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ABSTRACT SARS-CoV-2 anti-spike antibody concentrations and angiotensin convert-
ing enzyme-2 (ACE-2) inhibition have been used as surrogates to live viral neutralizing
antibody titers; however, validity among vaccinated individuals is unclear. We tested
the correlation of these measures among vaccinated participants, and examined sub-
groups based on duration since vaccination and vaccine dosing intervals. We analyzed
120 samples from two-dose mRNA vaccinees without previous COVID-19. We calcu-
lated Spearman correlation coefficients between wild-type viral neutralizing antibody
titers and: anti-spike (total and IgG), anti-receptor-binding-domain (RBD), and anti-N-
terminal-domain (NTD) antibodies; and ACE-2 binding by RBD. We performed three
secondary analyses, dichotomizing samples by the first vaccination-to-blood collection
interval, second vaccination-to-blood collection interval, and by the vaccine dosing
interval (all groups divided by the median), and compared correlation coefficients
(Fisher’s Z test). Of 120 participants, 63 (53%) were women, 91 (76%) and 29 (24%)
received BNT162b2 and mRNA-1273 vaccines, respectively. Overall, live viral neutraliza-
tion was correlated with anti-spike total antibody (correlation coefficient = 0.80), anti-
spike IgG (0.63), anti-RBD IgG (0.62), anti-NTD IgG (0.64), and RBD ACE2 binding (0.65).
Samples with long (.158 days) first vaccination-to-blood collection and long (.71 days)
second vaccination-to-blood collection intervals demonstrated higher correlation coeffi-
cients, compared with short groups. When comparing cases divided by short (#39 days)
versus long vaccine dosing intervals, only correlation with RBD-ACE-2 binding inhibition
was higher in the long group. Among COVID-negative mRNA vaccinees, anti-spike anti-
body and ACE-2 inhibition concentrations are correlated with live viral neutralizing anti-
body titers. Correlation was stronger among samples collected at later durations from
vaccination.

IMPORTANCE Live viral neutralizing antibody titers are an accepted measure of immu-
nity; however, testing procedures are labor-intensive. COVID-19 antibody and angiotensin
converting enzyme-2 (ACE-2) levels have been used as surrogates to live viral neutralizing
antibody titers; however, validity among vaccinated individuals is unclear. Using samples
from 120 two-dose mRNA vaccinees without previous COVID-19, we found that live viral
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neutralization was correlated with COVID-19 antibody and ACE2 binding levels. When
grouping samples by the time interval between vaccination and sample blood collection,
samples collected over 158 days after the first vaccine and over 71 days from the second
vaccine demonstrated stronger correlation between live viral neutralization titers and
both antibody and ACE2 levels, in comparison to those collected earlier.

KEYWORDS neutralizing antibodies, SARS-CoV-2, COVID-19, anti-spike, ACE-2

Severe acute respiratory syndrome-related coronavirus-2 (SARS-CoV-2), the virus that
causes COVID-19, was classified as a pandemic by the World Health Organization on

March 11, 2020 (1), and as of February 25, 2022 has resulted in over 5.9 million deaths
(2). Substantial efforts have been undertaken to identify optimal immunization strategies
to mitigate COVID-19 morbidity and mortality. Due to the resource-intensive and time-
consuming nature of performing clinical trials examining outcomes of SARS-CoV-2 infec-
tions, much research has relied on surrogate immunogenicity outcomes. Detection of
neutralizing antibodies to SARS-CoV-2 has been shown to correlate inversely with sus-
ceptibility to infection and COVID-19 severity, and is typically accepted as a measure of
immunity (3–7).

Live viral neutralization testing is labor-intensive, requiring advanced containment,
and is thus difficult for high-throughput, large volume testing. Hence, alternate strat-
egies have been used, including measuring SARS-CoV-2 antibody concentrations of
spike-related viral proteins and inhibition of viral binding onto host angiotensin con-
verting enzyme-2 angiotensin converting enzyme-2 (ACE-2) receptors (7). However,
the correlation of these measures to live viral neutralization among samples from vac-
cinated individuals has not been clearly established (8). Furthermore, it is unclear whether
correlation between viral neutralization and other measures of immunity change with
time from first vaccination, or among participants with differing vaccine dosing intervals.

