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SARS-CoV-2 mRNA vaccine induces robust specific
and cross-reactive IgG and unequal neutralizing
antibodies in naive and previously infected people
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e Neutralizing antibodies against Delta variant are weaker than
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In brief

Narowski et al. investigate mRNA-
vaccine-induced antibody responses in
168 healthy individuals with longitudinal
specimens. After complete vaccination,
both previously infected and naive
individuals develop comparably robust
SARS-CoV-2 spike antibodies. However,
neutralizing antibody response to
vaccination is variable among these
individuals, supporting future tailored
vaccination strategies against emerging
SARS-CoV-2 variants.

¢? CellPress


mailto:jlafleur@mfa.gwu.edu
mailto:Prem@med.unc.edu
https://doi.org/10.1016/j.celrep.2022.110336

Please cite this article in press as: Narowski et al., SARS-CoV-2 mRNA vaccine induces robust specific and cross-reactive IgG and unequal neutral-
izing antibodies in naive and previously infected people, Cell Reports (2022), https://doi.org/10.1016/j.celrep.2022.110336

Cell Reports ¢ CellPress

OPEN ACCESS

SARS-CoV-2 mRNA vaccine induces robust specific
and cross-reactive IgG and unequal neutralizing
antibodies in naive and previously infected people

Tara M. Narowski, -5 Kristin Raphel,2° Lily E. Adams, -3 Jenny Huang,? Nadja A. Vielot,* Ramesh Jadi,’
Aravinda M. de Silva,” Ralph S. Baric,-® John E. Lafleur,?6* and Lakshmanane Premkumar?-6.7-*
Department of Microbiology and Immunology, University of North Carolina School of Medicine, Chapel Hill, NC 27599, USA
Department Emergency Medicine, George Washington University School of Medicine, Washington, DC, USA

Department of Epidemiology, University of North Carolina at Chapel Hill School of Public Health, University of North Carolina at Chapel Hill,
Chapel Hill, NC 27599, USA

Department of Family Medicine, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA

5These authors contributed equally

5These authors contributed equally

“Lead contact

*Correspondence: jlafleur@mfa.gwu.edu (J.E.L.), Prem@med.unc.edu (L.P.)

https://doi.org/10.1016/j.celrep.2022.110336

SUMMARY

Understanding vaccine-mediated protection against severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) is critical to overcoming the global coronavirus disease 2019 (COVID-19) pandemic. We inves-
tigate mRNA-vaccine-induced antibody responses against the reference strain, seven variants, and seasonal
coronaviruses in 168 healthy individuals at three time points: before vaccination, after the first dose, and after
the second dose. Following complete vaccination, both naive and previously infected individuals developed
comparably robust SARS-CoV-2 spike antibodies and variable levels of cross-reactive antibodies to seasonal
coronaviruses. However, the strength and frequency of SARS-CoV-2 neutralizing antibodies in naive individ-
uals were lower than in previously infected individuals. After the first vaccine dose, one-third of previously in-
fected individuals lacked neutralizing antibodies; this was improved to one-fifth after the second dose. In all
individuals, neutralizing antibody responses against the Alpha and Delta variants were weaker than against
the reference strain. Our findings support future tailored vaccination strategies against emerging SARS-

CoV-2 variants as mRNA-vaccine-induced neutralizing antibodies are highly variable among individuals.

INTRODUCTION

The severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) virus causes a spectrum of disease from asymptomatic
to severe forms with high mortality. The nucleocapsid protein
encapsulating viral RNA and the surface exposed spike protein
are the primary targets of human antibodies. The spike protein
of SARS-CoV-2 mediates virus attachment and entry into host
cells. It comprises a highly variable S1 segment, which harbors
the N-terminal domain (NTD) and the receptor-binding domain
(RBD), and a more conserved S2 segment, which includes the
fusion peptide and heptad repeats required for virus fusion to
host cells. Neutralizing antibody response is at present the
best correlate of protection (Earle et al., 2021). However, the
adaptive immune response to SARS-CoV-2 infection is variable
(Chvatal-Medina et al., 2021; Gao et al., 2021; Sette and Crotty,
2021). RBD accounts for ~90% of the neutralizing activity in
SARS-CoV-2 immune sera (Piccoli et al., 2020; Greaney et al.,
2021a). RBD-specific antibodies target distinct antigenic sites
and exert neutralizing activity principally by interfering with spike

protein interactions with its cognate receptor, angiotensin-con-
verting enzyme 2 (ACE2). A subset of the NTD-specific antibody
also neutralizes SARS-CoV-2 by targeting a supersite, possibly
preventing proteolytic activation, membrane fusion, or spike
protein interactions with an auxiliary receptor (McCallum et al.,
2021). The spike protein has been targeted in most SARS-
CoV-2 vaccines under development and in those approved
and currently being administered worldwide.

