD receptor binding domain; ULoQ, upper limit of quantification.

constitutes an approximately 2.3-fold efficiency advantage for spike
IgG, which suggests that 2.3 times more vaccine breakthrough cases
would be needed for a correlates analysis of nAb ID50 to achieve the
same confidence interval width about the hazard ratio as a correlates
analysis of spike IgG*. The narrower confidence intervals for the
binding antibody markers likely reflect the lower technical measure-
ment variability of these markers (as reflected by lower %CV in assay
validation studies). This lower measurement variability is a known
advantage of an ELISA-type assay, with successful track record of use
as a correlate or protection/surrogate endpoint for many licensed
vaccines'. However, our analysis could only evaluate correlates for
COVID-19 with SARS-CoV-2 strains that were circulating during the
trial, which amounted to strains that were genetically close to the
ancestral Wuhan-Hu-1 vaccine strain (non-variant strains) and variants
of concern and variants of interest that started to differ phylogeneti-
cally from Wuhan-Hu-1-like strains. Additional research is needed to
understand which assay performs best as a correlate of risk and

protection against SARS-CoV-2 strains that are more genetically
divergent from the vaccine strain, such as strains from the delta and
omicron variants of concern.

Because the NVX-CoV2373 vaccine-induced antibody responses
by D35 in almost all vaccine recipients (positive spike IgG for 99.6% of
vaccine recipients, positive RBD IgG for 98.5% of vaccine recipients,
and detectable nAb ID50 titers for 98.8% of vaccine recipients), it was
not possible to assess the proportion of vaccine efficacy mediated
through any of these markers. Nonetheless, the fact that vaccine effi-
cacy was estimated at 66-76% at the lowest evaluable antibody values
generates the hypothesis that these markers did not fully mediate the
vaccine’s efficacy: other immune responses or immune markers at
other time points (e.g., anamnestic responses) or not quantifiable in
serum (including memory B cells, Fc effector functions, and T cell
responses?) likely contributed to vaccine efficacy.

Strengths of the study include the pre-specification of analyses,
which makes p-values and confidence intervals valid and increases
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Fig. 5 | Vaccine efficacy by D35 antibody marker level in baseline SARS-CoV-2
negative per-protocol vaccine recipients (U.S. study sites). Curves shown are for
D35 a anti-spike IgG concentration, b anti-RBD concentration, or ¢ pseudovirus
(PsV)-nAb ID50 titer. The dotted black lines indicate bootstrap pointwise 95%
confidence intervals. The green histogram is an estimate of the density of D35
antibody marker level, and the horizontal gray line is the overall vaccine efficacy
from 7 to 59 days post D35, with the dotted gray lines indicating the 95% confidence

intervals. Analyses adjusted for baseline risk score. Curves are plotted over the
antibody marker range from the 2.5th percentile to the 97.5th percentile:
60.9-6934 BAU/ml for anti-spike IgG (where 6934 is the ULOQ), 89.8-9801 BAU/ml
for anti-RBD IgG (where 9801 is the ULOQ), and 14.2-7230 1U50/ml for PsV-nAb
ID50. Source data are provided in Fig. 5 Source Data file. BAU binding antibody unit;
D35, Day 35 visit; ID50, 50% inhibitory dilution; nAb neutralizing antibody; RBD
receptor binding domain; ULoQ upper limit of quantification.

confidence in the conclusions, and the fact that the phase 3 trial was
randomized and double-blinded throughout the period of follow-up.
Moreover, as in other phase 3 trials, the restriction to participants who
were SARS-CoV-2 negative at enrollment aided interpretability by
ensuring that the antibody markers measured only vaccine-elicited
antibodies, as opposed to a mixture of vaccine-elicited antibodies and
preexisting infection-induced antibodies. The USG effort to develop
COVID-19 vaccine correlates of protection has prioritized planning and
execution of harmonized design and analysis*, to enable comparisons
of correlates across trials and to combine data for meta-analysis cor-
relates assessment. The PREVENT-19, COVE and ENSEMBLE correlates
studies share harmonized trial protocols and study populations,
restriction of the analysis to the randomized, placebo-controlled
double-blind follow-up period, use of a two-phase case-cohort anti-
body marker sampling design, application of the same open-source,
reproducibly-implemented statistical methods, and use of validated
immunoassays with the analyzed readouts placed on a common WHO
International Units scale to enable comparability of results?.

