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Abstract 30 

Several studies show neutralizing antibody levels are an important correlate of immune 

protection from COVID-19 and have estimated the relationship between neutralizing 

antibodies and protection. However, a number of these studies appear to yield quite 

different estimates of the level of neutralizing antibodies required for protection. Here we 

show that after normalization of antibody titers current studies converge on a consistent 35 

relationship between antibody levels and protection from COVID-19.  

 

 
Introduction 

Determining the relationship between immune response and protection from symptomatic 40 

SARS-CoV-2 infection (i.e. COVID-19) is important to predicting the future effectiveness of 

vaccines. It should allow ‘immunobridging’ (i.e. predicting the efficacy of candidate vaccines) 

to facilitate the approval of new or updated vaccines based on immunogenicity data, 

without the need for large phase 3 trials (1). Immunobridging is currently used for approval 

of seasonal influenza vaccines in the European Union and US and both reduces the costs 45 

and the time required for vaccine development. In addition, defining levels of immunity 

required for protection from novel SARS-CoV-2 variants will be an important consideration 

in predicting population level immunity to infection and guiding public health policy on 

vaccination and boosting. 

 50 

Several studies have shown that higher neutralizing antibody levels are associated with 

immune protection from symptomatic SARS-CoV-2 infection during short-term follow-up 

post vaccination (2-6). In addition, three of these studies also tried to estimate the level of 

protection associated with particular antibody levels (2-4). These studies used two different 

approaches to estimate the relationship between neutralizing antibody levels and vaccine 55 

efficacy (Figure 1)(for simplicity we refer to this relationship as the ‘protection curve’, see 

Glossary). Although these studies have reported ‘threshold’ antibody levels required for 

50% or 70% protection, all studies found that protection changes gradually with 

neutralization titer, and thus there was not a strict threshold below which individuals are 

not protected or above which protection is achieved.  60 
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The first study of immune correlates by Khoury et al. used a ‘vaccine-comparison’ approach 

by fitting the relationship between mean neutralizing antibody levels (in phase 1 / 2 trials) 

and observed vaccine efficacy (in phase 3 trials) across seven vaccines and convalescent 

individuals (normalizing neutralization titers to convalescent subjects in each study)(2) 65 

(Figure 1A-C). This study estimated that the neutralizing antibody level associated with 50% 

protection from COVID-19 was around 20% of the mean convalescent titer (or 54 

international units (IU)/ml)(2). More recently, two studies compared neutralizing antibody 

titers from mRNA 1273 or ChAdOx1 nCoV19-vaccinated subjects with or without 

symptomatic ‘breakthrough infection’ (Figure 1D-F). These studies reported 70% protective 70 

thresholds ranging from 4 IU/ml to 33 IU/ml depending on the assay used, suggesting a 

potential role of assay differences in these discrepancies (see full discussion in 

supplementary material) (3, 4).  

 

Reconciling the studies on thresholds of protection 75 

A major limitation for the field is the lack of a standardized assay to measure in vitro 

neutralization titers. Although an International Standard has been established (7), the 

reported titers seem very affected by the assay used. For example, even against the same 

stocks of pooled convalescent plasma (for example the WHO 20/130 standard), different 

assays produced geometric mean neutralization titers (GMT) that varied from 120 to 80 

>12000 (table 7 in reference (7)). Even after standardization of different laboratories’ assays 

into international units, there was still up to a 50-fold difference in the reported 

neutralization titer of another standardized sample across the different assays (Table 8 from 

reference (7)).  This difference in neutralization titers across different assays is also evident 

in comparing the three studies quantifying the threshold of protection (2-4). For example, in 85 

Gilbert et al. the GMT for mRNA-1273 is reported as ~247 IU/ml (4), compared to a GMT for 

mRNA-1273 of 1057 IU/ml in Khoury et al (See supplementary material for details of assays 

and conversion to IU). A quick survey of the literature reveals six estimates of the GMT for 

the mRNA-1273 vaccine reported in IU/mL. These ranged between 247 IU/mL (95% CI: 231-

264) and 1404 (95% CI: 795-2484) IU/mL depending on the study (Table S1). Similarly, 90 

estimates of the GMT of ChAdOx1 nCoV19 vaccinees range from 23 IU/ml (3) to 144 IU/ml 

(estimated in (2) from (8)). It is clear from these discrepancies that expression of titers in 

international units is insufficient to normalize between assays and to compare the 
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thresholds of protection reported in these studies, and that this is likely due to differences 

in the assays themselves (9). 95 

 

