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a b s t r a c t

Correlates of protection for COVID-19 vaccines are urgently needed to license additional vaccines. We
measured immune responses to four COVID-19 vaccines of proven efficacy using a single serological plat-
form. IgG anti-Spike antibodies were highly correlated with ID50 neutralization in a validated pseudovi-
ral assay and correlated significantly with efficacies for protection against infection with wild-type, alpha
and delta variant SARS-CoV-2 virus. The protective threshold for each vaccine was calculated for IgG anti-
Spike antibody. The mean protective threshold for all vaccine studies for WT virus was 154 BAU/ml (95 %
CI 42–559), and for studies with antibody distributions that enabled precise estimation of thresholds (i.e.
leaving out 2-dose mRNA regimens) was 60 BAU/ml (95 %CI 35–102). We propose that the proportion of
individuals with responses above the appropriate protective threshold together with the geometric mean
concentration can be used in comparative non-inferiority studies with licensed vaccines to ensure that
new vaccines will be efficacious.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Severe acute respiratory syndrome-related coronavirus-2
(SARS-CoV-2) was first recognised in December 2019 and rapidly
spread world-wide resulting in WHO declaring a COVID-19 pan-
demic on March 11th, 2020. Soon after the identification and
genetic sequencing of the virus, numerous groups began develop-
ing vaccines with unprecedented speed and using a variety of
approaches. Randomized controlled efficacy trials have shown a
range of efficacies and have supported emergency use authoriza-
tions of more than eleven vaccines. Numerous additional vaccines
are in development but confirming their efficacy in randomized
placebo-controlled trials is becoming increasingly difficult. Given
the urgent need for additional vaccines to meet the global demand,
licensing new vaccines based on serologic correlates of protection
is of critical importance.

Two recent studies have shown strong correlations between
antibodies (both neutralizing and IgG binding) and protection in
clinical efficacy trials although for comparison between studies
relied on normalizing the antibody levels to those published along-
side for human convalescent serum. Indeed, up to 90% of the vari-
ability in efficacy observed among different vaccines which used
different technology platforms could be explained by their anti-
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body levels, suggesting that post-immunization antibody levels
can serve as a valid measure of short-term protection [1,2].

An immunological correlate of protection (COP) has been
established for many licensed vaccines based on a protective
threshold or minimum protective level [3]. Two main methods
have been used: individual-based correlates and population-
based correlates [https://apps.who.int/iris/bitstream/handle/
10665/84288/WHO_IVB_13.01_eng.pdf]. The individual-based cor-
relate measures biomarkers prior to exposure in all vaccinated
subjects and evaluates the relationship between these and the
development of disease. The expectation is that a concentration
of the relevant biomarker (most commonly a level of antibody)
can be found above which individuals are reasonably likely to be
protected. This method has been applied to a number of diseases
such as measles [4,5] and meningococcus [6], typically by evaluat-
ing outbreaks of disease in which, fortuitously, pre-outbreak sera
were available. The method has rarely been used in large-scale vac-
cine trials because of the inconvenience and expense of collecting
sera on all participants, but some COVID-19 vaccine trials are an
exception. Indeed, the individual-based method has very recently
been applied to the AstraZeneca and Moderna COVID-19 vaccine
trials, both of which showed that spike-specific antibody binding
is associated with lower risk of symptomatic disease, but a thresh-
old above which subjects were reliably protected could not be
identified [7,8].

The population-based approach conceived by Chang and Koh-
berger requires the measurement of antibody in a representative
sample of subjects after vaccination and calculates the protective
threshold based on the observed efficacy by using the simplifying
assumption that all subjects with antibody above the threshold
are fully protected and all subjects below the threshold are fully
at risk of disease [9]. This method has been applied to meningococ-
cal C vaccine using post-licensure efficacy data in England [10] and
pneumococcal vaccines based on multiple efficacy trials [11,12]
but not to viral vaccines. Protective thresholds identified by this
method have been widely accepted by regulatory authorities and
have proved useful for licensing multiple follow-on vaccines. This
method does not rely on measurement of antibodies in individuals
who have breakthrough infections but rather on defining the dis-
tribution of antibodies in a representative subset of the immunized
population and hence is referred to as a population-based analysis.

A prerequisite for estimating a broadly applicable COP is an
antibody assay, using similar or identical protocols, which has
been shown to give equivalent results in different laboratories
as urged by many including the CDC COVID-19 Response Team
[13]. A WHO standard polyclonal antibody is now available,
which was used here to normalize antibody levels in Binding
Antibody Units (BAU/ml)[14]. To date, very few studies compar-
ing immunogenicity between vaccines have been undertaken
although support for licensure of new COVID-19 vaccines based
on such comparisons with authorised/licensed vaccines has
been announced by Valneva (https://valneva.com/press-
release/valneva-initiates-phase-3-clinical-trial-for-its-inactivated-
adjuvanted-covid-19-vaccine-candidate-vla2001) and the
European Commission have approved and advance purchase
agreement on this basis [https://valneva.com/press-release/
valneva-announces-european-commission-approval-of-advance-
purchase-agreement-for-up-to-60-million-doses-of-inactivated-
covid-19-vaccine-vla2001/]. In such studies it will be
important to compare immune responses based on the
proportion of participants with antibody responses above the
protective threshold and the geometric means, both of which
have been used previously to compare vaccine immunogenic-
ity in pivotal licensure studies.