The recent effort to achieve widespread vaccination against
SARS-CoV-2 has left in its wake a host of questions about
whether the vaccine can protect against SARS-CoV-2 infection
and whether the vaccine can boost immunity in previously in-
fected people (Fakhroo et al., 2020; LoPresti et al., 2020; Miller
et al., 2020). Infection with four human endemic coronaviruses
(HCoVs; OC43, HKU-1, NL63, and 229E) are quite common,
and most adults have antibodies to these viruses (LoPresti
et al., 2020; Miller et al., 2020). Induction of cross-reactive
HCoV antibodies has been reported in SARS-CoV-2 infection,
and after vaccination (Roltgen et al., 2021). While their role in pro-
tection orimmunopathogenesis remains unclear (Anderson et al.,
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2021; Greenbaum et al., 2021), levels of HCoV cross-reactive an-
tibodies correlate with disease severity (Wang et al., 2021a). The
emergence of new, increasingly infectious and virulent SARS-
CoV-2 variants is causing significant concern in global human
health. Prior to the dominance of the Delta variant (B.1.617.2),
the US SARS-CoV-2 Interagency Group had classified the vari-
ants circulating in the United States, including Alpha (B.1.1.7),
Gamma (P.1), Beta (B.1.351), and Epsilon strains (B.1.429 and
B.1.427), as variants of concern (VOC). However, with the emer-
gence of the Delta variant (del Rio et al., 2021), and subsequently
the Omicron variant, other circulating variants sustained reduc-
tions in transmission, and are now termed variants being moni-
tored (VBM), while the Delta and Omicron variants are at present
the sole VOCs in the United States. As illustrated by the Delta and
Omicron variants, more infectious strains of the virus can rapidly
become dominant (Mishra et al., 2021), displacing other strains
with potentially different levels of virulence and host immune pro-
files. SARS-CoV-2 variants have accumulated key mutations,
particularly in the spike protein within the NTD and the RBD,
and significant concerns are developing around the efficacy of
currently available treatments and vaccines. Understanding fac-
tors that underly the level of defense provided by SARS-CoV-2
vaccines against the reference WIV04 strain and circulating vari-
ants is an urgent priority. As seen with the Delta and Omicron var-
iants, novel strains that have different virulence and vaccine sus-
ceptibility can become rapidly dominant, potentially changing the
degree of protection provided by the currently available vaccines
(del Rio et al., 2021; Zella et al., 2021).

We previously reported that seroprevalence among a cohort of
uniformly exposed emergency department health care providers
was about 5% after the first peak of the infection in Washington,
DC, in the late spring of 2020 (Murakami et al., 2021). PCR-
confirmed documented SARS-CoV-2 infection increased to about
11% in this cohort of 237 participants by the end of 2020, an inci-
dence of infection in line with health care providers generally in
North America (Sokal et al., 2021). Here we investigate the longitu-
dinal antibody response at three time points to the reference Wu-
han strain (WIV04); seven other variants, including the currently
circulating Delta variant; and four endemic coronaviruses
(HCoVs). Sample collection occurred during the spring of 2020 af-
ter the pandemic’s first peak, January of 2021 in the period imme-
diately following the roll-out of the mRNA vaccines, and after the
majority of the cohort had been fully vaccinated in early March
2021. By combining PCR and serology test results, we first deter-
mined that the previous exposure to SARS-CoV-2 irrespective of
the symptoms within this cohort is about 14 % before vaccination.
We then evaluated SARS-CoV-2 mRNA-vaccine-induced anti-
body isotypes, the magnitude of spike-specific and cross-reactive
antibodies, and neutralizing antibodies against the reference
WIV04 strain and circulating variants.

RESULTS

Determination of SARS-CoV-2 serostatus among mRNA
vaccine recipients

Between June 2020 and March 2021, we enrolled 237 health care
workers in a large tertiary academic medical center (George
Washington University, United States), to estimate baseline seros-
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tatus and study antibody response after doses 1 and 2 of an mRNA
vaccine among previously infected and naive individuals (Figure S1
and Table S1). Overall, participants were young (median age = 30
years) and healthy (82.1% reported no chronic medical condi-
tions). Of 237 health care workers, 161 participants received the
Pfizer-BioNTech mRNA vaccine (BNT162b2), and seven partici-
pants received the Moderna mRNA-1273 vaccine. Both of these
vaccines use mRNA to induce the expression of stabilized full-
length SARS-CoV-2 spike protein (Angeli et al.,, 2021). We
collected a total of 424 longitudinal samples from the 237 health
care workers. This was done pre-vaccination (n = 136 collected
6 months before vaccination), after dose 1 (n = 149 collected be-
tween 6 and 28 days of vaccination [median 21 days]), and after
dose 2 (n = 139 collected within 66 days of vaccination [median
54 days]). At the start of the enroliment in June 2020, seven partic-
ipants were seropositive, and, between June 2020 and Dec 2020,
19 additional participants experienced symptomatic, mild SARS-
CoV-2 infection, detected by RT-PCR. None of the infected health
care personnel in this study experienced severe disease requiring
hospitalization. To determine the SARS-CoV-2 serostatus of all the
participants, we measured SARS-CoV-2 nucleocapsid antibodies
in pre-vaccine and dose 1 samples and spike RBD antibodies
before vaccination (Figure S1). We stratified the 237 participants
as 35 seropositive and 202 as seronegative by combining RT-
PCR and serology test results (Figure S1). Among the 168 mRNA
vaccine recipients, 20 were previously infected and 148 were
naive. Analysis of self-reported symptoms following vaccination
indicated that naive individuals tended to experience fewer symp-
toms following both vaccine doses than previously infected indi-
viduals (Figures S2 and S3).

High levels of spike IgG over IgM and IgA antibodies after
dose 1 and dose 2

In symptomatic SARS-CoV-2 infections, immunoglobulin (Ig) G,
IgM, and IgA antibodies are typically developed after 9 days post
symptom onset (Sette and Crotty, 2021). To understand the anti-
body response following the doses 1 and 2 of mRNA vaccines,
we measured the SARS-CoV-2 antibody isotypes against full
spike and RBD antigens (Figure 1). Among the naive, antibody
levels were low up to 7 days, and IgG antibodies to full spike
and RBD antigens seroconverted in >95% of the participants
by day 8 (Figures 1A and 1D). The predominant response was
for the IgG antibodies in both naive and previously infected par-
ticipants after doses 1 and 2. Among naive individuals, IgM and
IgA antibodies were higher after the first dose than the second
dose (Figures 1G and 1H). In previously infected individuals,
IgM levels were generally lower than in the naive individuals.
However, IgA levels in the previously infected individuals were
comparable with those in the naive individuals after dose 1,
and were unchanged after dose 2 (Figure 1H).