The PREVENT-19 correlates results supported that both spike
IgG and nAb ID50 performed similarly as correlates as previously

found in the mRNA-1273 COVE correlates study”, encouraging
consideration of the use of a common immune correlate for appli-
cations to both recombinant protein and mRNA COVID-19 vaccines.
Comparisons of PREVENT-19 correlate results to the ENSEMBLE and
COVO002 correlates results are more limited, given the lower degree
of overlap of antibody levels between the NVX-CoV2373 vaccine
compared to the Ad26.COV2.S and AZD1222 vaccines. While esti-
mates of vaccine efficacy at the same marker values were lower for
NVX-CoV2373 than for the adenovirus vector vaccines, the wide
confidence intervals preclude statistical inferences about whether
higher antibody levels are needed to achieve similarly high levels of
vaccine efficacy. The fact that PREVENT-19 measured the antibody
markers 2 weeks post-vaccination whereas COVE, ENSEMBLE, and
COV002 measured the antibody markers 4 weeks post-vaccination
is a limitation of the comparisons. In addition, comparability is
limited by the fact that the studies had somewhat different periods
of follow-up during which different distributions of variants circu-
lated, which could have created differences in distributions of
antigenic distances of SARS-CoV-2 circulating strains to the vaccine
strain.
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Table 3 | Comparison of correlation of risk results for spike IgG and PsV-nAb ID50 across three randomized, placebo-

controlled COVID-19 vaccine efficacy trials (U.S. study sites)

Vaccine Platform® Trial Ab Marker at 2 or 4 Follow-Up Post Estimated Hazard Ratio per 10-fold P Value Q Value FWER-Adjusted
Wks® Post-Vaccination  Vaccination Increase in the Marker (95% CI) P Value

mRNA COVE Spike IgG 126 days 0.66 (0.50, 0.88) 0.005 0.014 0.010

Ad26 ENSEMBLE- Spike IgG 83 days 0.62 (0.28, 1.37) 0.24 0.35 0.36
u.S.

Recombinant PREVENT-19 Spike IgG 73 days 0.36 (0.20, 0.64) <0.001 0.005 0.005

Protein

mRNA COVE RBD IgG 126 days 0.57 (0.40, 0.82) 0.002 0.008 0.008

Ad26 ENSEMBLE- RBD IgG 83 days 0.50(0.21,1.21) 0.13 0.24 0.22
u.s.

Recombinant PREVENT-19 RBD IgG 73 days 0.35(0.18, 0.69) 0.002 0.012 0.013

Protein

mMRNA COVE PsV-nAb ID50 126 days 0.42 (0.27, 0.65) <0.001 0.002 0.003

Ad26 ENSEMBLE- PsV-nAb ID50 83 days 0.38(0.13, 1.12) 0.078 0.22 0.20
u.S.