In this study, we collected serum from vaccinees who received 1
or 2 doses of one of 4 vaccines: BNT162b2 (Pfizer), mRNA1273
307
(Moderna), ChadOx1/AZ 1222 (AstraZeneca), or Ad.26COV2.S
(J&J), and compared IgG responses to spike and ACE2 Receptor
blocking activity to the original wild-type strain (WT), alpha
(B.1.117) and delta variant (B.1.617.2), RBD (WT and alpha) and
pseudovirus neutralization (WT and Delta). We then applied
population-based methods to assess the correlation of IgG binding
with vaccine efficacy or effectiveness (Table S2) to estimate a pro-
tective threshold. Finally, we suggest a path toward formally estab-
lishing a correlate of protection for COVID-19 vaccines.
2. Results

2.1. Demographic characteristics of the four vaccine cohorts

Serum samples from 122 adults following a complete immu-
nization schedule of the 4 vaccines were available for analysis. In
addition, serum samples from 83 of these individuals were avail-
able following a first dose of BNT162b2 (Pfizer), mRNA1273 (Mod-
erna), and ChadOx1/AZ 1222 (AstraZeneca). Individuals with
positive anti-Nucleocapsid antibody at the time of evaluation or
history/evidence of prior COVID 19 infection were excluded from
the analysis. The demographic characteristic of the four cohorts of
naïve subjects are provided in Table 1. The median age of the differ-
ent cohorts was between 35 and 60 years with ages ranging from 21
to 77 years. For each individual cohort neither age nor gender were
significantly associated with vaccine responses, so antibody
responses of cohorts were compared without adjustments. For
the vaccines authorised for two dose use (Pfizer/Moderna), the
median time between doses was 3 or 4 weeks. The interval for
the AstraZeneca vaccine was 66 days reflecting the manner of its
deployment in the United Kingdom where the vaccinees resided.
2.2. Comparative IgG Spike binding antibody to wild type, alpha and
delta variant for four vaccine cohorts

IgG binding antibody concentrations to Spike protein derived
from WT virus (without D614G), B.1.1.7 (alpha variant) and
B.1.617.2 (delta variant) were assessed by ELISA and expressed as
binding antibody units/ml (BAU/ml) for each cohort utilizing the
WHO standard as detailed in Methods. The comparative responses
for Spike from WT, alpha and delta variants of the four vaccine
cohorts are shown in Fig. 1. The geometric mean concentrations
(GMC) to Spike WT following immunization with Moderna and Pfi-
zer vaccines were 5530 BAU/ml and 2653 BAU/ml respectively
compared to 196 BAU /ml and 61 BAU/ml following AstraZeneca
and J&J vaccines respectively (Table 2). A reduced GMC for alpha
and delta Spike compared to WT was noted for each cohort with
similar rank order among cohorts (Table 1). We performed rank
sum pairwise tests to determine significance of the differences
between cohorts for each response as specified in Table 2. All
groups differed significantly except for AstraZeneca compared to
J&J for delta responses. Binding antibody directed to RBD for orig-
inal and alpha variant were also assessed with Pfizer and Moderna
vaccine cohorts demonstrating between 13 and 115 times higher
GMC compared to AstraZeneca and J&J cohorts for both RBD anti-
gens with significant differences between cohorts as specified in
Supplement Table S1. Of note, the assignment of units for the
WHO standard for Spike and RBD antigens was the same at 1000
units/ml and thus values do not represent absolute amount of anti-
body directed to Spike compared to RBD.
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Table 1
Demographics of Vaccine Cohorts. The demographics of the four vaccine cohorts and characteristics of their samples which are included in analysis are shown.

Vaccine Name Manufacturer Number of Subjects
One Dose/Two Dose

Gender Ratio
Female/Male

Median
Age Yrs
(range)

Median Days
Between Doses
(range)

Median Days from First Dose
to post dose 1 Bleed (range)

Median Days from
Final Dose to Bleed
(range)

mRNA 1273 Moderna 19/19 1.6 35 (20–55) 27(26–28) 27 (26–28) 7 (7–8)
BNT 162b2 Pfizer 36/51 1.8 43 (21–77) 21(20–60) 23 (7–54) 8 (7–29)
ChadOx1/AZ 1222 AstraZeneca 28/21 2.6 60 (23–70) 66 (33–79) 22 (19–31) 8 (7–10)
Ad26.COV2.S J&J 25/NA 1.2 48 (31–69) N/A N/A 34 (20–31)

Fig. 1. Spike IgG antibody to original wild type (WT) virus, alpha and delta variant. IgG Concentrations, GMCs and 95% CI (BAU/ml) to Spike derived fromWT as well as the
B.1.1.7 (alpha variant) and B.617.2 (delta variant), following complete courses of four different SARS CoV 2 vaccines administered to naïve recipients. Concentrations are
expressed in standardised binding antibody units (BAU)/ml calibrated against the WHO international standard, and GMC are displayed by text above the bars with 95% CI
represented by whiskers.

