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Basic question: What is the relationship 
between antibodies and protection?
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Outline:

• Vaccines - validating the relationship between neutralization 
and protection 

• A dose response curve for therapeutic mAbs
• A dose response curve for prophylactic mAbs
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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

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. 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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steps toward achieving consensus on a CoP include the follow-
ing: First, to establish comparability of antibody measurements
among laboratories by (i) using the WHO International Standard
(NIBSC 20/136) to express VNA titers in IU/ml and binding anti-
body titers in BAU/ml and (ii) establishing a relevant proficiency
panel. Second, to agree on an assay, most likely a neutralization
assay meeting performance-based criteria, to serve as the gold
standard assay for CoP and perhaps to allow validation of sec-
ondary assays by strong correlations with the gold standard.
Third, where possible, to calculate the protective threshold in
each Phase III study based either on the distribution of antibody
titers in random samples of vaccinees and controls [15] or on
case-cohort evaluations [16]. Fourth, since the CoP calculated
from different studies may differ, stakeholders should be con-
vened to arrive at a consensus on a minimum protective anti-
body level for the primary outcome of symptomatic COVID. If
possible, it would also be useful to estimate thresholds for pre-

venting severe disease or asymptomatic infection. Fifth, to verify
that the CoP will apply to new variants using appropriate
adapted assays as information accrues on the immune response
and efficacy of vaccines against them.

A CoP agreed to by regulators will support the demonstration of
efficacy of new vaccines using traditional criteria for establishing
non-inferiority based on the proportion of vaccinees achieving
the protective threshold and comparable GMTs, relative to an
approved comparator vaccine. Since the relationship between anti-
body responses and efficacy was consistent across all manufactur-
ing platforms evaluated to date, even though they may differ in
their induction of other antibody functions or T cell responses, an
argument can be made that any approved vaccine can serve as a
comparator for a future candidate vaccine. Even if authorized for
use based on an immunologic readout, full licensure should require
confirmatory effectiveness evaluations to closely follow any condi-
tional or accelerated approval process.

Fig. 1. Correlation between antibody responses and efficacy rate for 7 COVID-19 vaccines. Panels A and B display correlations of antibody responses for neutralization and
ELISA assay ratios, respectively, without HCS calibration. Panels C and D display the same vaccine-induced responses, but with HCS calibration. Data included in correlation
analyses are described in Tables S1 and S2. Dot size corresponds to the number of cases reported for Phase III efficacy analyses. The y-axis is estimated log risk ratio reported
on the vaccine efficacy scale. The x-axis is ratio of the peak geometric mean neutralization titer or ELISA titer at 7–28 days post vaccination, relative to HCS. Error bars indicate
95% confidence Intervals (except for Oxford/AZ antibody responses, which represent ratios of median titers with interquartile ranges) with dashed line showing non-
parametric LOESS fit. A rank correlation value was calculated with R2 in a linear model utilized for variance explanation.
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tested positive for Covid-19, most had few symp-
toms, yet 19% had long Covid-19 symptoms 
(>6 weeks).

Most of the infected health care workers had 
N gene Ct values that suggested they had been 
infectious at some point. These workers includ-
ed some who had been asymptomatic and thus 
who had infections that would not have been 
detected without the rigorous screening that fol-
lowed any minor known exposure. This factor 
suggests that at least in some cases, the vaccine 
protected against symptomatic disease but not 
against infection. However, no secondary infec-
tions were traced back to any of the break-
through cases, which supports the inference 
that these workers were less contagious than 

unvaccinated persons, as has been reported pre-
viously.4,5,17,18 Mandated isolation after positive 
results on RT-PCR assay regardless of vaccina-
tion status could have contributed to this obser-
vation. Most important, we found that low titers 
of neutralizing antibody and S-specific IgG anti-
body may serve as markers of breakthrough in-
fection.

Identifying immune correlates of protection 
(or lack thereof) from SARS-CoV-2 is critical to 
predicting how the expected antibody decay will 
affect clinical outcomes, if and when a booster 
dose will be needed, and whether vaccinated 
persons are protected. Such capacity for predic-
tion is particularly important for new vaccine 
development. The assumption that the presence 

Figure 2. Neutralizing Antibody and IgG Titers among Cases and Controls, According to Timing.