An alternative approach to normalizing neutralization titers between studies is to assume 

that similar groups (of vaccinees) should have similar titers. For example, rather than relying 

on conversion to the WHO international units, we can assume that the mean neutralization 

for the mRNA-1273 vaccinees is similar in the phase 1 /2 trial (as analysed in Khoury et al (2, 100 

10)) and in the phase 3 trial (as analysed in Gilbert et al (4, 11)). This normalization is limited 

because it does not account for differences in baseline characteristics of the cohort 

vaccinated in each study, such as age, which may influence neutralization titers. However, 

since immunobridging studies also rely on comparison of vaccine titers in different groups, 

this is a pragmatic approach to overcoming the limitations of comparing between different 105 

assays.  

 

Applying this normalization approach allows us to compare the ‘protection curves’ across 

different studies. In Figure 2 we align the data by assuming the mean titer for mRNA-1273-

vaccinated or ChAdOx1 nCoV19-vaccinated subjects is the same between the phase 1 / 2 110 

studies and the phase 3 studies for each vaccine (detailed methods in supplementary 

material). Although this normalization is independent of the x-axis scale used, we plot both 

the curves onto a ‘fold-of-convalescent’ level scale as developed in Khoury et al (2) for 

illustration. This transformation now allows a more direct comparison of the protection 

curve across the three studies. Considering the mRNA-1273 breakthrough infection model 115 

(4)(Figure 2A) for example, we see that it has good agreement with the Khoury et al. model 

at the higher neutralization levels achieved with mRNA-1273 vaccination (albeit a seemingly 

slightly lower maximum protection level predicted in the breakthrough infection model), 

but very poor agreement at low neutralization levels. This is easily understandable when 

one considers the distribution of individual neutralization titers in the mRNA-1273 120 

breakthrough infection study, with only approximately 10% of participants having a 

neutralization titer less than the average of early convalescent subjects (Figure 2A). Thus, 

there are sparse neutralization data with which to estimate protection at lower 

neutralization levels (hence the wide confidence bands in this region of the curve). Similarly, 

the ChAdOx1 nCoV19 protection curve (Figure 2B) shows good agreement with the Khoury 125 
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et al. analysis in the region where neutralization data is available in the breakthrough-

infection study (Figure 2B). 

 

The broad confidence intervals and divergence of the models where neutralization data are 

sparse suggests caution in extrapolating the relationship between neutralization and 130 

protection beyond the ranges of data available in each study. The vaccine comparison 

approach has the advantage of fitting to a large span of neutralization titers (a 20-fold range 

in GMT between the seven vaccines (2)), allowing prediction of the vaccine efficacy over a 

wide range of neutralization titers. Importantly, since none of the reported phase 3 studies 

of ancestral SARS-CoV-2 infection has reported an efficacy below 50% or above 95%, the 135 

vaccine-comparison analysis also extrapolates efficacy above and below these levels. 

However, studies of vaccine efficacy and effectiveness against the SARS-CoV-2 variants 

suggests the curve remains predictive against the Alpha, Beta, Delta, and Omicron variants 

where lower neutralization titers are observed (12, 13).  

 140 

The analysis above does not allow a direct visualization or comparison of the fit of the data 

from breakthrough infection to the data from the vaccine comparison study. We developed 

a method for estimating unadjusted protection at different neutralization levels from the 

breakthrough infection data (see supplementary material), which also allows for inclusion of 

data from a third breakthrough infection study of BNT162b2 vaccinees (5). Figure 3 shows 145 

the data from the three breakthrough studies against the vaccine-comparison approach 

(normalized for the mean vaccinee titer in each study). The data from the breakthrough 

infection studies shows remarkable agreement with the vaccine comparison model (within 

the neutralization ranges where sufficient data were available for each breakthrough 

infection study), despite the fundamentally different data, assays, and approaches used to 150 

estimate protection curves in each study. Further, after aligning to the GMT of each vaccine 

group, using each of these models to predict vaccine efficacy for existing vaccines reveals 

good agreement between all models and the observed data, at least in the ranges where 

data was available to parameterize the models (Figure S1, supplement material). Together, 

this provides cross-validation of the protection curves, but also provides a lesson that all 155 

models should be used cautiously outside the ranges of the data over which they were 

developed. 
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Using the protection curve 