Table 2
Geometric mean concentrations (GMC) to spike derived from original wild-type virus, alpha or delta variants. IgG GMCs and 95% CI (BAU/ml) to Spike derived from original
(without D614G), B.1.1.7 (alpha variant) and B.1.617.2 (delta variant), following complete courses of four different SARS CoV 2 vaccines administered to naïve recipients. GMCs
are expressed in standardised binding antibody units (BAU) /ml calibrated against the WHO international standard. Fold reduction of GMCs for variants compared to original are
displayed. Pairwise comparisons for groups using a rank based test demonstrated p < 0.0001 for all groups except for Moderna compared to Pfizer for WT (p < 0.006), alpha
(p < 0.006), and delta (p < 0.02), and J&J compared to AstraZeneca for WT (p < 0.0008), alpha (p < 0.005) and not significant for delta.

Vaccine Manufacturer GMC Original Spike
BAU/ml (95% CI)

GMC Alpha Variant
Spike BAU/ml (95% CI)

GMC Delta Variant
Spike BAU/ml (95% CI)

Fold Reduction Alpha
Compared to Original

Fold Reduction Delta
Compared to Original

mRNA 1273 Moderna 5530
(4007–7633)

3890
(2791–5421)

1957
(1426–2686)

1.2 2.3

BNT162b2 Pfizer 2667
(2077–3425)

1801
(1390–2332)

1061
(811–1387)

1.5 2.3

ChadOx/AZ 1222 AstraZeneca 196
(141–273)

108
(76–154)

52
(35–77)

1.8 3.8

Ad.26COV2.S J&J 61
(37–101)

37
(22–62)

32
(17–60)

1.7 1.9
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2.3. Comparative neutralization assay results for wild type and delta
variant for four vaccine cohorts

To further evaluate the differences among the vaccine cohorts
observed for binding antibody, neutralization by a validated neu-
tralization assay with lentivirus-based Spike-pseudotyped viruses
308
(Montefiori laboratory) was performed for WT and delta variant.
The comparative results for ID50 pseudovirus neutralization
demonstrated similar rank order among the cohorts for both WT
and delta variant with significant differences noted for all group
comparisons except AstraZeneca and J&J delta responses (Fig. 2).
Of note, many of the samples were below the limit of detection
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in the AstraZeneca and J&J vaccine cohorts for the delta variant. To
further define the relationship of ELISA binding antibody and neu-
tralization, we examined the correlation of IgG binding Spike anti-
body to ID50 neutralization for both WT and delta variant.
Significant correlations were observed for both WT and delta
(0.86 and 0.81 respectively, p < 0.0001) (Fig. S1a and 1c).

Finally, since functional assays for neutralization can be difficult
to standardize among laboratories and are slow through-put, we
also utilized a measurement of ACE-2 inhibition by ELISA format
to compare the four cohorts. The relative amounts of ACE-2 inhibi-
tion to Spike derived from WT, alpha and delta for each cohort
demonstrated the same hierarchy of responses seen for IgG Spike
antibody assays and for pseudovirus neutralization ID50 assays
(Fig. 2). Strong correlations were observed for ACE-2 inhibition to
WT and delta spike with pseudovirus neutralization ID50 with cor-
relation coefficients of 0.78 and 0.84 respectively (Fig. S1b and 1d)
confirming the good agreement between ACE2 inhibition and neu-
tralization reported previously [15,16].

3. Correlation of IgG spike antibody GMC with vaccine efficacy
across four vaccines

We and others have previously found a remarkably high corre-
lation between ELISA binding antibody or neutralizing antibody
and efficacy across different approved vaccines [1,2]. To be able
to compare GMC antibody levels measured by multiple assays
and laboratories across the different trials, groups have calibrated
antibody levels relative to human convalescent antibodies by the
same assay reported in the same study. In contrast, in this study
we utilized a standardized, commercially available ELISA binding
assay performed in a single laboratory thereby circumventing the
need for inter-laboratory assay standardization. We evaluated
the correlation between GMC binding antibodies to Spike elicited
by four approved vaccines with the efficacy determined in Phase
Fig. 2. Pseudovirus neutralization of wild type and delta virus for the fully immunize
Wuhan-1 spike containing D614G (WT) or B.1.617.2 (AY.3) (delta variant) in sera of vacci
to naïve recipients. Neutralization titers shown are the inhibitory dilution (ID) of serum
compared to virus control wells after subtraction of background RLUs (see methods for d
comparisons and significance determined as follows: p < 0.0001 for all except Moderna
delta.
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3 studies to WT virus or in large recent effectiveness studies of
alpha and delta variants (see Supplementary Table S2 for studies
utilized in this analysis).