Among the 39 fully vaccinated health care workers who had breakthrough infection with SARS-CoV-2, shown are the 
neutralizing antibody titers during the peri-infection period (within a week before SARS-CoV-2 detection) (Panel A) 
and the peak titers within 1 month after the second dose (Panel B), as compared with matched controls. Also shown 
are IgG titers during the peri-infection period (Panel C) and peak titers (Panel D) in the two groups. Each case of 
breakthrough infection was matched with 4 to 5 controls according to sex, age, immunosuppression status, and 
timing of serologic testing after the second vaccine dose. In each panel, the horizontal bars indicate the mean geo-
metric titers and the I bars indicate 95% confidence intervals. Symptomatic cases, which were all mild and did not 
require hospitalization, are indicated in red.
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Figure 4. (A) Covariate-adjusted cumulative incidence of COVID-19 by 100 days post Day 57 by 

subgroups defined by Day 57 cID50 level above a threshold, with reverse cumulative distribution 

function of Day 57 cID50 level overlaid in green. The gray shaded area is pointwise 95% confidence 

intervals (CIs).  The upper boundary of the green shaded area is the estimate of the reverse cumulative 

distribution function (CDF) of the marker in baseline SARS-CoV-2 negative per-protocol vaccine 

recipients. (B) Covariate-adjusted cumulative incidence of COVID-19 by 100 days post Day 57 by Day 57 

cID50 level. The dotted lines indicate bootstrap point-wise 95% CIs. (C) Vaccine efficacy by Day 57 cID50 

level, estimated using the method of Gilbert, Fong, and Carone.39 The dashed lines indicate bootstrap 

point-wise 95% CIs. In (B) and (C), covariate adjustment was based on an inverse probability sampling-

weighted Cox model; the green histograms are an estimate of the density of Day 57 cID50 level in 

baseline negative per-protocol vaccine recipients. LOD, limit of detection. cID50: ID50 nAb titer 

calibrated to the WHO International Standard. 
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Figure 4. Analyses of D29 ID50 titer as a correlate of risk and as a correlate of protection. 
Analyses were performed in baseline SARS-CoV-2 seronegative per-protocol vaccine 
recipients. (A) Covariate-adjusted cumulative incidence of COVID-19 by 54 days post D29 by 
D29 ID50 titer above a threshold. The blue dots are point estimates at each COVID-19 primary 
endpoint linearly interpolated by solid black lines; the gray shaded area is pointwise 95% 
confidence intervals (CIs). The estimates and CIs were adjusted using the assumption that the 
true threshold-response is nonincreasing. The upper boundary of the green shaded area is the 
estimate of the reverse cumulative distribution function (CDF) of D29 ID50 titer. The vertical red 
dashed line is the D29 ID50 threshold above which no COVID-19 endpoints occurred (in the 
time frame of 1 to 54 days post D29). (B) Covariate-adjusted cumulative incidence of COVID-19 
by 54 days post D29 by D29 ID50 titer, estimated using (solid purple line) a Cox model or (solid 
blue line) a nonparametric method. The dotted black lines indicate bootstrap point-wise 95% 
CIs. The upper and lower horizontal gray lines are the overall cumulative incidence of COVID-
19 from 1 to 54 days post D29 in placebo and vaccine recipients, respectively. (C) Vaccine 
efficacy (solid purple line) by D29 ID50 titer, estimated using a Cox proportional hazards 
implementation of 39. The dashed black lines indicate bootstrap point-wise 95% CIs. Vaccine 
efficacy (solid blue line) by Day 29 ID50 titer, estimated using a nonparametric implementation 
of Gilbert et al.39 (described in the SAP). The blue shaded area represents the 95% CIs. In (B) 
and (C), the green histogram is an estimate of the density of Day 29 ID50 titer and the 
horizontal gray line is the overall vaccine efficacy from 1 to 54 days post D29, with the dotted 
gray lines indicating the 95% CIs. Baseline covariates adjusted for were baseline risk score and 
geographic region. LLOQ, limit of quantitation. In (B, C), curves are plotted over the range from 
LLOQ/2 to the 97.5th percentile = 96.3 IU50/ml.   
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Figure 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 or (B) 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 to 6934 BAU/ml for anti-spike IgG (where 6934 is 
the ULOQ) and 14.2 to 7230 IU50/ml for PsV-nAb ID50.  
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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