Immunobridging to predict vaccine efficacy 160 

In vaccine development, an immune correlate to predict the efficacy of a novel vaccine 

without the need for large and expensive phase 3 efficacy trials would greatly accelerate the 

approval of novel vaccines (14). Similarly, for the incorporation of novel SARS-CoV-2 variant 

immunogens, being able to use surrogate measures to predict vaccine efficacy would be 

helpful. On a public health level, understanding neutralization of new variants as they arise 165 

and predicting likely population immunity to them would assist in predicting future infection 

risk. Finally, predicting changes in vaccine efficacy with immune waning and in cohorts with 

lower neutralization titers after vaccination (for example in the elderly or 

immunocompromised individuals) could inform the need for boosting and other immune 

protective strategies (13).  170 

 

If a standardized neutralization assay were widely used, it would in principle be possible to 

offer a globally applicable GMT neutralization titer (‘threshold’) associated with a given level 

of protection, which regulators and vaccine developers could use as a target when assessing 

and approving vaccines, as the hemagglutination inhibition titer currently provides in 175 

influenza infection. However, the current lack of assay standardization means that no such 

threshold in IU can be determined that is broadly applicable across different neutralizing 

antibody assays. Alternatively, regulators have signaled that immunobridging studies should 

be carried out by comparison with existing vaccines (where efficacy has previously been 

determined) (15, 16). That is, vaccine developers need to identify a suitable existing vaccine 180 

for comparison and determine the superiority or non-inferiority margins relative to these 

vaccines in a randomized controlled trial (ie: how much higher neutralization titers are 

required to be, or how much lower the titers are permitted to be, compared to existing 

vaccines). Importantly, the protection curves reported so far (2-4), can be used to define the 

parameters of these non-inferiority or superiority trials. For example, using the vaccine-185 

comparison model derived by Khoury et al (Figure 1C) we can estimate the non-inferiority or 

superiority margins to existing vaccines that would provide at least an 80% efficacy against 

ancestral virus (Table S2, Figure S2). If using mRNA-1273 or BNT162b2 as comparator 

vaccines, we find that a non-inferiority margin of 0.44-fold of the GMT observed in mRNA-
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1273 vaccinees or 0.54-fold of the GMT observed in BNT162b2 vaccinees, would provide 190 

high confidence the candidate vaccine has at least 80% efficacy (against ancestral virus). In 

the case of ChAdOx1 nCoV19 (with 4-week spacing of doses) as a comparator, we find that a 

superiority margin of 2.6-fold of GMT compared to ChAdOx1 nCoV19 vaccinees would 

provide similarly high confidence of >80% vaccine efficacy. Of note these margins are in 

strong agreement with the lower 95% CIs predicted in the breakthrough infection studies 195 

(fig. 2), which would predict that a candidate vaccine that induced 0.44-fold of the GMT for 

mRNA-1273 vaccinees would be expected to have an efficacy of at least 85% (for both the 

cID50 and cID80 assays, using the lower 95% CI), and that a margin of 2.6-fold of the mean 

ChAdOx1 titer would predict at least an efficacy 76% (the lower 95% CI of Feng et al. models 

do not reach 80% in all cases, see Lower confidence bound of the curves in Figure 2) (3, 4). 200 

Details of the analysis are provided in supplementary methods. The consensus of these 

three studies provides strong support for the use of non-inferiority and/or superiority 

margins in future immunobridging studies. 

 

Identifying protective thresholds for individuals 205 

A second goal for the study of ‘protective thresholds’ is to identify a ‘protective titer’ for 

clinical use. That is, determining a clinically relevant antibody level that can be used in a 

simple blood test to indicate if an individual is likely to have good protection from COVID-

19. The current studies that have defined the relationship between neutralization titer and 

vaccine efficacy have not been designed or primarily concerned with defining such a 210 

threshold, as they only deal with estimates of vaccine efficacy at a population level. 

Furthermore, individual predictions from population statistics can be fraught. 

Unfortunately, the terminology of ‘threshold’ gives the impression that there might be an 

antibody level above which one is fully protected (and below which one is susceptible). 

However, the shape of the protection curves (figure 2) make it clear that there is a gradient 215 

of risk at different neutralization titers. Moreover, since estimates of neutralizing antibody 

titer have a significant standard deviation, this can lead to wide confidence intervals in 

estimating ‘protection’ level from a single serum sample (supplementary material). For 

example, using a typical duplicate-well and two-fold serum dilution neutralizing assay design 

(17, 18), an individual with a neutralizing antibody titer at exactly the level associated with 220 

50% protection would have 95% confidence intervals on the estimated protection ranging 
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from 15% to 85% protection (Supplementary materials), although this range will depend on 

the precision of a particular assay. It is worth noting that these are estimates of protection 

from symptomatic SARS-CoV-2 infection (which was the primary outcome of the studies 

analyzed), and protection against severe outcomes is achieved at lower neutralization titers 225 

(2). Together, this suggests that the lack of standardization between different serological 

assays is currently a major limitation for our ability to accurately assess individual 

neutralizing antibody titers and predict individual protection.  