For these reasons, we sought to investigate whether live viral neutralizing antibody
titers correlated with both SARS-CoV-2 anti-spike protein antibody concentrations or
receptor-binding domain (RBD)-ACE-2 binding inhibition. We further sought to deter-
mine if any correlation was affected by the first vaccination-to-blood collection inter-
val, the second vaccine-to-blood collection interval, or the interval between vaccines.

RESULTS

The full cohort included samples from 120 participants; the median age was 38 years
(interquartile range [IQR] 33, 48) and 63 participants (53%) were women; 91 participants
(76%) received BNT162b2 and 29 participants (34%) received mRNA-1273 (Table 1). The
median first and second vaccine-to-blood collection interval was 158 days (IQR 89, 179) and
72 days (IQR 55, 131), respectively, and the median vaccine dosing interval was 39 days
(IQR 25, 89). Serological outcomes did not all satisfy the D'Agostino & Pearson test for nor-
mality and, thus, correlations were calculated using the Spearman’s rank order correlation.

Fig. 1 shows a scatterplot demonstrating the relationship between live viral neutral-
izing antibody titers and secondary immunogenicity outcomes. Live viral neutralizing
antibody titers had a significant positive correlation (P , 0.0001) with all immunoge-
nicity measures: anti-spike total antibody (Spearman’s correlation coefficient, 0.80, 95%
CI = 0.72 to 0.86; anti-spike IgG, 0.63, 95% CI = 0.50 to 0.73; anti-RBD IgG, 0.62, 95%
CI = 0.49 to 0.72; anti-N-terminal-domain (NTD) IgG, 0.64, 95% CI = 0.51 to 0.73; and
inhibition of RBD-ACE-2 binding, 0.65, 95% CI = 0.53 to 0.75).

Characteristics of participants in subgroups categorized by first vaccination-to-blood
collection intervals as “short” (#158 days) and “long” (.158 days) are shown in Table 1,
and correlation analyses are reported in Table 2, and illustrated in Fig. S1 (“short” group)
and Fig. 2 (“long” group). The median first vaccination-to-blood collection intervals in
the “short” and “long” groups were 89 days (IQR 68, 109) and 179 days (IQR 176, 184),
respectively. Correlation between live viral neutralizing antibody titers and other immu-
nogenicity measures ranged from 0.49 to 0.61 in the “short” group and 0.89 to 0.91
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in the “long” group (Table 2). There were significant between-group differences (P ,

0.0001) between correlation coefficients for each immunogenicity measure.
Characteristics of participants in subgroups categorized by vaccine dosing intervals as

“short” (#39 days) and “long” (.39 days) are shown in Table 1, and correlation analyses
are reported in Table 3 and illustrated in Fig. S2 (“short” VDI) and Fig. S3 (“long” VDI). The
median vaccine dosing intervals in the “short” and “long” groups were 25 days (IQR 21, 32)
and 76 days (IQR 42, 111), respectively. Correlation between live viral neutralizing antibody
titers and other immunogenicity measures ranged from 0.34 to 0.50 in the “short” group
and 0.50 to 0.73 in the “long” group (Table 3). There was a significant between-group dif-
ference between correlation coefficients for inhibition of RBD-ACE2 binding (P = 0.0058);
however, a significant difference was not detected for other immunogenicity measures.

Correlation analyses for subgroups categorized by the second vaccine-to-blood collec-
tion interval as “short” (#71 days) and “long” (.71 days) are shown are reported in Table 4
and illustrated in Fig. S4 (“short” group) and Fig. S5 (“long” group). The median second vac-
cination-to-blood collection intervals in the “short” and “long” groups were 55 days (IQR 37,
64) and 123 days (IQR 82, 149), respectively. Correlation between live viral neutralizing anti-
body titers and other immunogenicity measures ranged from 0.43 to 0.71 in the “short”
group and 0.78 to 0.86 in the “long” group (Table 4). There were significant between-group
differences between correlation coefficients for each immunogenicity measure.