Comparable spike IgG levels after dose 2 in previously
infected and naive individuals

Having observed that the IgG antibodies are dominant, we
compared the magnitude of IgG response after doses 1 and 2
in titration ELISA assays against full spike, RBD, and NTD anti-
gens (Figure 2). The spike IgG antibody levels, measured by
the area under the curve (AUC) in titration experiments, was
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Figure 1. Antibody isotype profiling after mRNA vaccination in naive and previously infected adults

(A-F) The analysis of serum binding antibodies to (A) full spike (n = 43) and (D) spike RBD (n = 111) after dose 1 in naive individuals with the samples collected at
different time points from 3 to 31 days. IgG, black; IgM, pink; IgA, cyan. Levels of IgG, IgM, and IgA antibodies binding to (B) full spike (n =43) and (E)RBD (n=111)
in the samples collected from 20 to 66 days after dose 2 in naive individuals. Levels of IgG, IgM, and IgA antibodies binding to (C) full spike and (F) RBD in the
samples collected from 6 to 28 days after dose 1 and from 35 to 65 days after dose 2 in 20 previously infected individuals.

(G and H) Changes in (G) IgM and (H) IgA antibody levels to full spike and RBD after dose 1 and 2 in naive and previously infected individuals. Changes in an-
tibodies to full spike (n = 42, black dots) or RBD (n = 75, white-filled black circle) in naive individuals were analyzed by ELISA using the paired samples collected
from 3 to 29 days after dose 1 and from 20 to 66 days after dose 2. Changes in antibodies to full spike (n = 15, red dots) or RBD (n = 15, red-filled black circle) in
previously infected individuals were analyzed by ELISA using the paired samples collected from 6 to 28 days after dose 1 and from 35 to 65 days after dose 2.

Each dot represents a single donor at a time point. The median is shown as a dotted line. ELISA binding is shown as OD units at 450 nm.

robustly boosted among the previously infected participants
following dose 1, but this response varied in some individuals
(Figures 2A-2C). The variation of the spike IgG antibodies after
the first dose was higher in naive than in the previously infected
individuals. After dose 2, IgG response to spike antigens was
highly focused, and the antibody levels were comparable be-
tween naive and the previously infected individuals. The magni-
tude of RBD antibodies correlated well to NTD and the full spike
antibodies in both groups (Figures 2D and 2E).

Naive individuals develop weaker neutralizing
antibodies than previously infected individuals
We and others have previously shown that the levels of RBD-
binding antibodies correlated to the SARS-CoV-2 neutralizing

antibody titers (Premkumar et al., 2020; Wajnberg et al., 2020;
Dogan et al., 2021; Freeman et al., 2021). To understand the
relationship between neutralizing antibodies and spike-binding
antibodies after mRNA vaccination, we measured live virus
SARS-CoV-2 neutralizing titers in 37 paired samples comprising
15 previously infected and 22 naive individuals after vaccine
doses 1 and 2 (Figure 3). Among previously infected and naive
vaccine recipients, we observed a robust correlation between
SARS-CoV-2 neutralizing antibodies and the levels of the spike
RBD and NTD IgG-binding antibodies and a modest correlation
with full-spike-binding IgG antibodies (Figures 3C and 3D). We
also noticed a moderate to high correlation between the neutral-
izing antibody levels and RBD and full spike serum IgA anti-
bodies among previously infected vaccine recipients.
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Figure 2. Analysis of spike IgG antibodies after mRNA vaccination in naive and previously infected adults

(A-C) Binding IgG levels to (A) full spike, (B) spike RBD, and (C) spike NTD were measured by ELISA using serially diluted sera from naive and previously infected
individuals collected from 9 to 28 days after dose 1 and from 35 to 66 days after dose 2. Black dots, full spike (n = 28) or RBD (n = 75) or NTD (n = 75) antibodies in
naive individuals; red dots, full spike (n = 20) or RBD (n = 20) or NTD (n = 20) antibodies in previously infected individuals.

(D and E) (D) Correlation of binding IgG antibodies between NTD and RBD, and (E) between RBD and full spike. The non-parametric Spearman correlation
coefficient (rs) and the associated 95% confidence interval are shown for previously infected and naive individuals. Binding antibody titers are expressed as AUC.
Each dot represents a single donor at a time point. The median is shown as a dotted line.

Strikingly, about 85% (17 out of 20) of the naive did not develop
detectable levels of neutralizing antibodies >15 days after dose 1
(Figures 3A and 3-D), and in about 50% (9 out of 19) of those naive
vaccine recipients neutralizing antibodies were not detectable
even after dose 2 between 20 and 66 days (Figures 3B and 3D).
In contrast, 66% (10 out of 15) of previously infected individuals
developed neutralizing antibodies after dose 1, and after dose
2, 80% (12 out of 15) of the previously infected had neutralizing
antibodies (Figure 3C). Even though both naive and previously in-
fected individuals developed similar levels of spike-binding anti-
bodies after dose 2, the mean and median neutralizing antibody
levels among the naive recipients were at least 10- and 4-fold
weaker than the previously infected vaccine recipients (cf. Fig-
ures 3C and 3D). Overall, the relationship between spike-binding
and SARS-CoV-2 neutralizing antibodies typically improved be-
tween doses 1 and 2, indicated by the increase in correlation
and decreased interquartile range (IQR), and followed non-
monotonic relationships, which we divided into three groups. In
group 1, neutralizing antibodies were undetectable after dose 1
and remained undetectable or became detectable after dose 2.
In group 2, neutralizing antibody response declined between
doses 1 and 2, whereas neutralizing antibody response in group
3 was detectable after dose 1 and generally improved after dose
2. In group 1, individuals in the 50-70-year-old age range poorly
developed binding and functional antibodies even after complete
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vaccination (Figure S4). In comparison, individuals in the 20-49-
year-old age range from this group also responded poorly after
the first dose, but their antibody levels relatively significantly
improved after the second dose. In group 2, the decline in neutral-
izing antibody response between doses 1 and 2 varied from 20%
to 80% among previously infected and naive participants. In
group 3, the improvement in the neutralizing antibody response
between doses 1 and 2 was 2-fold or less.