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. 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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steps toward achieving consensus on a CoP include the follow-
ing: First, to establish comparability of antibody measurements
among laboratories by (i) using the WHO International Standard
(NIBSC 20/136) to express VNA titers in IU/ml and binding anti-
body titers in BAU/ml and (ii) establishing a relevant proficiency
panel. Second, to agree on an assay, most likely a neutralization
assay meeting performance-based criteria, to serve as the gold
standard assay for CoP and perhaps to allow validation of sec-
ondary assays by strong correlations with the gold standard.
Third, where possible, to calculate the protective threshold in
each Phase III study based either on the distribution of antibody
titers in random samples of vaccinees and controls [15] or on
case-cohort evaluations [16]. Fourth, since the CoP calculated
from different studies may differ, stakeholders should be con-
vened to arrive at a consensus on a minimum protective anti-
body level for the primary outcome of symptomatic COVID. If
possible, it would also be useful to estimate thresholds for pre-

venting severe disease or asymptomatic infection. Fifth, to verify
that the CoP will apply to new variants using appropriate
adapted assays as information accrues on the immune response
and efficacy of vaccines against them.

A CoP agreed to by regulators will support the demonstration of
efficacy of new vaccines using traditional criteria for establishing
non-inferiority based on the proportion of vaccinees achieving
the protective threshold and comparable GMTs, relative to an
approved comparator vaccine. Since the relationship between anti-
body responses and efficacy was consistent across all manufactur-
ing platforms evaluated to date, even though they may differ in
their induction of other antibody functions or T cell responses, an
argument can be made that any approved vaccine can serve as a
comparator for a future candidate vaccine. Even if authorized for
use based on an immunologic readout, full licensure should require
confirmatory effectiveness evaluations to closely follow any condi-
tional or accelerated approval process.

Fig. 1. Correlation between antibody responses and efficacy rate for 7 COVID-19 vaccines. Panels A and B display correlations of antibody responses for neutralization and
ELISA assay ratios, respectively, without HCS calibration. Panels C and D display the same vaccine-induced responses, but with HCS calibration. Data included in correlation
analyses are described in Tables S1 and S2. Dot size corresponds to the number of cases reported for Phase III efficacy analyses. The y-axis is estimated log risk ratio reported
on the vaccine efficacy scale. The x-axis is ratio of the peak geometric mean neutralization titer or ELISA titer at 7–28 days post vaccination, relative to HCS. Error bars indicate
95% confidence Intervals (except for Oxford/AZ antibody responses, which represent ratios of median titers with interquartile ranges) with dashed line showing non-
parametric LOESS fit. A rank correlation value was calculated with R2 in a linear model utilized for variance explanation.
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tested positive for Covid-19, most had few symp-
toms, yet 19% had long Covid-19 symptoms 
(>6 weeks).

Most of the infected health care workers had 
N gene Ct values that suggested they had been 
infectious at some point. These workers includ-
ed some who had been asymptomatic and thus 
who had infections that would not have been 
detected without the rigorous screening that fol-
lowed any minor known exposure. This factor 
suggests that at least in some cases, the vaccine 
protected against symptomatic disease but not 
against infection. However, no secondary infec-
tions were traced back to any of the break-
through cases, which supports the inference 
that these workers were less contagious than 

unvaccinated persons, as has been reported pre-
viously.4,5,17,18 Mandated isolation after positive 
results on RT-PCR assay regardless of vaccina-
tion status could have contributed to this obser-
vation. Most important, we found that low titers 
of neutralizing antibody and S-specific IgG anti-
body may serve as markers of breakthrough in-
fection.

Identifying immune correlates of protection 
(or lack thereof) from SARS-CoV-2 is critical to 
predicting how the expected antibody decay will 
affect clinical outcomes, if and when a booster 
dose will be needed, and whether vaccinated 
persons are protected. Such capacity for predic-
tion is particularly important for new vaccine 
development. The assumption that the presence 

Figure 2. Neutralizing Antibody and IgG Titers among Cases and Controls, According to Timing.