DISCUSSION

We tested samples from participants who had received two doses of mRNA vaccine
with multiple measures of immunogenicity. Overall, we found that viral neutralization

TABLE 1 Participant characteristics, overall and of subgroups classified by (i) short versus long vaccination-to-blood collection intervals, and
(ii) short versus long vaccine dosing intervals

Participant characteristics

Full cohort

First vaccination-to-BC interval
subgroupsb

Vaccine dosing interval
subgroups

(n = 120)
Short V1d-BCe

(n = 60)
Long V1-BC
(n = 60)

Short VDIc

(n = 60)
Long VDI
(n = 60)

Age (yr), median (IQR) 38 (33, 48) 37 (33, 47) 41 (35, 48) 38 (34, 48) 39 (33, 49)
Female sex, ng (%) 63 (53) 27 (45) 36 (60) 31 (52) 32 (53)

Vaccination
BNT162b2, n (%) 91 (76) 39 (65) 52 (87) 47 (78) 44 (73)
mRNA-1273, n (%) 29 (24) 21 (35) 8 (13) 13 (12) 16 (17)
Jan. 1/21-to-1st vaccine interval (d), median (IQRf) 12 (7, 17) 10 (7, 14) 14 (7, 19) 8 (6, 16) 13 (9, 1)
VDI interval (dh), median (IQR) 39 (25, 89) 35 (21, 42) 69 (33, 111) 25 (21, 32) 76 (42, 111)
1st vaccine-to-BC interval (d), median (IQR) 158 (89, 179) 89 (68, 109) 179 (176, 184) 150 (80, 179) 158 (99, 179)
2nd vaccine-to-BC interval (d), median (IQR) 72 (55, 131 56 (37, 73) 112 (71, 128) 123 (56, 148) 67 (53, 76)

Past medical historya

Hypertension, n (%) 9 (7.5) 7 (12) 2 (3.3) 5 (8.3) 4 (6.7)
Diabetes, n (%) 1 (0.83) 1 (1.7) 0 1 (1.7) 0
Asthma, n (%) 13 (11) 7 (12) 6 (10) 8 5 (8.3)
Lung disease, n (%) 0 0 0 0 0
Heart disease, n (%) 0 0 0 0 0
Kidney disease, n (%) 0 0 0 0 0
Liver disease, n (%) 2 (1.6) 2 (3.3) 0 1 (1.7) 1 (1.7)
Cancer, n (%) 2 (1.6) 2 (3.3) 0 2 (3.3) 0
Hematologic disease, n (%) 0 0 0 0 0
Neurological disease, n (%) 0 0 0 0 0

aParticipants answered the question “Have you been diagnosed by a physician with any of the following chronic medical conditions? (Select all that apply)”.
bFirst vaccination-to-BC interval, the interval (in days) between the first mRNA vaccine and the blood collection date.
cVDI, the interval (in days) between the first and second mRNA vaccine dates.
dV1, first vaccine date.
eBC, blood collection date.
fIQR, interquartile range.
gn, number.
hd, day.
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was moderately positively correlated with SARS-CoV-2 antibody and RBD-ACE2 binding
inhibition. Further, we found that the correlation was significantly stronger among
samples collected .158 and .71 days from the first and second vaccine, respectively,
in comparison with earlier collections. These data may assist further investigations by
demonstrating that SARS-CoV-2 anti-spike antibody concentrations and RBD-ACE2
binding inhibition among vaccinees are correlated with more labor-intensive viral neu-
tralization testing, and that correlation appears to improve when samples are collected
at later time junctures after vaccination.