A strong correlation was observed between binding antibody to
WT Spike antigen and efficacy with a rank correlation coefficient of
0.94 and with 97.4% of the variance explained by the antibody in a
linear model (Fig. 3A). Furthermore, all four of the vaccines in this
study have reported clinical effectiveness data for the alpha variant
and two of the vaccines have data available for effectiveness to the
delta variant. We therefore examined the correlation of GMC anti-
body directed to each variant and effectiveness in prevention of
PCR confirmed symptomatic disease to each of the variants
(Fig. 3B). For alpha variant the rank correlation coefficient was
0.70 with 61.6% of the variance explained by the antibody. As only
two points were available for delta variant, a specific rank correla-
tion was not determined. However when delta was included in an
overall rank analysis (wild type, alpha and delta), the rank correla-
tion was 0.90.

3.1. Estimation of a protective threshold for each vaccine regimen
using reverse cumulative distribution (RCD) curves

The high correlation between vaccine efficacy and the binding
antibody to Spike (together with the high correlation of these bind-
ing antibodies with neutralization assays) provide a strong ratio-
nale to evaluate binding assays to estimate the protective
threshold for COVID-19 vaccines. The purpose of the protective
threshold, sometimes called the minimum protective level of anti-
body, is to define the cut-off between antibody levels deemed suf-
ficient to provide protection in a population and those which are
not deemed protective. Unlike the GMC of antibody, which has
been shown to vary with vaccine efficacy, we expect the protective
threshold to be similar for vaccines demonstrating different levels
of efficacy, provided that factors affecting the amount of antibody
d cohorts. ID50 neutralisation geometric mean titres (GMT) for a lenti-pseudovirus
nees following complete courses of four different SARS CoV 2 vaccines administered
samples at which relative luminescence units (RLU) were reduced by 50% (ID50)

etails). The cohorts were compared by pairwise rank sum test adjusted for multiple
vs Pfizer for delta (p < 0.05), and AZ compared to J&J was not significant for WT or



Fig. 3. Correlation of Spike IgG binding antibody with vaccine efficacy for wild type, alpha and delta variants. Vaccine efficacy/effectiveness (VE) and SARS-CoV-2 spike
binding IgG GMC, against Original (WT), alpha and delta variants. Data included in correlation analyses are described in Table 2 and Table S2. Superscript 1 or 2 indicates the
number of doses for the vaccine regimen. The y-axis is estimated log risk-ratio reported on the vaccine efficacy scale. The x-axis is the geometric mean concentration (GMC) of
spike-specific IgG antibody binding measured by MSD and calibrated to the WHO standard (binding antibody units per mL). Error bars indicate 95% confidence intervals for
either the GMC IgG level (x-axis) or VE (y-axis). Weighted least-squares linear regression fit using inverse variance weighting on VE estimates (dashed line black for WT,
dashed line blue for alpha variant). Rank correlation coefficient, variance explained by the model, and mean squared error (MSE) are indicated for the WT, and alpha variant
models. An overall model rank correlation includes Delta variant in Fig. 3B. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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needed for protection of the populations as a whole are similar
among studies, including quality of antibody and other immune
mechanisms, clinical endpoint, intensity of exposure and vaccine
strain. The population of subjects with antibody levels above the
threshold are expected to be protected and those with antibody
levels below the threshold are expected to be at risk, regardless
of which vaccine was given.

We estimated protective thresholds for each vaccine using the
population-based model developed by Chang and Kohberger for
pneumococcal vaccines [9]. The model makes one critical simplify-
ing assumption which is that there is a sharp cut-off between pro-
tective and non-protective antibody levels: i.e. that all individuals,
whether immunized or controls, with antibody above the thresh-
old are protected and those with antibody below it are at risk. In
the studies evaluated here control subjects had no pre-existing
antibody so the threshold can simply be determined from the
post-immunization RCD curves, such that the percent of subjects
above the threshold is equal to the percent efficacy observed.

The RCD curves were estimated from immune responses to vac-
cine regimens for which efficacy estimates were available, includ-
ing one or two doses of Pfizer, Moderna, and AstraZeneca vaccines,
and one dose of J&J. (Fig. 4). For WT virus, when all vaccines and
dose regimens are included, the overall protective threshold was
estimated to be 154 BAU/ml (95 %CI 42–559) by taking the geo-
metric mean of all thresholds across all six regimens using a ran-
dom effects meta-analysis approach. A similar overall protective
threshold was estimated for the alpha variant at 168 BAU/ml
(95% CI; 45–626) (Fig. 5). With the limited data available for delta
310
effectiveness, we estimate a protective threshold between 36 and
490 BAU/ml.

The thresholds calculated from the 2-dose mRNA vaccine regi-
mens were outliers among the vaccine regimens as shown by the
lack of overlap between 95% confidence intervals of the Moderna
threshold and the average threshold (Fig. 5). It is also evident in
Fig. 1 that neither 2-dose mRNA regimen induces antibody levels
below the mean threshold of 154 BAU/ml and thus do not con-
tribute information to estimating a mean threshold that would
be useful in comparing efficacious vaccines with lower immuno-
genicity. Therefore, another analysis was performed on less
immunogenic but clearly efficacious vaccines by omitting the 2-
dose mRNA vaccine data but retaining the 1-dose mRNA vaccine
data. The mean threshold excluding the two-dose mRNA vaccine
data was 60 BAU/ml (95% CI 35–102). This lower value may be bet-
ter suited for comparing vaccines which have lower but useful
efficacy.