Recombinant PREVENT-19 PsV-nAb ID50 73 days 0.39(0.19, 0.82) 0.013 0.032 0.030

Protein

*COVE: Moderna mRNA-1273 spike vaccine; ENSEMBLE: Janssen Ad26 vector spike vaccine Ad26.CoV2.S; PREVENT-19: Novavax recombinant spike protein vaccine NVX-CoV2373.
bln COVE and ENSEMBLE, the antibody markers were measured 4 weeks post-vaccination, compared to 2 weeks post-vaccination in PREVENT-19.
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Fig. 6 | Vaccine efficacy (solid lines) in baseline SARS-CoV-2 negative per-
protocol participants by post-vaccination antibody marker level in four ran-
domized, placebo-controlled COVID-19 vaccine efficacy trials. Vaccine efficacy
(VE) was estimated using the marginalized Cox proportional hazards imple-
mentation of ref. *. Vaccine efficacy estimates are shown by a anti-spike IgG con-
centration [D57 in COVE, D29 in ENSEMBLE-United States sites (ENSEMBLE-US),
D35 in PREVENT-19, D56 in COV002] or by b pseudovirus (PsV)-nAb ID50 titer (D57
in COVE, D29 in ENSEMBLE-US, D35 in PREVENT-19, D56 in COV002). The dashed
lines indicate bootstrap point-wise 95% confidence intervals. The follow-up periods
for the VE assessment were: COVE (doses D1, D29), 7 to 100 days post D57;
ENSEMBLE-US (one dose, D1),1to 53 days post D29; PREVENT-19 (doses DO, D21), 7
to 59 days post D35; COV002 (doses DO, D28; 28 days post D28 until the end of the
study period). The histograms are an estimate of antibody marker density in
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baseline SARS-CoV-2 negative per-protocol vaccine recipients. Curves are plotted
over the following antibody marker ranges: a COVE: 2.5th percentile to 97.5th
percentile of marker, ENSEMBLE-US: 2.5th percentile to 97.5th percentile, PRE-
VENT-19: 2.5th percentile to 97.5th percentile, COV002: 29 to 899 BAU/ml; b COVE:
10 IU50/ml to 97.5th percentile of marker, ENSEMBLE-US: 2.5th percentile to 97.5th
percentile, PREVENT-19: 2.5th percentile to 97.5th percentile, COV002: 3 to 140
1U50/ml. Baseline covariates adjusted for were: COVE: baseline risk score, comor-
bidity status, and Community of color status; ENSEMBLE-US, baseline risk score;
PREVENT-19: baseline risk score; COV002: baseline risk score. Source data are
provided in Fig. 6 Source Data file. BAU binding antibody unit; DO, Day 0 visit; D1,
Day 1 visit; D35, Day 35 visit; D59, Day 59 visit; ID50, 50% inhibitory dilution; IU50
international unit 50; nAb neutralizing antibody; RBD receptor binding domain;
ULoQ upper limit of quantification.

We next discuss some additional limitations or scope restrictions
of this correlates study and their implications on future work. First,
other NVX-CoV2373-induced immune responses of interest (e.g.,
spike-specific T-cell responses®, Fc effector antibody functions®) were
not assessed. Secondly, this study assessed correlates against COVID-
19 over relatively short follow-up (two and a half months post-dose
two), which resulted from the need to institute a blinded cross-over
phase to enable high-risk individuals to be vaccinated once other
COVID-19 vaccines were shown to be efficacious and granted

emergency use authorization by the Food and Drug Administration.
Future work is being planned to assess, in the USG-supported trials,
binding and pseudovirus-neutralizing antibodies over time as
exposure-proximal correlates of risk, which could generate new
insights about mechanistic correlates of protection. In addition,
amended PREVENT-19 protocols provided NVX-CoV2373 vaccination
to willing placebo recipients and offered a third dose of NVX-CoV2373
to all trial participants, and the trial continues to monitor participants
for the COVID-19 primary endpoint; however, placebo comparisons
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are no longer possible. Future work can assess levels of post-dose three
anti-omicron spike IgG concentrations, RBD IgG concentrations, and
nAb ID50 titers against omicron spike-pseudotyped virus as correlates
of risk and protection against COVID-19 caused by strains from the
omicron variant. These analyses can also assess post-dose three anti-
Wuhan-Hu-1 spike IgG, RBD IgG, and D614G nAbs as correlates of risk
and protection against COVID-19 caused by strains from the omicron
variant, to understand whether and how much the immune correlate
can be improved based on homologous titers instead of vaccine-strain
titers.

Another limitation is that the relatively few breakthrough cases in
PREVENT-19 limited precision in the estimates of how vaccine efficacy
changes with the correlate. Moreover, none of the 12 vaccine break-
through endpoints were severe, precluding the study of severe COVID-
19 correlates, a topic of substantial interest. It was also not possible to
study whether immune correlates varied among subgroups (e.g.,
defined by race, ethnicity, age, and co-existing condition). In addition,
given the high global prevalence of SARS-CoV-2 infection, it will be
important to understand correlates of protection specifically in pre-
viously infected individuals and to understand how the correlates
depend on details of previous infection history such as timing, fre-
quency, symptomatology, geographical factors, and SARS-CoV-2
infecting strain. Similarly, many persons who will receive the NVX-
CoV2373 vaccine will have previously received another SARS-CoV-2
vaccine such as an mRNA vaccine, and understanding whether the
correlates are influenced by the type of vaccine that elicited the
immune responses or are invariant to vaccine type will help determine
whether and how immune correlates can be applied across vaccine
platforms (the “ideal correlate” would be independent of both vaccine
history and infection history, depending only on the measured
immune marker level).