Neutralizing antibodies developed against WIV04 strain
are weaker against other circulating variants

To understand the vaccine effectiveness against variants (Delta
[B.1.617.2], Alpha [B.1.1.7], Beta [B.1.351], Gamma [P.1], Kappa
[1.617.1], Zeta [P.2], lota [B.1.526]), we analyzed and compared
the neutralizing activity for the reference WIV04 strain and the var-
iants after doses 1 and 2 among naive and previously infected in-
dividuals in a multiplex surrogate neutralization assay (Figures 4A
and 4B). The multiplex surrogate neutralization assay simulta-
neously measured antibodies that can block the interaction
between RBD and ACE2 in a panel of spike antigens from the refer-
ence WIV04 strain and the above seven novel viral variants. The
percentage of the ACE2 blocking antibodies in the surrogate
neutralization assay with 100x diluted sera robustly correlated
to the neutralizing antibody titers obtained from the BSL-3
SARS-CoV-2 neutralization assay (Figure 4C). In general,



Please cite this article in press as: Narowski et al., SARS-CoV-2 mRNA vaccine induces robust specific and cross-reactive IgG and unequal neutral-
izing antibodies in naive and previously infected people, Cell Reports (2022), https://doi.org/10.1016/j.celrep.2022.110336

Cell Reports

¢? CellPress

OPEN ACCESS

A B . . D
1000 ¢ °
® o 1000
B R § °e o ¥
ES ‘ H e g 6.0 ) Q\é’ Q\é’ O\% *Q\o’ .‘_z\%
2 1004 ®e 2 400 o i ® % 8 S & L R K
e i' D1 | D2 | D1 | D2 |D1|D2| D1 | D2 |D1] D2
s P1 979 [ 1458 846 [3191| 0.3 [ 0.3 | 1444 | 3346
10 . ; S T P2 932 | 2115| 768 3924 0.4 | 0.2 | 2225 | 4749
0 10 20 30 20 40 60 pP3 1255 1468 0.4 7802 0.2
c Days after Dose1 Days after Dose2 P4 519 03| 03 | 1914 | 4520
P5 471 630 0.2 0.2
© S P6 554 | 1457| 835 | 2151 0.5 | 5737 | 7869 0.5
g e\é'? ,\o\é’ ‘bo‘é’ Q’o“? ‘&e‘% .&o\% P7 1339 1956/ 0.6 | 05 | 3198 | 9292
3| A3 A A K < P8 1106 | 3149 1561|2966 | 0.9 | 0.5 | 2562 | 5250 | 0.3 | 0.2
D1 D2 D1 D2 D1 D2 (D1 D2 | D1 D2 | D1 D2 v;_ P9 752 | 1507 | 694 | 2638 3273 | 9129
s1 ‘ 0.7:(10:6 3 [p10 1718 | 3091 | 1233| 3941 0.4 | 2921 | 6392
;.' s2 2339 | 3222 02|02 92541 1.2 | 1.0 G |p11 546 | 1556| 986 2935/ 0.4 [ 0.2 | 1531 | 4738
8 22 ml 3 mm IZ;;; EE P12 681 | 1770| 804 | 2435 3092 | 9558
| e s P13 1230 | 3355 | 2206 | 3135 5159 | 6357 [ 0.3 [ 0.2
- Bal B257) 35851 0.6 KIERNEEERRH 0121 0.5 P14 1029 | 2208|1278 | 4547| 0.3 | 0.2 | 2178 | 5760
s6 | 186 | 147 | | 3877 | 4493 | 5350 | 3789 6209 | 5329 g o 4002] 0.3 B . e
s7 237 | 160 | | 6015 | 2783 | 3148 |4064| 0.3 | 0.4 | 9505 | 5662 | 1.0 | 0.8 o o 10067 05
o |s8 | 284 | 141 | | 5584 | 3987 | 6633 | 4167| 0.3 [[0:21] 12681|12052| 1.0 [[0:4 . . 5655 o 9624
3 |59 | 301 |63 | | 4884 5923 |3276| 0.7 | 0.4 | 12122| 7150 | 1.4 | 0.8
G |s10| 655 | 124 | | 8777 | 5283 4125/102 16066 11385 | 0.4 P18 1071 [BE0] 1716 06} SOIOR{£7003 024 0.2
s11| 730 | 285 | | 6701 | 5365 | 7052 | 5005| 0.4 | 0.4 | 11203| 9995 | 1.2 | 1.1 P19 146614778 | 1490|5467 0.6 | 04 | 2410 | 8663 02
s12/BEEl 543 P e FED 2552[ 0.8 [ 0.2 | 4753 | 3355 | 0.2
™ |s13[1029 8157 | 7681 | 7842 [6589] 0.5 [ 0.4 [13056[11811[ 1.3 [ 1.0 g P21 5673| 0.6 | 0.4 110749 8783 | 0.3 | 0.2
3 [s14 8877 | 7754 0.6 [ 0.6 [13523| 7944 | 1.2 | 1.0 O |p22) 5181 0.9 | 0.5 05 |02
G [s15 7895 7555 0.6 | 0.6 [13997|12568| 1.3 | 1.4
MEDIANlZO 36| 842 2549 820 3163 0.4 0.4 2486 7436 0.1 0.2
MEDIAN| 284 160 | [ 5584 3987 5350 4125 0.4 0.4 11203 7944 1.0 0.8 IaR | 0 44| 831 2158 1069 2889 0.6 0.3 3603 4612 0.1 0.1
1ok [1009 480] [ 6872 4736 6086 2639 0.4 03 10298 6149 06 07 rs to D1 Neut50 060 035 034 022 039 0.04 054 013 053 0.05
rs to D1 Neut50 091 085 068 081 060 069 091 071 066 0.63 rs to D2 Neut50 021 088 022 081 022 030 015 059 0.15 0.29
rs to D2 Neut50 066 084 041 088 068 0.76 058 0.63 0.46 0.52
a1 20 20 458 1458 438 2364 0.1 0.2 1252 4746 01 0.1
a1 20 63 1285 2339 1469 3276 02 01 3225 5662 0.7 03 Q3 20 64 1289 3616 1508 5253 0.7 0.5 4855 9359 0.2 0.2
Q3 1029 543 8157 7075 7555 5915 0.6 0.4 13523 11811 1.3 1.0