Among the 39 fully vaccinated health care workers who had breakthrough infection with SARS-CoV-2, shown are the 
neutralizing antibody titers during the peri-infection period (within a week before SARS-CoV-2 detection) (Panel A) 
and the peak titers within 1 month after the second dose (Panel B), as compared with matched controls. Also shown 
are IgG titers during the peri-infection period (Panel C) and peak titers (Panel D) in the two groups. Each case of 
breakthrough infection was matched with 4 to 5 controls according to sex, age, immunosuppression status, and 
timing of serologic testing after the second vaccine dose. In each panel, the horizontal bars indicate the mean geo-
metric titers and the I bars indicate 95% confidence intervals. Symptomatic cases, which were all mild and did not 
require hospitalization, are indicated in red.
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Figure 4. (A) Covariate-adjusted cumulative incidence of COVID-19 by 100 days post Day 57 by 

subgroups defined by Day 57 cID50 level above a threshold, with reverse cumulative distribution 

function of Day 57 cID50 level overlaid in green. The gray shaded area is pointwise 95% confidence 

intervals (CIs).  The upper boundary of the green shaded area is the estimate of the reverse cumulative 

distribution function (CDF) of the marker in baseline SARS-CoV-2 negative per-protocol vaccine 

recipients. (B) Covariate-adjusted cumulative incidence of COVID-19 by 100 days post Day 57 by Day 57 

cID50 level. The dotted lines indicate bootstrap point-wise 95% CIs. (C) Vaccine efficacy by Day 57 cID50 

level, estimated using the method of Gilbert, Fong, and Carone.39 The dashed lines indicate bootstrap 

point-wise 95% CIs. In (B) and (C), covariate adjustment was based on an inverse probability sampling-

weighted Cox model; the green histograms are an estimate of the density of Day 57 cID50 level in 

baseline negative per-protocol vaccine recipients. LOD, limit of detection. cID50: ID50 nAb titer 

calibrated to the WHO International Standard. 
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Figure 4. Analyses of D29 ID50 titer as a correlate of risk and as a correlate of protection. 
Analyses were performed in baseline SARS-CoV-2 seronegative per-protocol vaccine 
recipients. (A) Covariate-adjusted cumulative incidence of COVID-19 by 54 days post D29 by 
D29 ID50 titer above a threshold. The blue dots are point estimates at each COVID-19 primary 
endpoint linearly interpolated by solid black lines; the gray shaded area is pointwise 95% 
confidence intervals (CIs). The estimates and CIs were adjusted using the assumption that the 
true threshold-response is nonincreasing. The upper boundary of the green shaded area is the 
estimate of the reverse cumulative distribution function (CDF) of D29 ID50 titer. The vertical red 
dashed line is the D29 ID50 threshold above which no COVID-19 endpoints occurred (in the 
time frame of 1 to 54 days post D29). (B) Covariate-adjusted cumulative incidence of COVID-19 
by 54 days post D29 by D29 ID50 titer, estimated using (solid purple line) a Cox model or (solid 
blue line) a nonparametric method. The dotted black lines indicate bootstrap point-wise 95% 
CIs. The upper and lower horizontal gray lines are the overall cumulative incidence of COVID-
19 from 1 to 54 days post D29 in placebo and vaccine recipients, respectively. (C) Vaccine 
efficacy (solid purple line) by D29 ID50 titer, estimated using a Cox proportional hazards 
implementation of 39. The dashed black lines indicate bootstrap point-wise 95% CIs. Vaccine 
efficacy (solid blue line) by Day 29 ID50 titer, estimated using a nonparametric implementation 
of Gilbert et al.39 (described in the SAP). The blue shaded area represents the 95% CIs. In (B) 
and (C), the green histogram is an estimate of the density of Day 29 ID50 titer and the 
horizontal gray line is the overall vaccine efficacy from 1 to 54 days post D29, with the dotted 
gray lines indicating the 95% CIs. Baseline covariates adjusted for were baseline risk score and 
geographic region. LLOQ, limit of quantitation. In (B, C), curves are plotted over the range from 
LLOQ/2 to the 97.5th percentile = 96.3 IU50/ml.   
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Figure 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 or (B) 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 to 6934 BAU/ml for anti-spike IgG (where 6934 is 
the ULOQ) and 14.2 to 7230 IU50/ml for PsV-nAb ID50.  
  

for use under a CC0 license. 
This article is a US Government work. It is not subject to copyright under 17 USC 105 and is also made available 

(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 
The copyright holder for this preprintthis version posted June 23, 2022. ; https://doi.org/10.1101/2022.06.22.22276362doi: medRxiv preprint 

NVX-CoV2372
Fong, MedRxiv
2022

Ad26.COV2.S 
Fong, Nat 
Comms 2022

Yesterday’s question:
• Vaccine efficacy against symptomatic infection 

with ancestral virus soon after vaccination?



