
The Effect of Vaccine Type and SARS-CoV-2 Lineage on
Commercial SARS-CoV-2 Serologic and Pseudotype
Neutralization Assays in mRNA Vaccine Recipients

Nicole V. Tolan,a,e Amy C. Sherman,c,e Guohai Zhou,c Katherine G. Nabel,e Michaël Desjardins,c,e Stacy Melanson,a,e

Sanjat Kanjilal,a,e Serina Moheed,d John Kupelian,c Richard M. Kaufman,a,e Edward T. Ryan,d,e,f Regina C. LaRocque,d,e

John A. Branda,b,e Anand S. Dighe,b,e Jonathan Abraham,c,e Lindsey R. Baden,c,e Richelle C. Charles,d,e,f Sarah E. Turbettb,d,e

aDepartment of Pathology, Brigham and Women’s Hospital, Boston, Massachusetts, USA
bDepartment of Pathology, Massachusetts General Hospital, Boston, Massachusetts, USA
cDepartment of Medicine, Division of Infectious Diseases, Brigham and Women’s Hospital, Boston, Massachusetts, USA
dDepartment of Medicine, Massachusetts General Hospital, Boston, Massachusetts, USA
eHarvard Medical School, Boston, Massachusetts, USA
fDepartment of Immunology and Infectious Diseases, Harvard T.H. Chan School of Public Health, Boston, Massachusetts, USA

Nicole V. Tolan and Amy C. Sherman contributed equally to this article. Author order was determined by the corresponding author after negotiation.

Lindsey R. Baden, Richelle C. Charles, and Sarah E. Turbett contributed equally as senior authors in the conceptualization, writing and critical review process. Author order was deter-

mined by the corresponding author after negotiation.

ABSTRACT The use of anti-spike (S) serologic assays as surrogate measurements of
SARS-CoV-2 vaccine induced immunity will be an important clinical and epidemiological
tool. The characteristics of a commercially available anti-S antibody assay (Roche Elecsys
anti-SARS-CoV-2 S) were evaluated in a cohort of vaccine recipients. Levels were correlated
with pseudotype neutralizing antibodies (NAb) across SARS-CoV-2 variants. We recruited
adults receiving a two-dose series of mRNA-1273 or BNT162b2 and collected serum at
scheduled intervals up to 8 months post-first vaccination. Anti-S and NAb levels were
measured, and correlation was evaluated by (i) vaccine type and (ii) SARS-CoV-2 variant
(wild-type, Alpha, Beta, Gamma, and three constructs Day 146*, Day 152*, and RBM-2).
Forty-six mRNA vaccine recipients were enrolled. mRNA-1273 vaccine recipients had
higher peak anti-S and NAb levels compared with BNT162b2 (P , 0.001 for anti-S levels;
P , 0.05 for NAb levels). When anti-S and NAb levels were compared, there was good
correlation (all r values $ 0.85) in both BNT162b2 and mRNA-1273 vaccine recipients
across all evaluated variants; however, these correlations were nonlinear in nature. Lower
correlation was identified between anti-S and NAb for the Beta variant (r = 0.88) compared
with the wild-type (WT) strain (r = 0.94). Finally, the degree of neutralizing activity at
any given anti-S level was lower for each variant compared with that of the WT strain,
(P , 0.001). Although the Roche anti-S assay correlates well with NAb levels, this associa-
tion is affected by vaccine type and SARS-CoV-2 variant. These variables must be considered
when interpreting anti-S levels.

IMPORTANCE We evaluated anti-spike antibody concentrations in healthy mRNA vaccinated
individuals and compared these concentrations to values obtained from pseudotype neu-
tralization assays targeting SARS-CoV-2 variants of concern to determine how well anti-spike
antibodies correlate with neutralizing titers, which have been used as a marker of immunity
from COVID-19 infection. We found high peak anti-spike concentrations in these individuals,
with significantly higher levels seen in mRNA-1273 vaccine recipients. When we compared
anti-spike and pseudotype neuralization titers, we identified good correlation; however, this
correlation was affected by both vaccine type and variant, illustrating the difficulty of apply-
ing a “one size fits all” approach to anti-spike result interpretation. Our results support CDC
recommendations to discourage anti-spike antibody testing to assess for immunity after

Editor Heba H. Mostafa, Johns Hopkins
Hospital

Copyright © 2022 Tolan et al. This is an open-
access article distributed under the terms of
the Creative Commons Attribution 4.0
International license.