 

Discussion  230 

Predicting vaccine efficacy or a clinically useful ‘threshold’ of protection against COVID-19 

would be a major advance for the field. The in vitro neutralization titer has been 

demonstrated to be well-correlated with vaccine efficacy and with an individual’s protection 

from symptomatic SARS-CoV-2 infection across multiple studies (2-6, 12, 13). We show that 

four studies have converged on a common prediction of the relationship between 235 

neutralization and protection against infection (within the bounds of where data were 

available within each study). The agreement of these studies provides strong support for the 

use of neutralizing antibody titers to predict the efficacy of new vaccines or vaccine efficacy 

against new variants (assuming the fold-drop in neutralization titer for the variant can be 

estimated). While neutralizing antibody levels are a clear correlate of protection, identifying 240 

a ‘protective threshold’ applicable to a serological test is more challenging. In part this is 

because no such threshold exists, but rather there is a gradient of vaccine efficacy that 

increases with neutralization. Further, the diversity of assays used to measure 

neutralization, the difficulty in translating neutralization levels between assays, the constant 

emergence of new and more escaped variants as well as the uncertainties in estimating 245 

individual neutralization titers present significant challenges to defining a particular 

‘threshold’ at which an individual’s neutralization titer might be deemed to provide ‘high 

protection’ from COVID-19.  

 

An additional major challenge is in adapting assays (and protection curves) to deal with 250 

neutralization of current and future SARS-CoV-2 variants. The studies discussed in this 

analysis primarily deal with neutralization of and protection from the ancestral (Wuhan-like) 

SARS-CoV-2 strain since the breakthrough infection data and vaccine efficacy data in most 
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studies was from the Phase 3 clinical trials  (2-4), which studied infection within the first few 

months after vaccination, and which mainly occurred before variants of concern had a 255 

major foothold (with the exception of reference (5), which occurred in the Alpha-dominant 

period). We have recently shown that the vaccine-comparison model calibrated on data for 

ancestral SARS-CoV-2 infections can also be used to predict vaccine effectiveness against 

SARS-CoV-2 variants and after boosting if one adjusts for the drop in neutralization titers to 

the variants and rise in neutralization after boosting (13, 19, 20). However, the need to 260 

standardize neutralization assays for SARS-CoV-2 variants presents an ongoing challenge. 

 

In vitro neutralizing antibody titers against SARS-CoV-2 present a clear correlate of 

protection from symptomatic SARS-CoV-2 infection. Studies of passive administration of 

neutralizing monoclonal antibodies in animals and humans support that this is a mechanistic 265 

correlate of protection (21-23). Indeed, a recent study comparing protective titers in 

prophylactic and therapeutic studies suggests that the protective titers may be very similar 

(24).  Neutralizing antibody levels are also correlated with protection from severe SARS-CoV-

2 infection (2). However, it is likely that other immune responses may also play a significant 

role in protecting from progression from symptomatic to severe SARS-CoV-2 infection and 270 

further work is required to better understand the determinants of severe COVID-19 

outcomes.  

 

The agreement across multiple studies of the relationship between neutralizing antibodies 

and efficacy against COVID-19 has important implications for future vaccine use, population 275 

immunity and reducing the global impact of the COVID-19 pandemic. 
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Figure legends: 

 
Figure 1: 280 

Predicting protection from symptomatic SARS-CoV-2 infection: Two different approaches 

have been employed thus far to understand the relationship between neutralizing antibody 

titers and protection from COVID-19 (we term this relationship the ‘protection curve’). Here, 

the vaccine-comparison (A-C) and breakthrough-infection (D-F) approaches to estimating 

the ‘protection curve’ are illustrated schematically. In the vaccine-comparison approach, 285 

data on mean neutralization titer from phase 1 /2 vaccine trials (normalized to convalescent 

subjects in the same study)(x-axis) and observed vaccine efficacy against symptomatic SARS-

CoV-2 infection in phase 3 trials is used (y-axis, n=7 vaccine trials included, and one study of 

infection risk in convalescent individuals). Using the observed distribution in neutralization 

titers for a given vaccine, the protection curve is used to predict the proportion susceptible 290 