Khoury, et al, Nature Medicine 2021

7

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

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. 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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steps toward achieving consensus on a CoP include the follow-
ing: First, to establish comparability of antibody measurements
among laboratories by (i) using the WHO International Standard
(NIBSC 20/136) to express VNA titers in IU/ml and binding anti-
body titers in BAU/ml and (ii) establishing a relevant proficiency
panel. Second, to agree on an assay, most likely a neutralization
assay meeting performance-based criteria, to serve as the gold
standard assay for CoP and perhaps to allow validation of sec-
ondary assays by strong correlations with the gold standard.
Third, where possible, to calculate the protective threshold in
each Phase III study based either on the distribution of antibody
titers in random samples of vaccinees and controls [15] or on
case-cohort evaluations [16]. Fourth, since the CoP calculated
from different studies may differ, stakeholders should be con-
vened to arrive at a consensus on a minimum protective anti-
body level for the primary outcome of symptomatic COVID. If
possible, it would also be useful to estimate thresholds for pre-

venting severe disease or asymptomatic infection. Fifth, to verify
that the CoP will apply to new variants using appropriate
adapted assays as information accrues on the immune response
and efficacy of vaccines against them.

A CoP agreed to by regulators will support the demonstration of
efficacy of new vaccines using traditional criteria for establishing
non-inferiority based on the proportion of vaccinees achieving
the protective threshold and comparable GMTs, relative to an
approved comparator vaccine. Since the relationship between anti-
body responses and efficacy was consistent across all manufactur-
ing platforms evaluated to date, even though they may differ in
their induction of other antibody functions or T cell responses, an
argument can be made that any approved vaccine can serve as a
comparator for a future candidate vaccine. Even if authorized for
use based on an immunologic readout, full licensure should require
confirmatory effectiveness evaluations to closely follow any condi-
tional or accelerated approval process.

Fig. 1. Correlation between antibody responses and efficacy rate for 7 COVID-19 vaccines. Panels A and B display correlations of antibody responses for neutralization and
ELISA assay ratios, respectively, without HCS calibration. Panels C and D display the same vaccine-induced responses, but with HCS calibration. Data included in correlation
analyses are described in Tables S1 and S2. Dot size corresponds to the number of cases reported for Phase III efficacy analyses. The y-axis is estimated log risk ratio reported
on the vaccine efficacy scale. The x-axis is ratio of the peak geometric mean neutralization titer or ELISA titer at 7–28 days post vaccination, relative to HCS. Error bars indicate
95% confidence Intervals (except for Oxford/AZ antibody responses, which represent ratios of median titers with interquartile ranges) with dashed line showing non-
parametric LOESS fit. A rank correlation value was calculated with R2 in a linear model utilized for variance explanation.

K.A. Earle, D.M. Ambrosino, A. Fiore-Gartland et al. Vaccine 39 (2021) 4423–4428
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tested positive for Covid-19, most had few symp-
toms, yet 19% had long Covid-19 symptoms 
(>6 weeks).

Most of the infected health care workers had 
N gene Ct values that suggested they had been 
infectious at some point. These workers includ-
ed some who had been asymptomatic and thus 
who had infections that would not have been 
detected without the rigorous screening that fol-
lowed any minor known exposure. This factor 
suggests that at least in some cases, the vaccine 
protected against symptomatic disease but not 
against infection. However, no secondary infec-
tions were traced back to any of the break-
through cases, which supports the inference 
that these workers were less contagious than 

unvaccinated persons, as has been reported pre-
viously.4,5,17,18 Mandated isolation after positive 
results on RT-PCR assay regardless of vaccina-
tion status could have contributed to this obser-
vation. Most important, we found that low titers 
of neutralizing antibody and S-specific IgG anti-
body may serve as markers of breakthrough in-
fection.