Address correspondence to Sarah E. Turbett,
turbett.sarah@mgh.harvard.edu.

The authors declare a conflict of interest. S.E.T.
receives royalties from UpToDate. N.V.T.
receives clinical trial support from Abbott
Diabetes Care, Biomerieux; salary/consultant
compensation from CIC Health, Health
Advances. J.A.B. has received research support
for other studies from Pfizer, Zeus, bioMerieux,
Immunetics, Alere, DiaSorin, and the Bay Area
Lyme Foundation (BALF), and has been a paid
consultant for T2 Biosystems, DiaSorin and
Roche Diagnostics. The other authors have no
conflicts of interest to disclose.

Received 21 January 2022
Accepted 20 February 2022
Published 21 March 2022

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.00211-22 1

RESEARCH ARTICLE

https://orcid.org/0000-0002-7239-1843
https://orcid.org/0000-0002-1221-5725
https://orcid.org/0000-0002-8881-1849
https://orcid.org/0000-0002-3603-8110
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/spectrum.00211-22
https://crossmark.crossref.org/dialog/?doi=10.1128/spectrum.00211-22&domain=pdf&date_stamp=2022-3-21


vaccination and cautions providers in their interpretations of these results as a surrogate
of protection in COVID-vaccinated individuals.

KEYWORDS mRNA vaccines, immunogenicity, serology

Since the emergence of the COVID-19 pandemic, SARS-CoV-2 serologic assays have
been an important component of the SARS-CoV-2 response, with over 90 assays receiv-

ing emergency use authorization (EUA) from the Food and Drug Administration (FDA).
Many of these assays detect antibodies targeting the viral spike (S) protein in persons with
past SARS-CoV-2 infection and those who have received COVID-19 vaccines (1). As more
people become immunized with COVID-19 vaccines, understanding vaccine-induced anti-
body responses will be important to address new questions that arise with the dynamics of
the pandemic, such as protection against SARS-CoV-2 variants. Additionally, although the
Centers for Disease Control and Prevention (CDC) does not currently recommend serologic
testing for COVID-19 vaccination response (2), this may change in the future as the correla-
tion between antibody levels and protective immunity is further elucidated (3). High
throughput, commercially available serologic assays could be essential to help determine
protection against SARS-CoV-2 variants on a population-level, and the immunogenicity out-
puts will potentially help inform public-health decisions regarding additional booster vacci-
nations and/or novel SARS-CoV-2 vaccine development.

The U.S. FDA authorized two mRNA SARS-CoV-2 vaccines for emergency use in December
2020: mRNA-1273 (ModernaTX, Inc) and BNT162b2 (Pfizer-BioNTech), with BNT162b2 receiv-
ing full approval for individuals $ 16 years old and EUA for children $5 years old in August
and October 2021, respectively (4–6). Both vaccines are administered as two-dose series, 21
(BNT162b2) or 28 days (mRNA-1273) apart, demonstrated 94% to 95% efficacy in clinical trials
(7, 8), and have since received EUA for a single booster $ 6 months after the primary series
(9). These mRNA vaccines elicit antibodies against the viral spike (S) protein that block S pro-
tein receptor-binding domain (RBD) interactions with the angiotensin-converting enzyme 2
(ACE2) receptor or prevent the S protein from mediating viral-host membrane fusion, thus
stopping host cell infection (10, 11).

SARS-CoV-2 S protein neutralizing antibody (NAb) levels have been shown to be
predictive of immune protection against symptomatic infection and have correlated
with protective immunity against SARS-CoV-2 in human and animal studies (12–14).
While NAbs may be helpful to measure vaccine-induced protection, assays measuring
NAbs are predominantly available in the research setting only, limiting their clinical
utility. Numerous studies have revealed strong association between NAb and anti-S
levels in previously SARS-CoV-2 infected subjects (15–17), suggesting that SARS-CoV-2
serologic assays targeting the S protein could serve as practical surrogates for neutral-
izing activity. Thus, determining the degree of this correlation in COVID-19 vaccinated
individuals and understanding variables that affect the correlation would be useful to
predict viral neutralizing activity.