Overall, this work provides a direct correlates analysis of a phase 3
trial of a recombinant protein COVID-19 vaccine, and supports that
binding antibody concentrations, as well as pseudovirus neutralizing
antibody titers, are a correlate of protection for the NVX-CoV2373
vaccine, a step forward toward defining a surrogate endpoint for this
vaccine. Moreover, this work lays groundwork for future research on
whether such a surrogate endpoint may also be applied for other
recombinant protein COVID-19 vaccines, and possibly also for other
COVID-19 vaccine platforms.

Methods

Trial design, study cohort, COVID primary endpoints, and case/
non-case definitions

Enrollment for the PREVENT-19 trial (NCT04611802) began on
December 27, 2020. The trial was conducted at 113 clinical sites in
the U.S. and 6 in Mexico; the study protocol is available with ref. ¢. A
total of 29,949 participants were randomized (2:1 ratio) to receive
two doses of NVX-CoV2373 or placebo, one each on Days O and 21.
Of the participants who were randomized, 28,181 were randomized
at U.S. study sites; all analyses are restricted to U.S. study sites.
Serum samples were taken on DO and on D35 for antibody mea-
surements in subset analyses. D35 antibody measurements were
evaluated as correlates for the same primary virologically-
confirmed symptomatic COVID-19 endpoint that was studied in
the primary efficacy analysis®, with the same set of symptoms
defining the endpoint as listed in ref.®. The correlates analyses
included COVID-19 primary endpoints up to the data cut-off date of
April 19th, 2021 (the same data cut-off date as that of the primary
efficacy analysis®), and were performed in baseline SARS-CoV-2
negative participants in the per-protocol cohort, with the same
definition of “per-protocol” as in ref.®, except that the endpoint
timeframe in that publication on primary efficacy results started
7 days after dose 2. Within this correlates analysis cohort, cases
were COVID-19 primary endpoints in vaccine recipients starting

7 days post D35 through to the data cut-off and non-cases/controls
were vaccine recipients sampled into the immunogenicity sub-
cohort with no evidence of SARS-CoV-2 infection (i.e., never tested
RT-PCR positive) up to the end of the correlates study period (data
cut-off date). The rationale for requiring 7 days post D35 is given in
“Results” (“COVID-19 study endpoint”).

Solid-phase electrochemiluminescence S-binding IgG immu-
noassay (ECLIA)

Serum IgG binding antibodies against spike and against RBD (homo-
logous vaccine strain antigen, i.e., Wuhan-Hu-1) were quantitated by
Nexelis using a validated solid-phase electrochemiluminescence
S-binding IgG immunoassay as previously described*, using the MSD
SULFO-TAG anti-human IgG antibody (Meso Scale Diagnostics, LLC,
Cat. No. D21ADF-3; 1:200 dilution of the 200x supplied stock). The
MSD MESO Sector S 600 detection system was used to quantitate the
amount of light emitted. The ECL unit response was reported as a
result for each test sample, control sample, and reference standard of
each plate. The system software (MSD Discovery Workbench) is pro-
prietary to MSD. Data analysis was performed with the Molecular
Devices software, SoftMaxPro GxP, Version 6.5.1. Within an assay run,
each human serum test sample was added to the precoated wells in
duplicates in an 8-point dilution series. Conversion of arbitrary units/
ml (AU/ml) readouts to bAb units/ml (BAU/ml) based on the World
Health Organization 20/136 anti SARS-CoV-2 immunoglobulin Inter-
national Standard® was performed as previously described*’. For spike
and RBD, antibody seroresponse was defined as IgG concentration
above the positivity cut-off (10.8424 BAU/ml and 30.6 BAU/ml,
respectively). Values below the lower limit of quantitation (LLOQ = 1.35
BAU/ml and 30.6 BAU/ml for spike and RBD IgG, respectively) were
assigned the value LLOQ/2. Supplementary Table 5 provides the assay
limits.