Identifying immune correlates of protection 
(or lack thereof) from SARS-CoV-2 is critical to 
predicting how the expected antibody decay will 
affect clinical outcomes, if and when a booster 
dose will be needed, and whether vaccinated 
persons are protected. Such capacity for predic-
tion is particularly important for new vaccine 
development. The assumption that the presence 

Figure 2. Neutralizing Antibody and IgG Titers among Cases and Controls, According to Timing.

Among the 39 fully vaccinated health care workers who had breakthrough infection with SARS-CoV-2, shown are the 
neutralizing antibody titers during the peri-infection period (within a week before SARS-CoV-2 detection) (Panel A) 
and the peak titers within 1 month after the second dose (Panel B), as compared with matched controls. Also shown 
are IgG titers during the peri-infection period (Panel C) and peak titers (Panel D) in the two groups. Each case of 
breakthrough infection was matched with 4 to 5 controls according to sex, age, immunosuppression status, and 
timing of serologic testing after the second vaccine dose. In each panel, the horizontal bars indicate the mean geo-
metric titers and the I bars indicate 95% confidence intervals. Symptomatic cases, which were all mild and did not 
require hospitalization, are indicated in red.

Ti
te

r

105

103

104

102

101

100

Breakthrough Case Control

A Peri-infection Neutralizing Antibody Level 

Ti
te

r

105

103

104

102

101

100

Breakthrough Case Control

B Peak Neutralizing Antibody Level 

Ti
te

r

100

10

1

Breakthrough Case Control

C Peri-infection IgG Level 

Ti
te

r

100

10

1

Breakthrough Case Control

D Peak IgG Level 

The New England Journal of Medicine 
Downloaded from nejm.org by Miles DAVENPORT on August 3, 2021. For personal use only. No other uses without permission. 

 Copyright © 2021 Massachusetts Medical Society. All rights reserved. 

Figure 4. (A) Covariate-adjusted cumulative incidence of COVID-19 by 100 days post Day 57 by 

subgroups defined by Day 57 cID50 level above a threshold, with reverse cumulative distribution 

function of Day 57 cID50 level overlaid in green. The gray shaded area is pointwise 95% confidence 

intervals (CIs).  The upper boundary of the green shaded area is the estimate of the reverse cumulative 

distribution function (CDF) of the marker in baseline SARS-CoV-2 negative per-protocol vaccine 

recipients. (B) Covariate-adjusted cumulative incidence of COVID-19 by 100 days post Day 57 by Day 57 

cID50 level. The dotted lines indicate bootstrap point-wise 95% CIs. (C) Vaccine efficacy by Day 57 cID50 

level, estimated using the method of Gilbert, Fong, and Carone.39 The dashed lines indicate bootstrap 

point-wise 95% CIs. In (B) and (C), covariate adjustment was based on an inverse probability sampling-

weighted Cox model; the green histograms are an estimate of the density of Day 57 cID50 level in 

baseline negative per-protocol vaccine recipients. LOD, limit of detection. cID50: ID50 nAb titer 