In this study, we measured anti-S total immunoglobulin (Ig) using the commercially
available Roche SARS-CoV-2 anti-S assay (Elecsys anti-SARS-CoV-2 S antibody assay,
Roche Diagnostics, Indianapolis, IN) in a cohort of immunocompetent individuals who
received mRNA-1273 or BNT162b2 vaccination. We aimed to (i) assess the longitudinal
kinetics of anti-S titers as measured by the Roche Anti-S SARS-CoV-2 S assay, (ii) com-
pare total Ig and isotype antibody responses between mRNA-1273 and BNT162b2 vac-
cine recipients, (iii) compare NAb levels between mRNA-1273 and BNT162b2 vaccine
recipients across SARS-CoV-2 variants using pseudotype neutralization (PN) assays, (iv)
correlate the Roche anti-S antibody response with NAb levels, and (v) compare the cor-
relation between anti-S and NAb levels by vaccine type and SARS-CoV-2 variant. In
addition to evaluating circulating variants in the community (wild-type, Alpha, Beta,
and Gamma), we also evaluated three constructs, Day 146*, Day 152*, and RBM-2,
derived from a single immunocompromised patient infected with SARS-CoV-2 who
developed mutations in the RBD over time (18) to further evaluate how viral evolution
and mutations affect the anti-S and NAb relationship.
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RESULTS
Participant demographics. A total of 50 participants were enrolled in the study;

one was excluded due to a history of COVID-19, one was excluded due to a history of
immunosuppression, and two were lost to follow-up, with 46 participants included in
the final analysis. The median age of the participants was 28 years (IQR 23.2 to 51.0); 28
(60.9%) were female and 34 (73.9%) were white (Table 1). Of the 46 total participants
included, 28 (60.9%) received the mRNA-1273 vaccine and 18 (39.1%) received the
BNT162b2 vaccine; all participants completed the two-dose series. All participant sam-
ples included in the analysis were negative for anti-N antibodies at baseline and at
each time point of sample collection.

Convalescent plasma donor demographics. Samples from 66 participants eligi-
ble for convalescent plasma donation were included in the analysis. Convalescent
plasma donation (CPD) demographics are described in Table S1. Median anti-S
levels measured from CPD individuals was 377.6 U/mL (IQR 188.4 to 1116.8)
(Fig. 1A).

Anti-S response in vaccine recipients. At baseline, all participants had negative
(,0.80 U/mL) anti-S antibody results. Anti-S concentrations began to increase after the
first mRNA vaccine dose with 46/46 (100%) participants having detectable anti-S levels
14 days after their first vaccination. After vaccine dose 2, there was a sharp rise in anti-S lev-
els with concentrations peaking approximately 49 to 56 days after the first vaccine dose
(28 days post-vaccine dose 2) (median anti-S 4382.5, IQR 1787.5 to 6640.0; Fig. 1A). Anti-S
antibody levels then began to decrease over time with a median anti-S level of 767.5 (IQR
743.5 to 932.5) 263 to 270 days after the first vaccine dose. Median anti-S levels were higher
in samples from vaccinated participants compared to those from CPDs at all time points af-
ter day 49 (all time points P, 0.001, Fig. 1).

Comparison of BNT162b2 and mRNA-1273 total anti-S and isotype antibody
levels. Approximately 49 to 56 days after vaccine dose 1, anti-S levels peaked and
were significantly higher in individuals who received mRNA-1273 vaccination (median
anti-S: 6358.5) compared with those who received BNT162b2 (median anti-S: 1469.5)
(P , 0.001, Fig. 1B). Antibody isotype analysis from a subset of these samples (n = 20)
at peak antibody levels (49 to 56 days post-vaccine dose 1) revealed higher concentra-
tions of IgA (median anti-RBD IgA: mRNA-1273, 2.1; BNT162b2, 0.6; P = 0.02) and trend
toward higher IgG anti-RBD levels (median anti-RBD IgG: mRNA-1273, 15.0; BNT162b2,
9.3; P = 0.08). IgM anti-RBD levels were similar between the two vaccine types (median
anti-RBD IgM; mRNA-1273, 0.8; BNT162b2, 0.4; P = 0.02 Fig. S1).