Participants in our study were from a prospective observational study of paramed-
ics in Canada, and represented a relatively homogenous group of healthy middle-aged
individuals. Groups displayed similar characteristics when divided by blood collection
timing or vaccine dosing intervals. When dividing cases based on both the first and

FIG 1 Scatterplot of the full study cohort, demonstrating relationships between live viral neutralizing
antibody titers and immunogenicity measures. (A) Anti-spike total antibody concentrations (U/mL),
measured on the Elecsys assay. (B) Anti-spike IgG antibody concentrations (AU/mL), measured on the
V-PLEX assay. (C) Anti-receptor-binding domain (RBD) IgG antibody concentrations (AU/mL). (D) Anti-N-
terminal domain (NTD) IgG antibody concentrations (AU/mL). (E) Inhibition of ACE-2 binding to RBD
protein concentrations (U/mL). Ab, antibody.
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second vaccine-to-blood collection intervals, we found significant and consistent dif-
ferences in correlations between measures of immunogenicity. When dividing cases
based on vaccine dosing intervals, we only observed a difference in correlation for
RBD-ACE2 binding inhibition. However, the “long” group tended to have higher values
for each measured immunological parameter, suggesting that the vaccine dosing
interval may also play a role in this relationship.

We hypothesize that antibody maturation, which may continue for multiple months
after vaccination, may explain why various quantitative antibody measures demon-
strated stronger correlations with live viral neutralization when examined later after
vaccination, in comparison with earlier time points. This same mechanism may occur
with prolonged vaccine dosing intervals, in which the second vaccine is administered
to an individual with increased antibody maturity. It was recently demonstrated that
antibody avidity improves considerably between the period shortly after infection to 7
to 8 months postinfection, and that avidity correlated with neutralization capacity only
at 7 to 8 months after infection (9). Although we did not measure antibody avidity in
our study, it is likely that a similar phenomenon occurs postvaccination with a waning
of total antibody concentrations over time (10) and a concurrent antibody maturation,
resulting in a stronger correlation between antibody concentration and neutralization.
Given this antibody maturation, it would also suggest that measurement of spike anti-
body concentrations after 5 to 6 months may provide a relatively reliable surrogate
marker of neutralization capacity.

There are few data among vaccinees examining the correlation between neutraliz-
ing antibody titers and other measures of immunogenicity. Using samples from 18
BNT162b2 vaccinees, Manenti et al. demonstrated a linear relationship between log-
transformed viral neutralizing antibody titers and anti-spike antibody levels (8). Maeda
et al. reported a Spearman’s correlation coefficient of 0.71 between neutralizing titers
and S1-binding-IgG levels in samples obtained from 225 healthy two-dose BNT162b2
vaccinees on day 28 postfirst vaccine (11). Interestingly, they found that correlation
declined (0.56) when examined on day 60 post-first vaccine.

Using samples from unvaccinated participants with preceding COVID-19, several
studies have evaluated the correlation between neutralizing antibody titers and other
measures of immunity (12). Criscuolo et al. found poor correlation between neutralizing
antibody titers and antibody concentrations among 46 individuals (13), which contrasts
with work from Dolscheid-Pommerich et al. which reported neutralizing antibody titers
to be correlated with spike IgG concentrations (Spearman r = 0.82) (14), and from Tea et
al. who reported that this correlation was maintained for 7 months post-COVID (15). Tan
et al. and Abe et al. showed high correlation between viral neutralization and RBD-ACE2
binding inhibition among samples from participants with COVID-19 (16, 17).