Pseudovirus neutralization assay

Neutralizing antibody activity was measured at Monogram in a
validated assay® utilizing lentiviral particles pseudotyped with full-
length SARS-CoV-2 spike (homologous vaccine strain, i.e., Wuhan-
Hu-1, with the D614G mutation). The lentiviral particles also con-
tained a firefly luciferase (Luc) reporter gene, enabling quantitative
measurement [in relative luminescence units (RLU)] of infection of
HEK-293T cells that had been transiently transfected to express
human ACE2 cell surface receptor protein and the TMPRSS2 pro-
tease for processing of SARS-CoV-2 S protein. Supplementary
Table 5 provides the assay limits. The limit of detection (LOD) was
not formally defined; we denote the value corresponding to the
starting dilution level of the assay as the LOD. Neutralizing antibody
response was defined by detectable ID50 >LOD =2.612 IU50/ml.
Values below the LOD were assigned the value LOD/2. ID50 is
reported in units calibrated to the 20/136 anti-SARS-CoV-2 immu-
noglobulin International Standard.

Inclusion and ethics

We have complied with all relevant ethical regulations. The following
institutional review boards (IRBs)/Independent Ethics committees
reviewed and approved the study: Western Copernicus Group IRB,
U.S.; Great Plains IRB, U.S.; Comite de etica en investigacion del Insti-
tuto Nacional de Ciencias Medicas y Nutricion, Salvador Zubiran,
Mexico; Comite de etica en investigacion de la Unidad de Atencion
Medica e Investigacion en Salud S.C., Mexico; Comite de etica en
investigacion del Instituto Nacional de Salud Publica, Mexico; Comite
de etica en investigacion de Medica Rio Mayo S.C., Mexico; Comite de
etica en investigacion del Hospital La Mision S.A. de C.V., Mexico.
Participant compensation rates were determined locally by each site.
Informed patient/participant consent was obtained and the appro-
priate institutional forms have been archived.
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Reporting on sex and gender

Table 2 in the SAP describes baseline subgroups that were included
in analyses of the immunogenicity data (e.g., immunogenicity tables
by subgroup for baseline-negative and for baseline-positive indivi-
duals). Sex (male, female; where “sex” refers to sex assigned at birth,
as self-reported), and age x sex (18-64 male, 18-64 female, >=65
female, >=65 male) were among these baseline subgroups. However,
these tables are not included in the present article. The SAP specified
reporting comparing baseline negative vaccine vs. baseline negative
placebo and baseline positive vaccine vs. baseline positive placebo
for comparing antibody levels between groups. In addition, sex was
included as a baseline covariate potentially relevant for SARS-CoV-2
exposure and risk of COVID in development of the baseline risk score
(see section 7 of the SAP). Data are not reported disaggregated for
sex because the individual-level data cannot be shared as the trial is
ongoing.

Statistical methods

All data analyses were performed as pre-specified in the SAP (Supple-
mentary Material).

Case-cohort set included in the correlates analyses. A case-cohort®
sampling design was used to randomly sample participants for DO, D35
antibody marker measurements. This random sample was stratified by
the following baseline covariates: randomization arm, baseline SARS-
CoV-2 status, and eight US baseline demographic covariate strata
defined by all combinations of underrepresented minority (URM) vs.
non-URM/unknown, age 18-64 vs. age >65, and heightened risk for
COVID-19 severe complications (see the SAP for details). There were
also two Mexico baseline demographic covariate strata (age 18-64 vs.
age >65); however, the analysis here restricts to the U.S. study
sites only.