Comparison of neutralizing antibody levels by vaccine type and SARS-CoV-2 variant.
PN was performed on serum from mRNA vaccine recipients (n = 46) at the sample collection
times described above using the WT (defined as pseudotype containing the D614G S muta-
tion) (19), Alpha, Beta, and Gamma pseudotypes as well as three additional pseudotypes
with further spike protein mutations to the N terminal domain and RBD (day 146*, day 152*,
and RBM-2) (Table 2). PN was performed on sera from 119 time points for WT, 116 time points
for Alpha, 113 for Beta, 112 for Gamma, 104 for day 146*, 97 for day 152*, and 59 for RBM-2
pseudotypes. Overall, peak NAb levels (49 to 56 days post dose 1, measured by ID50) were

TABLE 1 Vaccine recipient demographics

Demographic
All participants
(n = 46)

mRNA-1273
(n = 28)

BNT162b2
(n = 18)

Median age (IQR) 28 (23.2–51.0) 24.8 (23.5–51.1) 38.6 (23.8–58.5)
Female sex, no. (%) 28 (60.9) 16 (57.1) 12 (66.7)

Race, no. (%)
White 34 (73.9) 22 (78.6) 12 (66.7)
Black 5 (10.9) 2 (7.1) 3 (16.7)
Asian 5 (10.9) 3 (10.7) 2 (11.1)
Native American/Alaskan Native 1 (2.2) 0 (0) 1 (5.6)
Other 1 (2.2) 1 (3.6) 0
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FIG 1 Roche anti-SARS-CoV-2 spike total antibody levels (U/mL) in (A) all mRNA vaccine participants (N = 46) and (B) mRNA-1273 (red, n = 28) and
BNT162b2 (blue, n = 18) vaccine participants following vaccination. Each dot represents a unique measurement of spike total antibody levels; best-fit lines
(Loess fit) are shown and colored according to vaccine type with corresponding 95% CI represented in gray. Individual Roche anti-SARS-CoV-2 spike total
antibody levels measured in sera and/or plasma from convalescent plasma donors (CPD, n = 66) are represented by the black dots on the left for
comparison. The black dashed line indicates the upper limit of quantitation for the Roche anti-SARS-CoV-2 spike total antibody assay.

mRNA Vaccine-Induced Antibody Responses Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.00211-22 4

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00211-22


lower for all evaluated variants compared to those measured for the WT strain in both mRNA-
1273 and BNT162b2 vaccine recipients (P , 0.01) (Fig. 2, Table S2). Additionally, median NAb
levels were significantly lower in BNT162b2 vaccine recipients compared to those who
received mRNA-1273 for all SARS-CoV-2 strains, including WT (all values P , 0.05) (Fig. 2,
Table S2).

Correlation between anti-S level and SARS-CoV-2 pseudotype neutralization.
To determine if the correlation between anti-S levels and PN is affected by vaccine type or
SARS-CoV-2 variant, we first correlated anti-S levels with PN for the WT strain. Overall, anti-S
levels correlated well with NAb levels when samples from all vaccine recipients were ana-
lyzed together (r = 0.94) (Table 3) or independently (r = 0.95 for BNT162b2; r = 0.93 for
mRNA-1273); however, this relationship was non-linear (p, 0.01) (Fig. 3, Fig. 4A).

We next correlated anti-S levels with PN for SARS-CoV-2 variants being monitored
(Alpha, Beta, Gamma) as well as three additional variant pseudotypes with additional spike
protein mutations (day 146*, day 152*, RBM-2) in 46 vaccine recipients (Fig. 3), and then fur-
ther delineated the correlations by vaccine type and variant (Fig. 4A to G). Overall, there was
a positive correlation between anti-S and NAb levels across all evaluated variants for both
vaccine types (all r values $ 0.88) (Table 3), but again, these correlations were non-linear
(P , 0.01 for all variants). Furthermore, the degree of correlation was not uniform across all
variants, with a trend toward a lower correlation for the Beta variant (r = 0.88, 95% CI = 0.82
to 0.92) compared with the WT strain (r = 0.94, 95% CI = 0.91 to 0.96). Additionally, due to
decreased NAb levels by SARS-CoV-2 variants compared with WT, the degree of neutralizing
activity at any given anti-S level was lower for each variant compared with that of the WT
strain, with more pronounced effects seen in Beta, Gamma, day 152*, and RBM-2 variants
(P , 0.001 for all variants across both vaccine types combined) (Fig. 3). When analyzed by
vaccine type and strain, the neutralizing activity to anti-S level association was also signifi-
cantly different for each variant compared to the WT strain, except for the Alpha variant
(P = 0.0517) for BNT162b2 vaccine recipients.