(blue) or protected (red) at different neutralizing antibody levels. By fitting across all 
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vaccines and convalescent subjects simultaneously (panel B), one can derive the protection 

curve that best fits the neutralization and protection data (panel C). (D) The breakthrough-

infection model uses neutralization titers of subjects with symptomatic breakthrough 

infections (n = 36 and n = 47 for mRNA-1273 and ChAdOx1 nCoV19 respectively) and 295 

uninfected individuals (n = 1005 and n = 828, respectively)(3, 4). The breakthrough-infection 

modeling uses an underlying ‘risk model’ to adjust for demographic risk factors and adjusted 

for the probability of being sampled in the study to remove these potential sources of bias 

(E). The protection curve then reflects an estimate of the vaccine efficacy in subgroups of 

individuals with specific neutralization titers after adjusting for the two-phase sampling 300 

design (F).  

 

  

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted June 6, 2022. ; https://doi.org/10.1101/2022.06.05.22275943doi: medRxiv preprint 

https://doi.org/10.1101/2022.06.05.22275943
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Figure 2:  305 

Comparing the estimated protection curves: The relationships between vaccine efficacy 

against COVID-19 infection (y-axis) and neutralization titers that were estimated in each 

study are shown (protection curve). The protection curve derived from the vaccine-

comparison model is shown (red dashed line), and is compared with the modeled protection 

curves estimated from breakthrough infection studies by Gilbert et al. (dark brown and teal 310 

lines, for the results from the 50% and 80% neutralization titer in in vitro pseudovirus 

assays, ID50 and ID80, respectively) (A) and Feng et al. (purple and light brown, for the 

results from in vitro native (live) SARS-CoV-2 virus and pseudovirus neutralization assays, 

respectively) (B). Shaded areas are the 95% CI from each model. These curves were 

extracted from the studies (see supplementary material), and differences in assays were 315 

controlled for by normalizing the curve from each study by the mean neutralization titer of 

the uninfected vaccinees in each study. These normalized curves were then represented on 

a fold-of-convalescent scale by multiplying by the mean neutralization titer of vaccinees 

compared with convalescent subjects as reported in the Phase 1/2 trials(8, 10). We note 

that the vaccine-comparison model agrees closely with the breakthrough-infection models 320 

in the neutralization titer ranges where data were most abundant (vertical gray lines 

indicate 10-90th percentiles of the data available in each study respectively). 

 

  

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted June 6, 2022. ; https://doi.org/10.1101/2022.06.05.22275943doi: medRxiv preprint 

https://doi.org/10.1101/2022.06.05.22275943
http://creativecommons.org/licenses/by-nc-nd/4.0/


 325 

Figure 3: Breakthrough infection data and protection from SARS-CoV-2 infection: The 

relationship between neutralizing antibody titer (x-axis) and protection from symptomatic 

SARS-CoV-2 infection for an individual (y-axis). The protection curve derived from the 

vaccine-comparison model is shown (red dashed line and shading 95% confidence intervals) 

and is compared to the observed normalized frequencies of neutralization level (see 330 

supplement for calculations) of breakthrough infections reported in three studies 

(gray/black dots). Data from two mRNA vaccine studies of mRNA-1273 (A) and BNT162b2 

(B), and the adenoviral vector vaccine ChAdOx1 nCoV19 (C, D) are shown. Lower opacity 

dots indicate fewer individuals with neutralization titers in that range. Also shown in each 
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panel are modelled protection curves showing the relationship between individual 335 

neutralizing antibodies and protection estimated in each breakthrough infection study.  

Note: Breakthrough infection data of BNT162b2 vaccinees were generously supplied by the 

authors. The data were unavailable for the other two studies and were extracted from the 

original manuscript (see supplementary material). Extraction of data from Gilbert et al. were 

conducted manually and may be less reliable than the other studies (supplementary 340 

material). 
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Glossary: 345 
Protection curve: The relationship between the measured immune response of a vaccine in 
a subgroup of individuals, and the level of protection from symptomatic infection provided 
by the vaccine in that subgroup compared to placebo (protection = vaccine efficacy). 
Threshold of protection: The level of immune response required to provide a specified level 
of protection (vaccine efficacy) from COVID-19. The 50% protective threshold is commonly 350 
reported. 
Fold-of-convalescent scale: An attempt to compare between different assays by 
normalizing titers to that of convalescent subjects in the same assay. Requires convalescent 
subjects to have similar infection histories for accurate comparison.   
International Units per milliliter (IU/ml): A neutralization titer (or mean neutralization titer) 355 
calibrated to a WHO international standard and reported in IU/ml. 
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