calibrated to the WHO International Standard. 
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Figure 4. Analyses of D29 ID50 titer as a correlate of risk and as a correlate of protection. 
Analyses were performed in baseline SARS-CoV-2 seronegative per-protocol vaccine 
recipients. (A) Covariate-adjusted cumulative incidence of COVID-19 by 54 days post D29 by 
D29 ID50 titer above a threshold. The blue dots are point estimates at each COVID-19 primary 
endpoint linearly interpolated by solid black lines; the gray shaded area is pointwise 95% 
confidence intervals (CIs). The estimates and CIs were adjusted using the assumption that the 
true threshold-response is nonincreasing. The upper boundary of the green shaded area is the 
estimate of the reverse cumulative distribution function (CDF) of D29 ID50 titer. The vertical red 
dashed line is the D29 ID50 threshold above which no COVID-19 endpoints occurred (in the 
time frame of 1 to 54 days post D29). (B) Covariate-adjusted cumulative incidence of COVID-19 
by 54 days post D29 by D29 ID50 titer, estimated using (solid purple line) a Cox model or (solid 
blue line) a nonparametric method. The dotted black lines indicate bootstrap point-wise 95% 
CIs. The upper and lower horizontal gray lines are the overall cumulative incidence of COVID-
19 from 1 to 54 days post D29 in placebo and vaccine recipients, respectively. (C) Vaccine 
efficacy (solid purple line) by D29 ID50 titer, estimated using a Cox proportional hazards 
implementation of 39. The dashed black lines indicate bootstrap point-wise 95% CIs. Vaccine 
efficacy (solid blue line) by Day 29 ID50 titer, estimated using a nonparametric implementation 
of Gilbert et al.39 (described in the SAP). The blue shaded area represents the 95% CIs. In (B) 
and (C), the green histogram is an estimate of the density of Day 29 ID50 titer and the 
horizontal gray line is the overall vaccine efficacy from 1 to 54 days post D29, with the dotted 
gray lines indicating the 95% CIs. Baseline covariates adjusted for were baseline risk score and 
geographic region. LLOQ, limit of quantitation. In (B, C), curves are plotted over the range from 
LLOQ/2 to the 97.5th percentile = 96.3 IU50/ml.   
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Figure 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 or (B) 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 to 6934 BAU/ml for anti-spike IgG (where 6934 is 
the ULOQ) and 14.2 to 7230 IU50/ml for PsV-nAb ID50.  
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Today’s question:
Vaccine efficacy: 
• With waning antibody levels
• Against new variants
• Against severe infection
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Outline:

• Vaccines - validating the relationship between neutralization 
and protection 

• A dose response curve for therapeutic mAbs
• A dose response curve for prophylactic mAbs
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37 passive antibody RCT: 
• 21 Convalescent plasma
• 4   HIVIG

• 12 mAb

Stadler MedRxiv 2022: https://www.medrxiv.org/content/10.1101/2022.03.21.22272672v1
stage
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Prevention of hospitalisations after treatment of symptomatic infections

Maximal efficacy: 
70.2%

EC-50 dose: 
0.19

Stadler MedRxiv 2022: https://www.medrxiv.org/content/10.1101/2022.03.21.22272672v1

https://www.medrxiv.org/content/10.1101/2022.03.21.22272672v1
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Prevention of hospitalisations after treatment of symptomatic infections

EC-90 dose: 
0.90

EC-90 doses for mAbs:
• bamlanivimab: 

6.2mg 
• casirivimab: 6.5mg
• etesevimab: 5.96mg
• imdevimab: 21.4mg
• regdanvimab: 3.4mg
• sotrovimab: 63.3mg

7- to 
>1000-fold 
of the EC-
90 dose

Stadler MedRxiv 2022: https://www.medrxiv.org/content/10.1101/2022.03.21.22272672v1
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Prophylactic mAbs:

• Range of mAb concentrations
• Waning antibodies levels (over time)
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• Range of mAb concentrations
• Waning antibodies levels (over time)
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• Normalize concentrations 
relative to in vitro IC-50

Stadler MedRxiv (version 2.0)
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Prophylactic mAbs:

• Range of mAb concentrations 
from waning antibodies levels 
(over time)
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• Normalize concentrations 
relative to in vitro IC-50

• Normalize to convalescent titer

Stadler MedRxiv (version 2.0)
https://www.medrxiv.org/content/10.1101/2022.11.22.22282199v2
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Prophylactic + therapeutic mAbs + vaccine:
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Therapeutic mAbs max 70%

Stadler MedRxiv (version 2.0)
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Khoury et al, Nature Med 2021
https://www.nature.com/articles/s41591-021-01377-8
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Prophylactic + therapeutic mAbs + vaccine:
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Therapeutic scaled to 100%

Measuring 
SAME THING

*



Need:
• Dose response curve (therapeutic / prophylactic)

• Dose / route / PK (in vivo concentration)

• In vitro IC-50 of mAb against variant

Using dose-response curve
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Susceptibility of SARS-CoV-2 Omicron Variants to Therapeutic
Monoclonal Antibodies: Systematic Review and Meta-analysis

Kaiming Tao,a Philip L. Tzou,a Sergei L. Kosakovsky Pond,b John P. A. Ioannidis,c Robert W. Shafera

aDivision of Infectious Diseases, Department of Medicine, Stanford University, Stanford, California, USA
bInstitute for Genomics and Evolutionary Medicine, Temple University, Philadelphia, Pennsylvania, USA
cDepartments of Medicine and of Epidemiology and Population Health and Meta-Research Innovation Center at Stanford (METRICS), Stanford University, Stanford,
California, USA