DISCUSSION

As COVID-19 vaccination efforts continue across the globe, an increasing percentage of
the population is now immunized against SARS-CoV-2. Vaccine-induced immunity for both
individual assessment and population surveillance will be important to further understand
protection against variants and to determine guidelines for additional vaccine doses and
optimal timing. Although NAb levels are currently recognized as the best estimation of pro-
tection against COVID-19 (13), neutralization assays are costly, labor-intensive, and require
specialized laboratory equipment and techniques for performance, making them impractical
for widespread clinical use. In comparison, high-throughput, low-cost, commercially avail-
able anti-S antibody tests, such as the Roche Elecsys anti-SARS-CoV-2 S assay, have already
been widely implemented in numerous clinical settings across the country.

In this study, we describe the kinetics of the Roche anti-SARS-CoV-2 S assay in immuno-
competent, SARS-CoV-2 mRNA vaccine recipients up to 8 months post-initial vaccination

TABLE 2 Key mutations present in the SARS-CoV-2 variant tested in pseudotype neutralization assays on sera frommRNA vaccine recipientsa

Key mutations

SARS-CoV-2 variant

WT (D614G) Alpha (B.1.1.7) Beta (B.1.351) Gamma (P.1) Day 146* Day 152* RBM-2
D614G 1 1 1 1 1 1 1
K417 N/T 1 1 1
N440D 1
T478K 1 1 1
E484K/A 1 1 1 1
F486I 1
Y489H 1 1 1
S494P 1 1 1
Q493K 1 1
N501Y 1 1 1 1 1 1
aWT, wild type.1 sign, mutation present.
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and illustrate the correlation between anti-S and NAb levels against WT and variant SARS-
CoV-2 strains. Similar to prior studies, we demonstrate that anti-S levels peak 49 to 56 days
after the first vaccine dose, with a durable but decreasing response up to 8 months after ini-
tial vaccination in both mRNA-1273 and BNT162b2 vaccine recipients (20, 21). Median anti-S
levels 49 days and beyond first dose were higher than those from high-titer CPD individuals,
who were a median of 70 days from a positive SARS-CoV-2 PCR test. In addition, higher
peak anti-S antibody titers were found in mRNA-1273 vaccine recipients compared to those
who received BNT162b2 during the study period, which is consistent with previously reported
data (22).

FIG 2 Comparison of pseudotype neutralization (PN, measured by ID50) levels between mRNA-1273 (n = 28) and BNT162b2 (n = 18) vaccine recipients,
collected 49 to 56 days after the first vaccine dose (28 days after the second vaccine dose) across all evaluated variants. For each variant, there was a
significant difference between PN levels from mRNA-1273 and BNT162b2 vaccine recipients (P , 0.05). Black horizontal bars denote median values and the
vertical bars denote interquartile range (IQR). Day 146*, day 152*, and RBM-2 are constructs that contain composite spike protein mutations to the N
terminal domain and RBD, derived from an immunocompromised individual with persistent infection.

TABLE 3 Spearman correlation coefficients from regression analyses of pseudotype neutralization (ID50) as a function of anti-S levels (U/mL) in
sera frommRNA vaccinated individuals

Correlation coefficient (r), (95% CI)a

Vaccine type

Variants

WTb Alpha Beta Gamma Day146* Day152* RBM-2
BNT162b2 0.95

(0.91 to 0.98)
0.96
(0.92 to 0.98)

0.93
(0.86 to 0.97)

0.95
(0.89 to 0.98)

0.89
(0.78 to 0.95)

0.95
(0.89 to 0.98)

0.93
(0.83 to 0.98)

mRNA-1273 0.93
(0.88 to 0.96)