Figure 3. Analysis of SARS-CoV-2 live virus neutralizing antibody titers after mRNA vaccination in naive and previously infected adults

(A and B) Analysis of live virus neutralizing antibodies against reference strain (A) after dose 1 and (B) after dose 2 in previously infected and naive individuals.
Previously infected (red, n = 15) participant samples were collected at different time points from 6 to 28 days after dose 1 and from 35 to 66 days after dose 2.
Naive individuals’ (black, n = 22) samples were collected at different time points from 3 to 29 days after dose 1 and from 20 to 66 days after dose 2. Data represent
mean neutralizing antibody titers (Neut50) from duplicate measurement for a single donor at a time point.

(C and D) Heatmap showing the comparison of the neutralizing antibody titers to spike-binding antibodies in (C) 15 previously infected and (D) 22 naive individuals
after dose 1 and dose 2. Median, IQR, and the non-parametric Spearman correlation coefficient (rs) are shown for each group. Group stratification by neutralizing
antibodies (group 1, undetectable after dose 1 and remained undetectable or became detectable after dose 2; group 2, declined between doses 1 and 2; group 3,

improved between doses 1 and 2) are shown. Analysis of vaccine-induced antibodies by age within group 1 is presented in Figure S4.

previously infected vaccine recipients displayed higher spike-
ACE2 blocking activity compared with the naive vaccine recipi-
ents. The magnitude of RBD-binding antibodies correlated with
the spike-ACE2 blocking activity against the reference strain and
followed a non-monotonic relationship across the three groups
as observed for the live virus-neutralization assay (Figure 3). The
spike-ACE2 blocking activity of Delta and other variants in naive
and pre-exposed individuals was an average 20%-30% weaker
than the ACE2 blocking activity of the mRNA-vaccine-reference
strain WIV04 after dose 2 (Figures 4D and 4E). Overall, people
with high RBD-binding antibodies also developed better ACE2
blocking activity and vice versa (Figures 4D and 4E).

mRNA vaccine induces higher levels of endemic HCoV
cross-reactive antibodies in previously infected than in
naive individuals

All participants in our cohort have been previously exposed to
more than one HCoV. The development of cross-reactive anti-

bodies to HCoVs was reported previously in hospitalized pa-
tients with severe SARS-CoV-2 symptoms (Guo et al., 2021).
We, therefore, measured longitudinal antibody levels against
the full spike antigens from the reference SARS-CoV-2 and the
four HCoVs using a titration ELISA with the samples collected
at pre-vaccination and after doses 1 and 2 from previously in-
fected and naive individuals (Figure 5). While most vaccine recip-
ients developed antibodies to SARS-CoV-2 as expected, we
observed that some previously infected and naive individuals
developed strong cross-reactive antibodies to HCoV spike anti-
gens. The cross-reactive antibody levels were more robust after
dose 1 against the B-HCoVs (OC43 and HKU-1; Figures 5B-5C,
5G-5H, and 5K) than a-HCoVs (NL63 and 229E; Figures 5D-5E,
5I-5K). Similarly, the cross-reactive antibody levels against
HCoVs were more pronounced in previously infected individuals
than in the naive individuals, marked by a sharper rise after dose
1 followed by a noticeable decline between the first and second
dose (Figure 5). Notably, the levels of cross-reactive antibodies
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Figure 4. Analysis of mRNA-vaccine-induced ACE2 blocking antibody response against circulating variants

(A) Amino acid substitutions observed within the spike RBD among seven circulating variants.

(B) Surface representation of RBD ACE2-binding site with the overlapping epitopes targeted by major classes of neutralizing antibodies. The three ACE2-binding
regions (top, base, and knob) and the overlapping epitopes (sites A, B, C, and D), classified by Wilson and co-workers (Yuan et al., 2021), are shown. Emergent
mutations in the ACE2-binding site of circulating variants are shown in red ball and stick representation.