Finally, to verify that the threshold indeed discriminates
between protected and non-protected populations in each study,
we estimated the proportion of participants receiving each vaccine
regimen that responded with antibody greater than the higher
threshold of 154 BAU/mL (Fig. S3A) or the lower threshold of 60
BAU/ml (Fig. S3B). In the figures, the line of identity indicates that
under a model of an absolute protective threshold, efficacy would
be expected to be equal to the proportion of participants above the
threshold; the mean squared error from the line of equivalence is a
useful metric for evaluating this relationship. The data support that
there is an association between vaccine efficacy and the proportion
of individuals above either of the thresholds. In practice, a thresh-



Fig. 4. Distribution of spike-specific binding antibody vaccine responses and determination of a vaccine-specific protective threshold. Reverse cumulative distribution
functions (RCDs) were estimated from spike-specific IgG vaccine responses measured in cohorts of individuals who received: one or two doses of the Pfizer or Moderna
mRNA-based vaccines, one or two doses of the Oxford/AstraZeneca vaccine, and one dose of the J + J vaccine. Panel A, B, C for original virus, Panel D, E, F for alpha variant, and
Panel G, H for delta variant. Each RCD along the y-axis represents the estimated proportion of participants who responded with at least as high a response as indicated along
the x-axis. Shaded region indicates a point-wise 95% confidence interval (CI; see Methods for details). For each vaccine regimen, a published estimate of vaccine efficacy or
effectiveness was used to compute a protective threshold by finding the VEth percentile of the RCD (solid horizontal line at VEth percentile). The protective threshold is shown
(vertical sold line) with a 95% CI (dashed vertical line) that takes into account uncertainty in estimation of both the RCD and VE (see Methods for details).
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old could be used to directly compare two vaccines using a non-
inferiority margin. It is noteworthy that for OX/AZ and J&J vaccines
the proportion of subjects above the lower threshold of 60 BAU/ml
is quite similar to their efficacy to wild type virus, whereas that is
not the case with the higher threshold of 154 BAU/ml.

4. Discussion

Immunologic correlates of protection have played a critically
important role in vaccine development by providing a framework
for comparing newly developed vaccines to those which have
already been approved based on demonstration of clinical efficacy.
Such correlates are also needed for confirming consistent immuno-
genicity in initial lot-to-lot consistency trials, after major manufac-
turing changes of approved vaccines or in evaluating reduced doses
of vaccines [17]. Multiple lines of evidence including pre-clinical
studies and strong correlations between antibody levels and clini-
cal efficacy after multiple vaccines show that antibodies are a
major protective mechanism against primary infection with
COVID-19 [1,2]. Nevertheless, as of this writing, an antibody level
associated with protection has not been defined for COVID-19 vac-
311
cines even though more than 10 large scale efficacy trials demon-
strating a range of efficacies have been completed. Key reasons for
this include the lack of well standardized antibody assays that
facilitate direct comparisons between vaccines and lack of agree-
ment on the methodology to be used to establish a protective cor-
relate. Here we propose to overcome these obstacles by directly
comparing immune responses of four vaccines in the same anti-
body assays in a single laboratory and by using an accepted
population-based approach to estimate a threshold of protection
based on observed vaccine efficacies in clinical trials.

The underlying assumptions of the population-based approach
is that vaccines that induce antibodies above a protective threshold
in a similar proportion of subjects can be expected to have similar
clinical efficacy. A second assumption is that the protective thresh-
old in a population can be modelled as a single cut-off concentra-
tion above which everyone is protected and below which everyone
is at risk. Like all models, this is a gross simplification of the reality
that individuals may require differing levels of antibody for protec-
tion for many reasons including host factors, pathogen virulence
and intensity of exposure and thus cannot be used to determine
the immune status of an individual. The population-based protec-



Fig. 5. Summary of protective antibody binding thresholds derived for each vaccine. A protective threshold (BAU/ml) for each vaccine regimen is displayed with 95%
confidence interval (circle symbols). Thresholds were computed for original (WT, black), alpha (blue), and delta (orange) spike-specific responses paired with WT, alpha or
delta variant specific estimates of vaccine efficacy. An average overall protective threshold was computed for WT and alpha independently (triangle symbols) using a random
effects meta-analytic approach (see Methods for details). Separately an average was computed for WT excluding the two-dose mRNA vaccine regimens. The protective
threshold and 95% CI are annotated along the right y-axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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tive threshold can be estimated in each trial from the observed effi-
cacy and the antibody distribution several weeks after immuniza-
tion, without further assumptions. With other vaccines such as
pneumococcal and meningococcal vaccines, the threshold of pro-
tection was estimated by this method and was subsequently used
as the primary endpoint in numerous vaccine non-inferiority com-
parisons. The protective threshold provides the most sensitive abil-
ity to discriminate differences in immunogenicity [10,11] and
supports the use of a narrow non-inferiority margin for vaccines
with very high efficacy. For example, the primary non inferiority
outcome for pneumococcal and meningococcal vaccines is that
the percent of subjects achieving the respective thresholds (IgG
anti-polysaccharide of 0.35 lg/ml and BCA of 1/8, respectively)
cannot be more than 10% lower than the licensed comparator
[12]. GMCs serve as the secondary outcome which cannot be more
than 1.5 fold lower than the licensed vaccine (i.e. < 0.67 GMC of
comparator).