0.93
(0.89 to 0.96)

0.85
(0.75 to 0.91)

0.92
(0.86 to 0.95)

0.90
(0.83 to 0.94)

0.89
(0.80 to 0.94)

0.96
(0.91 to 0.98)

Combined 0.94
(0.91 to 0.96)

0.95
(0.93 to 0.97)

0.88
(0.82 to 0.92)

0.93
(0.90 to 0.96)

0.91
(0.86 to 0.94)

0.91
(0.87 to 0.95)

0.94
(0.90 to 0.97)

aCorrelations are represented for each SARS-CoV-2 variant lineage and mRNA vaccine type (BNT162b2, mRNA-1273, and combined). Day 146*, day 152*, and RBM-2 are
constructs that contain composite spike protein mutations to the N terminal domain and RBD, derived from an immunocompromised individual with persistent infection.

bWT, wild type.

mRNA Vaccine-Induced Antibody Responses Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.00211-22 6

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00211-22


We also demonstrated differences in anti-SARS-CoV-2 S protein immunoglobulin isotypes
and peak NAb levels in sera from vaccinated individuals according to vaccine type received.
Participants who received mRNA-1273 had higher levels of anti-S IgA and IgG antibodies as
well as higher peak NAb levels, compared with those who received BNT162b2. These differ-
ences may be explained by the higher mRNA content present in each dose of the mRNA-
1273 vaccine (100 mg versus 30 mg in BNT162b2), and the subsequent larger concentration
of antigen produced per dose. The different formulations of the lipid nanoparticle coat of
mRNA-1273 and BNT162b2 may also be responsible for the different levels of the isotypes
induced, with the hypothesis that the lipid components of the mRNA vaccines may increase
Th1-polarized CD41 T-cell responses and lead to early IgG class- switching with higher IgG
levels compared with IgA and IgM (23). Overall low IgM and IgA responses to mRNA vac-
cines have been described (especially compared with responses post-natural infection)
which is consistent with our findings (24). The greater breadth of isotype and NAb response
from mRNA-1273 compared with BNT162b2 vaccinated recipients is unlikely to correlate
with increased protection, at least for WT strains in the first month post-vaccination, because
efficacy trials for mRNA-1273 and BNT162b2 demonstrated similar results. However, data
from a real-world evaluation demonstrated that vaccine effectiveness for BNT162b2 begins
to decline 5 months after vaccination (20), while vaccine efficacy as described by the phase
3 trial for mRNA-1273 remained high at 5 months after vaccination (25). These findings sug-
gest that the differences in the magnitude of NAb levels and possibly the specific antibody
isotype response induced by the mRNA-1273 vaccine series may be beneficial for the dura-
bility of protection. Because only a subset of the participant samples were evaluated for im-
munoglobulin isotypes, further studies are warranted to confirm these findings.

When anti-S and NAb levels were compared, nonlinear relationships were described
for all vaccine types and variants, with good overall correlation. However, although all
anti-S and PN were well correlated for each strain independently, the relationship
between anti-S and PN was unique according to the individual variant being tested

FIG 3 Pseudotype neutralization (ID50) titers as a function of anti-S levels (U/mL) colored by each SARS-CoV-2 strain. Best-fit lines (GAM fit)
are shown with corresponding 95% CI represented in gray. ID50, 50% inhibitory dilution. Day 146*, day 152*, and RBM-2 are constructs that contain
composite spike protein mutations to the N terminal domain and RBD, derived from an immunocompromised individual with persistent infection.
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with the degree of neutralizing activity at any given anti-S level dependent on vaccine
type received and SARS-CoV-2 variant. Additionally, some variants (Beta) showed lower
correlation between anti-S and NAb levels compared with the WT strain. Notably, the
SARS-CoV-2 constructs (day 146*, day 152* and RBM-2), containing composite mutations

FIG 4 Pseudotype neutralization (ID50) titers as a function of anti-S levels (U/mL) colored by vaccine type and separately plotted for each SARS-CoV-2 strain
(panels A to G). Best-fit lines (GAM fit) are shown with corresponding 95% CI represented in gray. ID50, 50% inhibitory dilution; WT, wild type. Day 146*, day 152*,
and RBM-2 are constructs that contain composite spike protein mutations to the N terminal domain and RBD, derived from an immunocompromised individual with
persistent infection.
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originally derived from a persistently infected immunocompromised host (18), were more
resistant to neutralization by sera from vaccinated recipients. Because the Omicron variant
shares many of the same key mutations as RBM-2 in the RBD (e.g., at positions K417, T478,
E484, Q493, and N501), similar effects on neutralizing activity are predicted. These results
demonstrate that many factors affect the relationship between Roche anti-S and NAb levels,
complicating the interpretation of these values as a surrogate marker of immunity, particu-
larly as variants containing larger numbers of RBD substitutions emerge.