(C-E) (C) Correlation between ACE2-RBD blocking antibodies and SARS-CoV-2 live virus-neutralization titer. The non-parametric Spearman correlation coef-
ficient (rs) and 95% confidence interval are shown for 66 samples. Heatmap showing the comparison of ACE2 blocking activities against referent and the
circulating variants in (D) previously infected and (E) naive individuals after dose 1 and dose 2. Samples from 14 previously infected individuals were tested in
surrogate neutralization assay using the samples collected from 15 to 28 days after dose 1 (with the exception of S3 [6 days], S12 [8 days], and S8 [9 days]
samples) and from 35 to 63 days after dose 2. Samples from 42 naive individuals were also tested similarly with the samples collected from 15 to 29 days after
dose 1 (with the exception of P15 [8 days], P17 [3 days], P35 [8 days], and P22 [13 days]) and from 26 to 66 days after dose 2. Data represent mean ACE2 blocking
antibody (%) from duplicate measurement for a single donor at a time point. RBD-binding IgG titers (AUC) and live virus-neutralization titers (Neut50) for the
reference strain are shown for comparison. Median and IQR are shown. Group stratification by neutralizing antibodies (group 1, undetectable after dose 1 and
remained undetectable or became detectable after dose 2; group 2, declined between doses 1 and 2; group 3, improved between doses 1 and 2) are shown.

induced after vaccination were highly correlated among HCoVs,
indicating that the cross-reactive antibodies are most likely tar-
geting conserved epitope(s) shared among the spike protein
(Figure 5).

DISCUSSION
Our study on binding and neutralizing antibody response after
two doses of mRNA vaccines in 168 naive and previously in-

fected individuals provides novel insights into vaccine-induced
immunity against the reference strain and variants. Similar to a
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few independent studies, we observed comparable levels of
IgG responses to spike RBD and NTD following complete vacci-
nation in both naive and previously infected recipients (Cho et al.,
2021; Ebinger et al., 2021; Gobbi et al., 2021). However, our
study demonstrates that the vaccine-induced neutralizing anti-
body response varies among these individuals.

We and others have previously shown that RBD antibody levels
correlate well to the magnitude of the neutralizing antibodies in
symptomatic SARS-CoV-2 infections (Premkumar et al., 2020;
Roltgen et al., 2020; Wajnberg et al., 2020; Dogan et al., 2021;
Freeman et al., 2021). Among convalescent plasma donors
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Figure 5. Longitudinal analysis of cross-reactive antibody response
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against HCoVs after mRNA vaccination

(A-J) Analysis of IgG-binding levels to full spike protein from (A, F) SARS-CoV-2, (B, G) HKU-1, (C, H) OC43, (D, I) NL63, and (E, J) 229E at pre-vaccine, and after
doses 1 and 2. IgG antibodies to full spike proteins from seasonal coronavirus were measured by ELISA using serially diluted longitudinal sera from 16 naive (black
line) and 11 previously infected (red line) individuals collected ~6 months before dose 1, after dose 1 (3-28 days), and after dose 2 (20-66 days). For comparison,
SARS-CoV-2 spike IgG levels in 24 naive (black line) and 19 previously infected (red line) individuals are presented. Binding antibody titers are expressed as AUC.
Wilcoxon-non-parametric paired test was performed to determine if antibody response to SARS-CoV-2 and HCoVs spike proteins between baseline and after
doses are different in a subset of previously infected (A-E) and naive (F-J) individuals. The test result revealed that the antibody development between baseline
and after vaccination in naive and previously infected individuals is statistically significant. The p value summary from the Wilcoxon test is shown above the
scatterplot. ***p < 0.0001; ***0.0002; **0.0021; *0.0332; ns, 0.1234.

(K) Change in spike antibody levels (OD) between pre-vaccine and after vaccination in previously infected (n = 19) and naive individuals (n = 44). Each dot
represents a single donor at a time point. The median is shown as a dotted line.

(Markmann et al., 2021) with binding anti-RBD IgG titers over
1:160, 95% developed live virus neutralization. By contrast, after
full vaccination about two-fifths of the naive and one-fifth of the
previously infected vaccine recipients in our cohort—even though
mean binding anti-RBD titers were significantly higher than
1:160—did not develop detectable levels of neutralizing anti-
bodies in a live virus-neutralization assay. These observations
suggest that antibodies developed after mRNA vaccination and
natural SARS-CoV-2 infection differ. Recently, Greaney et al.
(2021b) reported that mRNA-1273 elicited RBD-focused antibody
response that targeted a broader range of epitopes than those
produced by natural infection, suggesting one possible basis for
the observed difference. What remains unexplained is the
disparity in neutralizing antibodies between the previously in-
fected in our cohort and those observed in convalescent plasma
donors. One difference between these two groups is that the pre-
viously infected from our cohort also received two doses of an
mRNA vaccine, while the data reported in the convalescent
plasma group were collected before any vaccines were widely
available. At present, the significance of this remains unclear.

Threshold levels of neutralizing antibodies for SARS-CoV-2
immunity have yet to be established, and even relatively low
levels of neutralizing antibodies have been associated with pro-
tection in nonhuman primate models (Gao et al., 2020). Nonethe-
less, the lack of detectable levels of neutralizing antibodies in
40% of naive participants is concerning and differs from the pre-
vious reports (Ebinger et al., 2021; Naaber et al., 2021; Terpos
et al., 2021). The difference between our results and other
studies may indicate the importance of assay harmonization
and validation of surrogate neutralization titers with authentic
live virus-neutralization assays. Ebinger et al. (2021) have utilized
a particular threshold of IgG level and percentage ACE2-binding
inhibition activity as a surrogate for a plaque reduction neutrali-
zation test and reported that previously infected and naive indi-
viduals develop similar ACE2 blocking activities after two doses
of mRNA vaccine. A study of 308 healthy individuals reported
persistent neutralizing response several months after vaccina-
tion by testing the samples at low dilution in an ACE2-binding in-
hibition assay (Terpos et al., 2021). Nevertheless, other factors
may also contribute to the differences between our observations
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and other studies, including sample collection after vaccination,
amount of vaccine dose, dosing intervals, virus strain (WIV04
strain versus WIV04 strain with D614G mutation), and participant
demographics. Our study utilized the WIV04 reference strain in a
BSL3 live virus-neutralization assay and a multiplex ACE2-bind-
ing inhibition assay with a broader dynamic range and also eval-
uated the correlation between these assays within the study
subjects. The samples in our study were analyzed between 1
and 4 weeks after dose 1, and between 3 and 9 weeks after
dose 2 of the BNT162b2 vaccine. Naaber et al. (2021) reported
significant ACE2 blocking antibodies 1 week after dose 2 (me-
dian relative optical density [OD] of 0.64 compared with 0.97 at
baseline), which declined after 12 weeks (median relative OD
of 0.75) among BNT162b2 vaccine recipients. A recent study
involving eight subjects who received the mRNA-1273 vaccine
reported persistent neutralizing antibodies 6 months after the
second dose. Notably, mRNA-1273 vaccine recipients received
two 100-pg doses at 28-day intervals, whereas BNT162b2 vac-
cine recipients received 30-ug doses at 21-day intervals (Pegu
et al., 2021).