Estimates of the population-based threshold of protection are
expected to be similar in each efficacy study, regardless of the effi-
cacy that was observed, with the caveat that certain systematic dif-
ferences among studies such as the quality of antibody induced,
outcome definition, incidence of disease, strain causing disease or
contribution of other immunological responses such as T cell
responses may affect the amount of antibody needed for protection
at a population level. For example, a range of estimates for thresh-
olds for anti-polysaccharide antibodies were determined for the
pneumococcal vaccine but a single consensus estimate of 0.35
lg/ml was agreed upon as a protective threshold. Post-
introduction effectiveness studies of these vaccines have con-
firmed their efficacy and would similarly be required for COVID19
vaccines licensed in this way.

In this study the mean protective threshold for the original
strain, based on data from all six vaccine regimens was 154 BAU/
ml (95% CI 42–559) and a mean threshold omitting the 2-dose
mRNA data was 60 BAU/ml with a narrower 95% CI of 35–102
BAU/ml. While the higher threshold would be useful for evaluating
other vaccines with similarly high efficacy, using narrow 10% non-
inferiority criteria, they would result in the failure to meet non-
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inferiority criteria for vaccines with lower but useful efficacy. For
this reason, the use of the lower threshold may be more appropri-
ate for comparing new COVID-19 vaccines in non-inferiority trials
against approved vaccines other than Pfizer and Moderna mRNA
vaccines.

Recently, concentrations of neutralizing antibody associated
with protection were estimated after the AstraZeneca and Mod-
erna vaccines using a different approach based on how well post-
immunization antibody levels predicted risk of acquiring COVID-
19 for the individual subjects in their efficacy studies [7,18]. Both
studies found broad overlap in antibody concentrations between
individuals who developed COVID and those who did not. Conse-
quently, it was not possible to identify a threshold antibody level
above which subjects were reliably protected using analysis of
breakthrough cases. Interestingly, however, Feng et al estimated
a level of spike binding IgG antibody of 264 BAU/ml associated
with 80% protection [18] by the AstraZeneca vaccine and Gilbert
et al, estimated a level of 298 BAU/ml associated with 90% protec-
tion by the Moderna vaccine [7]. Although these estimates were
not threshold values, they are in a similar range to our
population-based method for determining a threshold value.

The goal of developing a threshold of protection is to serve as
the primary endpoint for non-inferiority studies comparing new
COVID-19 vaccines to vaccines already approved or authorized
based on clinical efficacy. To accomplish this goal, the following
key issues and questions should be resolved: First, which assays
can be used as the primary basis for comparison? Binding assays
have significant advantages over neutralization assays in repro-
ducibility, lower variability, cost and convenience and have been
much easier to standardize among laboratories. Given that for
COVID-19 various binding and neutralization assays show a high
degree of correlation with each other and both are highly corre-
lated with clinical protection, it is reasonable to propose that bind-
ing assays can serve as the primary serologic outcome in vaccine
comparisons. Interestingly though, virus neutralization is difficult
to demonstrate after one dose of mRNA vaccines despite efficacy
up to 81% measured from 14 d after the first dose [19]. In contrast,
binding antibody responses assessed following one dose of mRNA
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vaccines are easily measured and even superior to some less
immunogenic vaccines after two doses. A plausible explanation
for this discordance between binding and neutralizing antibodies
is that the first dose of mRNA vaccine activates a non-
neutralizing recall response predominantly targeting epitopes in
the S2 subunit which is highly conserved across human pathogenic
coronaviruses [20]. We have recently completed a study of an
experimental vaccine, SCB-2019 and adjuvanted S-trimer vaccine
(Clover Biopharmaceuticals) and shown that the GMC of Delta vari-
ant specific IgG accurately predicted the recently published vaccine
efficacy against the delta variant of 79% [https://www.cloverbio-
pharma.com/news/83.html] [21]. Second, a consensus should be
obtained on the threshold level to be used for non-inferiority stud-
ies and the level of non-inferiority that must be demonstrated.
Before such a threshold can be defined, regulatory and public
health authorities will need to reach a consensus on what is the
minimum acceptable vaccine efficacy for COVID-19 vaccine in
the future. Based on our analyses in this study, a protective thresh-
old of 60 BAU/ml would provide an appropriate basis for non-
inferiority comparisons of vaccines when compared against exist-
ing approved vaccines although additional studies would be
required to confirm this. Third, the ongoing evolution of variants
of concern (VOC) poses a critical question about how protective
thresholds can be estimated for VOCs. In this report, we used a
population-based model to calculate threshold values for the alpha
variant at 168 BAU/ml and a preliminary estimate for delta VOC in
the range of 36–490 BAU/ml (a more accurate estimate will require
additional delta specific VE data). The population-based method
could readily be applied to other outcomes such as severe disease
or asymptomatic infection but sufficient data to do these analyses
are not yet available.