ABSTRACT SARS-CoV-2 Omicron variants contain many mutations in its spike receptor-
binding domain, the target of all authorized monoclonal antibodies (MAbs). Determining
the extent to which Omicron variants reduced MAb susceptibility is critical to preventing
and treating COVID-19. We systematically reviewed PubMed and three preprint servers, last
updated 11 April 2022, for the in vitro activity of authorized MAbs against the Omicron
variants. Fifty-one studies were eligible, including 50 containing Omicron BA.1 suscepti-
bility data and 17 containing Omicron BA.2 susceptibility data. The first two authorized
MAb combinations, bamlanivimab/etesevimab and casirivimab/imdevimab, were largely
inactive against the Omicron BA.1 and BA.2 variants. In 34 studies, sotrovimab displayed
a median 4.0-fold (interquartile range [IQR]: 2.6 to 6.9) reduction in activity against Omicron
BA.1, and in 12 studies, it displayed a median 17-fold (IQR: 13 to 30) reduction in activity
against Omicron BA.2. In 15 studies, the combination cilgavimab/tixagevimab displayed a
median 86-fold (IQR: 27 to 151) reduction in activity against Omicron BA.1, and in six studies,
it displayed a median 5.4-fold (IQR: 3.7 to 6.9) reduction in activity against Omicron BA.2. In
eight studies against Omicron BA.1 and six studies against Omicron BA.2, bebtelovimab dis-
played no reduction in activity. Disparate results between assays were common. For author-
ized MAbs, 51/268 (19.0%) results for wild-type control variants and 78/348 (22.4%) results
for Omicron BA.1 and BA.2 variants were more than 4-fold below or 4-fold above the
median result for that MAb. Highly disparate results between published assays indicate
a need for improved MAb susceptibility test standardization or interassay calibration.

IMPORTANCE Monoclonal antibodies (MAbs) targeting the SARS-CoV-2 spike protein are
among the most effective measures for preventing and treating COVID-19. However, SARS-
CoV-2 Omicron variants contain many mutations in their spike receptor-binding domains,
the target of all authorized MAbs. Therefore, determining the extent to which Omicron
variants reduced MAb susceptibility is critical to preventing and treating COVID-19. We
identified 51 studies that reported the in vitro susceptibility of the two main Omicron
variants BA.1 and BA.2 to therapeutic MAbs in advanced clinical development, including
eight authorized individual MAbs and three authorized MAb combinations. We estimated
the degree to which different MAbs displayed reduced activity against Omicron variants.
The marked loss of activity of many MAbs against Omicron variants underscores the impor-
tance of developing MAbs that target conserved regions of spike. Highly disparate results
between assays indicate the need for improved MAb susceptibility test standardization.

KEYWORDS SARS-CoV-2, Omicron variant, monoclonal antibody, neutralization, spike
protein, COVID-19, antiviral therapy, multidrug resistance

Neutralizing antibodies (Abs) block the entry of virus into host cells and may also
recruit host effector pathways to destroy virus-infected cells. Most SARS-CoV-2-neutraliz-

ing Abs identified in persons recovering from COVID-19 bind the surface-exposed spike
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Using dose response curve:
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Stadler MedRxiv 2022
https://www.medrxiv.org/content/10.1101/2022.03.21.22272672v1

Therapeutic

Stadler MedRxiv
https://www.medrxiv.org/content/10.1101/2022.11.22.22282199v2

Prophylactic

https://www.medrxiv.org/content/10.1101/2022.03.21.22272672v1
https://www.medrxiv.org/content/10.1101/2022.11.22.22282199v2


• Meaningful reporting: Do regulators want
• Best estimate of protection?
• Level of confidence protection is above 50%?

Challenges
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Stadler MedRxiv 2022
https://www.medrxiv.org/content/10.1101/2022.03.21.22272672v1

• Semi-immune populations
Challenges
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Stadler MedRxiv (version 2.0)
https://www.medrxiv.org/content/10.1101/2022.11.22.22282199v2

https://www.medrxiv.org/content/10.1101/2022.03.21.22272672v1
https://www.medrxiv.org/content/10.1101/2022.11.22.22282199v2
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