In our study, we observed that neutralizing antibody re-
sponses to vaccination fell into one of three groups. Group 1
showed weak neutralizing antibody development after the first
vaccine dose and, in the aggregate, an inadequate neutralizing
Ab response after complete vaccination. Group 2 showed an
initial strong and protective neutralizing antibody response fol-
lowed by a decline after the second dose. Group 3 showed a
modest initial response followed by increased and generally
protective levels of neutralizing antibody after the second vac-
cine dose. Understanding any biological basis underlying the
different vaccination responses in these groups could broaden
our understanding of those at risk for infection despite vaccina-
tion. As reported elsewhere (Collier et al., 2021), age appears to
be negatively correlated with binding and neutralizing antibody
development in our cohort (Figure S4). There may be factors
other than age that are important to this phenomenon.

Of particular interest is group 2 with the highest level of
neutralizing antibody after the first vaccine dose, subsequently
declining to below that of group 3 after the second dose. The
experience of this group explains to some extent the lower-
than-expected levels of neutralizing antibody after full vacci-
nation in our cohort. It does not seem likely that protective
vaccine-mediated immunity, having been established in group
2 after dose 1, became inadequate after dose 2, even though
measured levels of neutralizing antibodies declined. That be-
ing said, evidence of decreasing neutralizing antibody be-
tween the first and second vaccine doses has also been
observed in previous reports (Cho et al., 2021), indicating a
decline of transient antibody levels and/or inadequate dosing
intervals. Recent studies have shown that extending the
dosing interval to between 6 and 12 weeks resulted in higher
levels of neutralizing antibodies after dose 2 compared with
conventional 3- to 4-week regimen (Payne et al., 2021). If the
pattern of vaccine response observed in group 2 in our cohort
is reflected in larger populations, extending the dosing interval
may be considered for this group.

Multiple reports have also surfaced recently that previously in-
fected individuals may not need or benefit from a second dose of
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an mRNA vaccine (Gobbi et al., 2021; Mazzoni et al., 2021;
Padoan et al., 2021; Perez Marc et al., 2021; Vicenti et al.,
2021; Wise, 2021). Our data, by contrast, show that one-third
of previously infected individuals did not produce detectable
levels of neutralizing antibodies after the first dose (Figure 3C,
group 1); after the second dose, however, 40% of these non-re-
sponders produced neutralizing antibodies. A lack of increased
spike-binding antibody level after the second dose in those pre-
viously infected with SARS-CoV-2 has also been cited as evi-
dence that the second dose is unnecessary (Gobbi et al,
2021; Goel et al., 2021; Zipeto et al., 2021). That being said,
and while data are scanty, clinical evidence does not yet exist
that vaccination of the previously infected confers more immu-
nity to reinfection than does vaccination of naive recipients to pri-
mary infection (Cho et al., 2021; Teran et al., 2021). Moreover,
while elevated levels of neutralizing antibodies are considered
highly protective (Khoury et al., 2021), some reports have ques-
tioned this relationship (Bradley et al., 2021), and suggested that
other biomarkers may better predict SARS-CoV-2 immunity
(Alter et al., 2021; Butler et al., 2021; Koch et al., 2021; Natarajan
et al., 2021; Rubin, 2021). Protection following vaccination has
been noted in those who have not yet produced significant
neutralizing antibodies, suggesting other possible protective
mechanisms. One possibility involves non-neutralizing anti-
bodies, which mediate viral elimination through antibody Fc frag-
ment binding to host effector cells (Beaudoin-Bussiéres et al.,
2021). At present, though, neutralizing antibodies remains the
best-known correlate of protection (Earle et al., 2021) against
SARS-CoV-2 infection.

Immunity against SARS-CoV-2 variants, including the Delta
variant and the newly emerging Omicron variant, is a topic of great
interest. Our data demonstrated that the current mRNA-vaccine-
mediated neutralizing antibodies are effective against the Alpha
and the Delta variants and our observations are consistent with
other reports (Abu-Raddad et al., 2021). It has been argued that
“affinity maturation” can, over time, produce “broadly neutral-
izing antibodies” (BNABs) with the ability to provide sterilizing im-
munity based on high affinity for conserved epitopes among
variant pathogens (Sprenger et al., 2020; Muecksch et al.,
2021). Persistent exposure to pathogen antigens is thought to un-
derlie the process of affinity maturation and the development of
BNABs. It follows from this that optimized (Sprenger et al., 2020)
timing of SARS-CoV-2 spike antigen exposure through booster
vaccinations with the currently approved mRNA vaccines may
be a route to increase resistance to SARS-CoV-2 variants.