Our data are limited by the relatively small sample size. In our comparisons between
mRNA-1273 and BNT162b2 recipients, we did not match by age or gender; variables which
may impact antibody magnitude and kinetics over time. The timing of anti-S level measure-
ment in relation to vaccine administration likely affects the correlation between anti-S and
NAb levels, due to differential induction and decay of anti-S and PN antibodies over time
(21); however, our study was not powered to detect differences for this variable. Finally, our
study did not evaluate clinical efficacy directly, and thus the degree of protection provided
by specific anti-S and neutralization thresholds is not known.

In conclusion, although the Roche anti-S assay does generally correlate well with
SARS-CoV-2 neutralizing antibodies, this correlation is nonlinear in nature and the strength
of the association between these variables differs according to vaccine type and specific var-
iant strain. In addition, the degree of neutralizing activity at any given anti-S level is variable
and dependent on both vaccine type and SARS-CoV-2 variant, further complicating the
interpretation of these values as a surrogate marker of immunity. These findings are particu-
larly significant as new variants such as Omicron emerge; laboratory interpretations and
methods must not be static and need to adapt as SARS-CoV-2 continues to evolve. By apply-
ing a “one size fits all” approach to interpretation, clinicians risk overestimating the potential
immune correlates associated with anti-S levels, which could lead to incorrect guidance
regarding an individual’s COVID-19 infection risk and need for mitigation strategies. Given
all these factors, the use of anti-S levels to inform decisions regarding SARS-CoV-2 immunity
should be avoided and the above nuances must be taken into consideration when making
decisions regarding testing and reporting in the clinical setting.

MATERIALS ANDMETHODS
Participant samples. A prospective study was conducted at Brigham and Women’s Hospital (BWH)

and Massachusetts General Hospital (MGH) from December 2020 to July 2021 and approved by the
Mass General Brigham Health System (2020P001580, 2020P000849, 2014P002602, 2006P001197)
Institutional Review Board. Adults ($18 years old) who were planning to receive a two-dose series of
BNT162b2 or mRNA-1273 were recruited. Written informed consent was obtained from all participants.
Participants were excluded if they had any of the following: immunosuppressive conditions, asplenia, HIV with
CD4 count ,200 and/or detectable HIV viral load in the last year, receipt of systemic immunosuppressive or
immune-modifying therapies for$14 days within 6 months of enrollment, or pregnancy. For each participant,
venous blood samples were collected prior to vaccination (day 0); 7 or 14 days after the first dose; at the time
of the second dose (approximately 21 or 28 days depending on vaccine administered); and after the second
dose, at approximately 49 to 56, 84 to 91, 105 to 112, 175 to 197, and 263 to 270 days post-first dose.
Longitudinal samples collected after a booster dose were excluded from analysis.

Convalescent plasma donors. To compare the participants' anti-S levels to those induced by natu-
ral SARS-CoV-2 infection, sera from individuals with a history of PCR-confirmed COVID-19 infection who
were eligible for potential CPD were obtained from the Mass General Brigham Biobank. Each sample
came from an individual with a history of COVID-19 within the last 6 months. Those who previously
received convalescent plasma, SARS-CoV-2-specific monoclonal antibodies, or SARS-CoV-2 vaccination
were excluded. Each CPD sample had SARS-CoV-2 NAb testing performed with ID50 .100, according to
the EUA guidelines for convalescent plasma (26).