Our study has several limitations. We evaluated all immune measures against a single
SARS-CoV-2 strain (wild-type); however, it is possible that results may differ for other
strains, particularly for those with “escape” predilection (e.g., beta or omicron). This was

TABLE 2 Correlation coefficients between viral neutralization and immunogenicity levels in
subgroups based on vaccine 1-to-blood collection interval, and between-cohort
comparisons

Immunogenicity
measurea

Correlation coefficient
(95% CI) short V1b-to-
BCc interval

Correlation coefficient
(95% CI) long V1-to-BC
interval Fisher’s Z P value

Anti-spike total 0.61 (0.42 to 0.75) 0.91 (0.85 to 0.95) 24.37 ,0.0001
Anti-spike IgG 0.49 (0.26 to 0.66) 0.89 (0.82 to 0.93) 24.73 ,0.0001
Anti-RBD IgG 0.53 (0.31 to 0.70) 0.91 (0.85 to 0.95) 25.00 ,0.0001
Anti-NTD IgG 0.51 (0.29 to 0.68) 0.88 (0.80 to 0.93) 24.34 ,0.0001
ACE-2 RBD 0.49 (0.27 to 0.67) 0.89 (0.81 to 0.93) 24.73 ,0.0001
aAll measured as concentrations.
bV1, first vaccine date.
cBC, blood collection date.
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an observational study, and confounders may have affected our results. Differences in
correlation between the two cohorts may have been affected by measured or unmeas-
ured factors other than collection timing and vaccine dosing intervals. Our low sample
size affected the precision of our results. We relied on participant self-reporting of vac-

TABLE 3 Correlation coefficients between viral neutralization and immunogenicity levels in
subgroups based on vaccine dosing interval (VDI) and between-cohort comparisons

Immunogenicity
measurea

Correlation coefficient
(95% CI) short VDI

Correlation coefficient
(95% CI) long VDI

Fisher’s
Z

P
value

Anti-spike total 0.50 (0.28 to 0.67) 0.70 (0.54 to 0.82) 21.70 0.090
Anti-spike IgG 0.37 (0.12 to 0.58) 0.63 (0.45 to 0.77) 21.88 0.060
Anti-RBD IgG 0.38 (0.14 to 0.59) 0.50 (0.28 to 0.67) 20.80 0.43
Anti-NTD IgG 0.34 (0.088 to 0.55) 0.55 (0.34 to 0.71) 21.41 0.16
ACE-2 RBD 0.39 (0.15 to 0.59) 0.73 (0.58 to 0.83) 22.76 0.0058
aAll measured as concentrations.
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FIG 2 Scatterplot of the “long first vaccination-to-blood collection interval” subgroup, demonstrating
relationships between live viral neutralizing antibody titers and immunogenicity measures. (A) Anti-spike total
antibody concentrations (U/mL), measured on the Elecsys assay. (B) Anti-spike IgG antibody concentrations
(AU/mL), measured on the V-PLEX assay. (C) Anti-receptor-binding domain (RBD) IgG antibody concentrations
(AU/mL). (D) Anti-N-terminal domain (NTD) IgG antibody concentrations (AU/mL). (E) Inhibition of ACE-2
binding to RBD protein concentrations (U/mL). Ab, antibody.
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cine status and dates, of which there may have been errors. We did not examine cell-
mediated immunity.

In conclusion, among samples from recipients of two mRNA vaccines, SARS-CoV-2
antibody concentrations and RBD-ACE2 binding inhibition are correlated with live viral
neutralization testing. Correlation was stronger among samples collected over 158 and
71 days from the first and second vaccines, respectively. Vaccine dosing intervals may
also play a role in correlation between immunogenicity measures.

MATERIALS ANDMETHODS
Parent trial, study design, and participants. Samples analyzed in this study were from the COVID-

19 Occupational Risks, Seroprevalence and Immunity Among Paramedics in Canada (CORSIP) study (col-
lected January 25, 2021 to July 14, 2021), approved by the University of British Columbia (H20-03620)
and University of Toronto (40435) research ethics boards. The CORSIP study is a prospective observatio-
nal cohort of adult paramedics in Canada, who provided blood samples at enrollment and 6 months
(1/–10 days) after their first SARS-CoV-2 vaccine. Participants provided informed written consent, and
completed sociodemographic and health questionnaires, including vaccination status and PCR/rapid
antigen testing history.