Covariate adjustment. All correlate analyses were adjusted for a
baseline risk score defined as the logit of predicted COVID-19 risk
built from machine learning of data from baseline SARS-CoV-2
negative per-protocol placebo recipients, where the predicted out-
come was occurrence of the primary COVID-19 endpoint after
enrollment. Ensemble learning® was used to build this risk score,
using age, sex, ethnicity, race, co-existing conditions, height, weight,
and BMI as input variables (Supplementary Table 6). Risk score
development was restricted to US participants. The baseline risk
score had weak ability to predict COVID-19, with cross-validated area
under the ROC curve (CV-AUC) 0.583 for the placebo arm and AUC
0.540 for the vaccine arm (Supplementary Fig. 5). Briefly, the
ensemble Superlearner classification model (Supplementary Table 7)
was developed using the binary outcome of COVID-19 endpoint
occurrence post-enrollment and limiting to no more than 20 input
variables. Each quantitative and ordinal variable was pre-scaled to
have empirical mean=0 and standard deviation=1. The ensemble
model was trained using placebo arm data. CV predictions were
made on placebo arm data, while predictions were made on vaccine
arm data. Superlearner modeling was conducted using the negative
log-likelihood loss function and results were averaged over ten ran-
dom seeds. A library of adaptive and non-adaptive learners/classifiers
from the SuperLearner R package was used with and without screens
(Supplementary Table 8). Two levels of cross-validation were used:
five-fold outer level to compute CV-AUC, and 5-fold inner level to
estimate ensemble weights. Classification accuracy of the ensemble
model (Superlearner), discrete Superlearner and top two best-
performing individual learners were presented as ROC curves (CV-
AUC for placebo arm, AUC for vaccine arm) (Supplementary Fig. 5).
CV-AUC"* was estimated using the R package vimp available
on CRAN.

Correlates of risk in vaccine recipients. All correlates of risk and
protection analyses were performed in baseline SARS-CoV-2 negative
per-protocol participants with no evidence of SARS-CoV-2 infection
through 6 days post D35 visit and not right-censored by D35. For each
D35 marker, the baseline risk score-adjusted hazard ratio of COVID-
19 (across marker tertiles, per ten-fold increase in the quantitative
marker, or per standard deviation-increment increase in the quanti-
tative marker) was estimated using inverse probability sampling
weighted Cox regression models with 95% Cls and Wald-based p-
values (p-values were only computed for the quantitative markers
given the small number of breakthrough cases). These Cox model
fits were also used to estimate marker-conditional cumulative inci-
dence of COVID-19 through 59 days post-D35 in baseline negative
per-protocol vaccine recipients, with 95% Cls computed using the
percentile bootstrap. The Cox models were fit using the survey
package*’ for the R language and environment for statistical
computing®. Point and 95% CI estimates about marker-threshold-
conditional cumulative incidence were computed by nonparametric
targeted minimum loss-based regression**.

Correlates of protection

Controlled vaccine efficacy. For each marker, vaccine efficacy by D35
marker level was estimated by a causal inference approach using
baseline risk score-marginalized Cox proportional hazards
regression®’. A sensitivity analysis of the robustness of results to
potential unmeasured confounders of the impact of antibody markers
on COVID-19 risk was also conducted. The analysis specified a certain
amount of confounding that made it harder to infer a correlate of
protection and estimated how much vaccine efficacy increases with
quantitative D35 antibody marker despite the specified unmeasured
confounder.

Hypothesis testing. For hypothesis tests for D35 marker correlates of
risk, Westfall-Young multiplicity adjustment*® was applied to obtain
false-discovery rate adjusted p values and family-wise error rate
adjusted p values. Permutation-based multiple-testing adjustment was
performed over the quantitative marker CoR analyses. The SAP spe-
cified not conducting hypothesis tests for tertile correlates, due to the
small number of breakthrough cases. All p values were two-sided.

Cross-trial comparisons. Calibration of ID50 nAb titers between the
Duke University neutralization assay (COVE trial samples) and the
Monogram PhenoSense neutralization assay (COV002 and ENSEMBLE
trial samples) was performed using the WHO Anti-SARS CoV-2 Immu-
noglobulin International Standard (20/136) and Approach 1 of ref.>",
(with arithmetic mean as the calibration factor), as described in the
supplementary material of ref. .

Software and data quality assurance. The analysis was implemented
in R version 4.0.3;** code was verified using mock data.

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

Data availability

The data will be posted on clinicaltrials.gov (https://clinicaltrials.gov/
ct2/show/NCT04611802) when the trial is completed. Source data files
for each figure are provided with this paper. Source data are provided
in this paper.

Code availability
All analyses were done reproducibly based on publicly available R
scripts accessible at Zenodo".
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