Serologic assays. (i) Roche Elecsys anti-SARS-CoV-2 S and anti-SARS-CoV-2 assays. To measure
anti-S antibody levels in vaccine recipients, all samples were analyzed using the Roche Elecsys anti-
SARS-CoV-2 S assay, which is an electrochemiluminescence immunoassay for the qualitative and semi-
quantitative detection of IgM, IgA, and IgG antibodies to the SARS-CoV-2 S protein RBD in human
plasma or serum (27). Reported sensitivity and specificity are 93% to 98% and 99.9% to 100% (95% CI =
99.9% to 100%) in individuals with PCR confirmed COVID-19 infection (1, 28). The positive threshold is a
cutoff index (COI) of $0.8 U/mL; the lower and upper limits of quantitation are 0.4 U/mL and 25,000 U/
mL, respectively. Linearity studies using commercial materials (CalCheck Anti-SARS-CoV-2 S, Roche
Diagnostics, Indianapolis, IN) and manual dilution studies of subject samples were conducted to confirm
the COI and the upper limit of the reportable range (data not shown). Plasma and serum samples were
analyzed on the cobas e601 as described in the package insert.

To determine subclinical SARS-CoV-2 infection during the study period, all samples were

mRNA Vaccine-Induced Antibody Responses Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.00211-22 9

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00211-22


concomitantly analyzed on the anti-nucleocapsid (N) Roche Elecsys anti-SARS-CoV-2 assay (Roche
Diagnostics, Indianapolis, IN). Plasma samples were analyzed as described in the package insert.

(ii) Anti-SARS-CoV-2 isotype specific enzyme-linked immunosorbent assay. To identify and cor-
relate isotype specific responses to the RBD protein in mRNA vaccinate recipients with the anti-S assay,
plasma IgM, IgA, and IgG isotype levels were measured using a laboratory developed enzyme-linked im-
munosorbent assay (ELISA), as previously described (16).

(iii) Neutralization assays. To determine NAb levels in mRNA vaccinated individuals, lentivirus pseu-
dotypes for D614G (WT), and variants Alpha (B.1.1.7), Beta (B.1.351), and Gamma (P.1) were produced. In addition,
lentivirus pseudotypes for two SARS-CoV-2 spike proteins that contain composite mutations for substitutions
were derived from an immunocompromised individual with persistent infection from the time of diagnosis (day
0) through day 154, denoted as day 146* and day 152* (29–31). The day 146* spike protein is derived from
hCoV-19/USA/MA-JLL-D146/2020 (EPI_ISL_593557), with WT (Wuhan-Hu-1 SARS-CoV-2 strain) sequences at posi-
tions 12 to 18, an amino-terminal domain (NTD) deletion spanning residues 142 to 144, and an additional
Y489HRBD mutation, which was observed at an earlier sequencing time point in the immunocompromised host
(18, 29, 30). The day 152* spike protein is derived from the hCoV-19/USA/MA-JLL-D152/2020 (EPI_ISL_593558)
and contains an additional Y489HRBD mutation. A third construct, RBM-2, was derived from the day 146* spike
protein sequence, with two additional substitutions (E484KRBD and K417NRBD) as previously described (30). The rel-
evant mutations found in each variant are described in Table 2, and details regarding the lentivirus PN assays are
described in the supplemental section. Once produced, PN was performed on serum from mRNA vaccine recipi-
ents drawn at the sample collection time points (16, 29). PN titers were reported as the serum dilution required
to achieve 50% neutralization (50% inhibitory dilution [ID50 value]). The input dilution of serum used was 1:20,
which represents the lower limit of quantification for this assay. For ID50 analyses, samples that did not achieve
50% neutralization were expressed as 1:10. In cases in which assays on an individual serum sample returned val-
ues both .20 and ,20, results were assigned a value of 1:15 according to prior methods (31). The pseudovirus
neutralization experiment was performed twice with each serum sample, with three replicates included in each
experiment.

Statistical analyses. Continuous characteristics were described using median and interquartile
range (IQR) and compared using Kruskal–Wallis test. Categorical characteristics were described using frequency
and percentage and compared using Fisher’s exact test. The correlation between anti-S and PN was evaluated
using the robust Theil–Sen linear regression and Spearman correlation. Nonlinearity in trend was evaluated
using generalized additive models (GAM). Regression equations are listed in the supplemental material. All
analyses were performed in R version 4.1.0 (www.R-project.org).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1 MB.
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