Limitations of our study include that a limited number of sera
were assayed to construct the RCD curves, that our subjects were
recruited from different population outside of clinical trials and
thus may not be representative of those in the phase 3 efficacy
studies and that only short term efficacy data are available. It
would therefore be important to confirm the threshold estimates
using larger numbers of sera from subjects enrolled in efficacy tri-
als. It is noteworthy that the recent report by Gilbert et al esti-
mated a Spike IgG threshold of 77 BAU/ml (95 %CI 60–94) using
the population-based method on a large serum set drawn on day
29 after the 1st dose of the Moderna vaccine Phase 3 study [7].
When applied to sera after the 2nd dose, the threshold estimate
was 1000 BAU/ml (95 %CI 860–1200) clearly demonstrating that
the population-based method is not applicable with vaccine regi-
mens inducing antibodies levels far above the threshold.

The population-based protective threshold for binding antibody
proposed in this report could be useful not only to license new vac-
cines based on comparable immunogenicity but also to predict the
need and timing for booster immunizations as concentrations of
antibody wane. For example, the Pfizer vaccine has been shown
to have reduced efficacy in Israel associated with both waning anti-
body and predominance of delta variant in Israel resulting in a
decision to offer booster immunizations [22]. A recent study eval-
uating antibody concentrations associated with breakthrough
cases in Israel, also showed that both neutralizing and IgG anti-
Spike concentrations were lower in those cases compared to con-
trols although a threshold value was not determined [23]. One
could determine the threshold antibody concentrations associated
with the reduced efficacy for the population at the time of reduced
efficacy. Such a threshold could be applied to other populations to
predict the proportion of the population at risk for that variant
based on the percent of individuals waning below the determined
threshold.

In conclusion, we propose an approach to defining a threshold
of protection for IgG antibody to original spike protein that would
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serve as a basis for comparing new vaccines to existing vaccines in
non-inferiority studies. This protective level should be calculated
from larger data sets from efficacious vaccines than those available
to us and a consensus would need to be achieved on defining a sin-
gle protective threshold. Although other studies of COP have
focused on neutralization assays, we believe that the data within
this report and other studies support the use of binding antibody
which has many practical advantages [24]. Finally, the COP could
be useful for supporting boosting recommendations as serum anti-
body concentrations wane and new virus variants cause rapid
increases in the number of CoVID-19 cases.
5. Methods

5.1. Sources of sera

This study was undertaken using a convenience sample
obtained post vaccination from groups of individuals receiving vac-
cine as part of their government’s national rollout campaigns. Sam-
ples from vaccinees in Latvia and South Africa were obtained as
part of a previous study of HCWs in paediatric facilities [25] origi-
nally initiated at Great Ormond Street Hospital (COSTARS, IRAS
282713, ClinicalTrials.gov Identifier: NCT04380896). Ethics
approval was obtained locally by the lead investigators of each site.
In the UK, volunteers who were part of the COSTARS Study as well
as others who had received vaccines as part of the government
rollout altruistically agreed to donate serum to help evaluate an
assay for measuring post vaccine immunity being run the UCL lab-
oratory. Vaccinees received one of four vaccines depending on local
use.

In Latvia and South Africa, serum was aliquoted, given a unique
identifier, and stored frozen until batch shipping to the WHO Inter-
national Reference laboratory for Pneumococcal Serology at
University College London, London, UK. Local UK samples had
serum extracted and were stored frozen until batch tested.
5.2. Immunological assays

Samples were analysed for the presence IgG to SARS-CoV-2
nucleocapsid protein, receptor binding domain of S1 and trimeric
spike antigen derived from the original wild type Wuhan strain
as previously described [26] as well as spike and RBD responses
to VOCs B.1.1.7 and B.1.617.2 (AY.3)(MSD� SARS-Coronavirus Plate
7, Rockville, MD). Responses to nucleocapsid protein and informa-
tion about previous clinical symptoms compatible with COVID
with or without tests confirming the diagnosis were used to strat-
ify vaccinees into naïve or primed as this can influence antibody
responses to the vaccine [27]. Only naïve vaccinees were include
in this study. The MSD IgG assay was calibrated against the WHO
international anti-SARS-Cov-2 antibody standard which assigns a
value of 1000 Binding Antibody Units for the Spike, RBD and Nucle-
ocapsid antigens. The lower limit of quantitation for wild type
spike and RBD were 1.09 and 145 BAU/ml respectively. As no stan-
dards exist for the variants, the internal standard used was evalu-
ated and adjusted for the variant antigens based on the binding
signal obtained. The MSD assay was also used to evaluate ACE2
Receptor inhibition against the relevant antigens highlighted
above as previously described [26].