This study was a post hoc analysis of samples that were tested with multiple serological assays and
for live virus neutralizing antibody titers (18). Samples were eligible if the participant had never received
a diagnosis of COVID-19 and had two doses of the same mRNA vaccine (either BNT162b2 or mRNA-
1273), and the sample was nonreactive on an Elecsys Anti-SARS-CoV-2 nucleocapsid (Roche, IN, USA)
assay (19) to confirm absence of prior SARS-CoV-2 infection.

Outcome measures. All outcome measures were log transformed due to the skewed nature of immu-
nogenicity data (20, 21). The primary outcome measure was the reciprocal of live virus neutralizing antibody
titers measured against the wild-type SARS-COV-2/Canada/VIDO-01/2020 strain (22). Secondary outcomes
included anti-spike wild-type strain total antibody concentrations, measured with the Elecsys Anti-SARS-Cov-
2 S assay (Roche, IN, USA) (23); IgG antibody concentrations against spike, RBD, and NTD wild-type antigens,
measured with the V-PLEX COVID-19 Coronavirus Panel 2 IgG assay (Meso Scale Discovery [MSD], MD, USA);
and inhibition of viral RBD binding onto host ACE-2 receptor for the wild-type strain, measured with the
V-PLEX SARS-COV2 Panel 11 ACE-2 kit (MSD, MD, USA). See supplemental materials for further details on test-
ing procedures.

Statistical analysis. Statistical analyses were performed using Prism GraphPad version 9.2.0 (CA,
USA) and R (Foundation for Statistical Computing, Vienna, version 3.2.4). We reported participant charac-
teristics as median (with IQR) for continuous variables, and counts (with percentage) for categorical vari-
ables. Outcome measures were log-transformed for analyses. We planned to assess Pearson correlation
coefficients (with 95% CI) between the primary outcome and each secondary outcome if all demon-
strated a normal distribution (based on the D'Agostino & Pearson test), or otherwise calculate Spearman
rank correlation coefficients (with 95% CI).

We performed three secondary analyses. First, as the interval between vaccination and sample col-
lection may affect correlation between immunogenicity measures, we compared correlation coefficients
from subgroups classified as “short” versus “long” first vaccination-to-blood collection intervals. We di-
vided groups based on the median value in the cohort, and calculated correlation coefficients between
live viral neutralization antibody titers and each secondary outcome. We then compared correlation
coefficients from the two subgroups to determine if there were significant differences, using a 2-tailed
Fisher’s Z test in the Concor package for R (24). Second, as vaccine dosing intervals have been shown to
impact immune response (10) (and thus may modify correlation between immunogenicity measures),
we similarly divided the full cohort into two groups, classified as “short” versus “long” vaccine dosing
interval (divided by the median value of the overall cohort) groups, and compared correlation coeffi-
cients. Third, we repeated the analysis after dividing the full cohort by the median second vaccination-
to-blood collection interval, categorizing as “short” versus “long.”

TABLE 4 Correlation coefficients between viral neutralization and immunogenicity levels in
subgroups based on vaccine 2-to-blood collection interval and between-cohort
comparisons

Immunogenicity
measurea

Correlation coefficient
(95% CI) short V2b-BCc

interval

Correlation coefficient
(95% CI) long V2-BC
interval

Fisher’s
Z P value

Anti-spike total 0.71 (0.56 to 0.82) 0.86 (0.77 to 0.91) 2.17 0.030
Anti-spike IgG 0.44 (0.20 to 0.63) 0.81 (0.69 to 0.88) 3.50 0.0005
Anti-RBD IgG 0.45 (0.22 to 0.64) 0.80 (0.68 to 0.88) 3.28 0.0010
Anti-NTD IgG 0.50 (0.27 to 0.67) 0.78 (0.65 to 0.87) 2.65 0.0081
ACE-2 RBD 0.43 (0.19 to 0.62) 0.79 (0.67 to 0.87) 3.26 0.0011
aAll measured as concentrations.
bV2, second vaccine date.
cBC, blood collection date.
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