Neutralization was measured in a validated assay that utilized
lentiviral particles pseudotyped with SARS-CoV-2 spike and con-
taining a firefly luciferase (Luc) reporter gene for quantitative mea-
surements of infection by relative luminescence units (RLU). The
assay was performed in 293 T/ACE2.MF provided by Drs. Michael
Farzan and Huihui Mu. Pseudoviruses were prepared in
HEK293T/17 cells and titrated for infectivity in 293 T/ACE2.MF

https://www.cloverbiopharma.com/news/83.html
https://www.cloverbiopharma.com/news/83.html
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cells as described [28]. For measurements of neutralization, a pre-
titrated dose of pseudovirus (Wuhan-1 spike containing D614G) or
B.1.617.2 (AY.3)

were incubated with 8 serial 5-fold dilutions of serum samples
(1:20 starting dilution) in duplicate in a total volume of 150 ml for 1
hr at 37oC in 96-well flat-bottom poly-L-lysine-coated culture
plates. 293 T/ACE2-MF cells were detached from T75 culture flasks
using TrypLE Select Enzyme solution, suspended in growth med-
ium (100,000 cells/ml) and immediately added to all wells
(10,000 cells in 100 ml of growth medium per well). One set of 8
wells received cells + virus (virus control) and another set of 8
wells received cells only (background control). After 66–72 hrs of
incubation, medium was removed by gentle aspiration and 30 ml
of Promega 1X lysis buffer was added to all wells. After a 10-
minute incubation at room temperature, 100 ml of Bright-Glo luci-
ferase reagent was added to all wells. After 1–2 min, 110 ml of the
cell lysate was transferred to a black/white plate. Luminescence
was measured using a GloMax Navigator luminometer (Promega).
Neutralization titers are the inhibitory dilution (ID) of serum sam-
ples at which RLUs were reduced by 50% (ID50) compared to virus
control wells after subtraction of background RLUs. Serum samples
were heat-inactivated for 30 min at 56 �C prior to assay. For cali-
bration to the WHO International Standard 20/136, ID50 titers
are multiplied by 0.242 and expressed as International Units per
millilitre (IU/ml).

5.3. Statistical analysis

Geometric mean concentrations were calculated for all groups
of vaccinees and groups were compared by pairwise using non-
parametric rank-sum tests with correction of multiple compar-
isons using a family wise error adjustment. Empirical reverse
cumulative distribution functions (RCDs) were estimated from
the immune response datasets independently for each vaccine/reg-
imen. The point-wise 95% confidence intervals (indicated by
shaded regions in the figures) were constructed using the non-
parametric ‘‘exact‘‘ method of Hutson [29], based on fractional
order statistics. To estimate a protective threshold for each regi-
men we imposed a model that assumes that all participants with
an immune response above a specified level are protected [11].
Therefore, to estimate the protective threshold for a regimen we
estimated the VEth quantile of the RCD, where VE is either the asso-
ciated vaccine efficacy or effectiveness. To capture the uncertainty
in both the RCD and the estimate of VE we used a double bootstrap
approach; In each ith iteration of the bootstrap we sampled VEi
from a normal distribution with mean and variance that reflected
the published data (on a log-VE scale). Then the VEi

th quantile
was estimated from an RCD constructed from a resampling of the
immune response data (fixed n, sampled with replacement). After
10,000 iterations the 2.5th and 97.5th percentiles were estimated
from the distribution of computed thresholds providing a 95% con-
fidence interval (indicated by vertical dashed lines in the RCD fig-
ures). For the 1-dose mRNA dataset we combined data from the
Pfizer and Moderna vaccines. A weighted RCD was created such
that the distribution of immune responses reflected that of the
cohort of individuals studied in Pilishvili et al. [30] (23% 1-dose
of Moderna and 77% 1-dose of Pfizer), since that was the associated
vaccine effectiveness used in downstream analysis. To accommo-
date the weights, the RCD 95% CI was computed using a bias-
corrected and accelerated (BCA) bootstrap as opposed to the exact
method that was employed for the other regimens. The protective
threshold was estimated using the double bootstrap approach
described above. To derive an overall protective threshold, we used
a random-effects meta-analysis of the estimated thresholds for
each regimen. The model allows for each regimen to have its
own true protective threshold, but provides an unbiased estimate
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of the geometric mean threshold given the uncertainty in estimat-
ing each individual threshold.

We conducted a population-level analysis to evaluate the asso-
ciation between vaccine efficacy/effectiveness (VE) and the distri-
bution of immune responses. We call this a population-level
analysis because we have estimates of VE and immune response
and do not link immune responses to specific individuals in the
VE studies, which is typical of individual-level analyses. The asso-
ciation of immune response with VE was assessed using a
weighted least-squares linear regression. Both VE and immune
responses were analyzed and fit after a log transformation. For
the VE outcomes which were derived from relevant studies in
the published literature for either wild type or variants of concern
(Table S2) the weights were the inverse variances as published,
which upweights studies with more precise estimates of VE. For
immune response predictors we used a summary measure of the
distribution of immune responses for each regimen; these sum-
maries included estimates of: (i) geometric mean, or (ii) the pro-
portion of participants above a fixed threshold (threshold
estimated from the data using either all data or data excluding
two-dose mRNA vaccines). Each of these was evaluated based on
its ability to predict the observed VE, assessed using mean squared
error (MSE). For the 1-dose mRNA responses each summary mea-
sure was computed by weighting the Pfizer and Moderna
responses accordingly (see above). All analyses were conducted
using Python3 with the numpy and statsmodels packages.
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