In support of this idea, there are reports (Leier et al., 2021) of
the development of adequate neutralizing antibodies against
SARS-CoV-2 variants following administration of mRNA vac-
cines to previously infected subjects, suggesting that repeated
exposure (beyond that achieved by two doses of the vaccine)
may contribute to maintaining competent immunity against
SARS-CoV-2 variants. However, it has also been reported that
binding and neutralization of the ACE2-binding site by the two
most frequently elicited human antibody families (IGHV3-53/3-
66 and IGHV1-2; Figure 4C) was significantly abrogated by the
mutations observed in the circulating variants (Yuan et al,,
2021). One possible explanation for this apparent paradox is
that an initial polyclonal response during the relatively short
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period after vaccination (~2 months) is effective against circu-
lating variants. It may be the case that, as the immune response
matures in vaccinated subjects, and the polyclonal response
wanes, susceptibility to the variants could widen, raising the
question of whether in the future variant-focused re-vaccination
with modified vaccines will become necessary.

There are concerns (Lawton, 2021; Noori et al., 2021) regarding
potential problems with the effectiveness of such modified vac-
cines; however, whether or not the current vaccine regimen, or
repeated doses of the existing vaccines, will induce BNABs
against currently circulating SARS-CoV-2 variants, remains in
question. In this regard, it is worth noting that a potent cross-reac-
tive antibody (Moyo-Gwete et al., 2021) derived from a SARS-
CoV-2-variant epitope has recently been reported, suggesting
that modified vaccines produced in this fashion may prove
broadly effective. While, at present, vaccine-mediated immunity
against the currently dominant Delta variant appears effective,
constant mutation by the virus in large, unvaccinated populations
in which SARS-CoV-2 transmission continues unabated suggests
the potential for evolving a highly divergent variant such as Omi-
cron against which the current vaccines may be less effective
(Callaway, 2021; Krause et al., 2021; Yuan et al., 2021).

Recent studies have reported declining of SARS-CoV-2
neutralizing antibodies >6 months after receipt of the second
dose of mRNA vaccine, provoking debate over mass booster
vaccination (Goldberg et al., 2021). Widely administered booster
immunizations against reference/variants will expose a previ-
ously vaccinated and sensitized population to risk of vaccine re-
action with attendant risks and discomforts (Remmel, 2021). Our
data show that previous SARS-CoV-2 exposure either from
infection or vaccination results in greater symptoms in response
to a second exposure to SARS-CoV-2 antigens; however, a
recent small-scale study that looked at booster vaccinations
with one of the two mRNA vaccines reported no more than mod-
erate symptoms in just 15% of subjects (Wu et al., 2021).

Along with neutralizing I9G, the production of anti-spike IgA in
the airways has been proposed to prevent SARS-CoV-2-reinfec-
tion (Cervia et al., 2021; Dispinseri et al., 2021). Mucosal immu-
nity plays a vital role in viral respiratory infections; IgA dominates
early immune response with development of mucosally oriented
plasmablasts in natural SARS-CoV-2 infection (Sterlin et al.,
2021). Neutralizing mucosal IgA has been associated with milder
SARS-CoV-2, and circulating neutralizing IgG with more severe
disease (Butler et al., 2021). The importance of mucosal protec-
tion in SARS-CoV-2 has led some to advocate nasally adminis-
tered vaccines that induce more robust mucosal IgA responses
(Wang et al., 2021b). In our study, parenterally delivered mRNA
vaccines induce high levels of anti-spike IgG, similar to what is
seen in severe disease. IgA production, by contrast, is induced
in more modest quantities, comparable with what is seen in
mild disease (Réltgen et al., 2021). Induction of strong IgG, and
low IgA levels in naive patients after receiving one of the two
mRNA vaccines, has also been recently reported in other inde-
pendent studies (Danese et al., 2021). Serum IgA levels are not
a direct measure of secretory IgA levels, since systemic IgA is
predominantly made of monomeric IgA1 subclass, and mucosal
IgA is a polymeric IgA2 subclass (Crago et al., 1984). However,
induction of mucosal IgA after parenteral mMRNA vaccination
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has been reported (Ketas et al., 2021). Our data show that, after
full vaccination, spike IgA levels in serum correlated better to the
levels of neutralizing antibodies in previously infected vaccine re-
cipients than among naive recipients, a phenomenon that may
be related to a more mature immune response in the former
group and recall of memory B cells from natural infection.

In our study, naive subjects experienced significantly increased
spike antibody levels against the SARS-CoV-2 reference strain,
SARS-CoV-2 variants, and the HCoVs after both doses of vac-
cine. Previously infected subjects after dose 2, by contrast, saw
modest improvement in antibodies against SARS-CoV-2, but
antibody levels were stable or declining against HCoV. HCoV
memory B and T cells have been implicated in the early response
to SARS-CoV-2 exposure (Sokal et al., 2021) and likely explain the
induction of HCoV antibodies in infection/vaccination after the
first dose in both the previously infected and the naive. As has
been shown with Zika and dengue viruses (Montoya et al., 2018;
Premkumar et al., 2018), which are closely related flaviviruses,
transient cross-reactive antibodies develop in the acute phase
(Dispinseri et al., 2021) and tend to fade as immune responses
mature. Nonetheless, cross-reactive HCoV antibodies targeting
conserved regions were reported to be boosted in some hospital-
ized patients (Anderson et al., 2021; Guo et al., 2021; Song et al.,
2021) and have been associated with the development of neutral-
izing antibodies (Dispinseri et al., 2021).

Reliable serological assays to monitor community transmission
of SARS-CoV-2 and its variants, and to support post-acute SARS-
CoV-2 (PASC) studies, are urgently needed. After vaccination,
spike antigen serology is unsuitable for detecting SARS-CoV-2
infection; in those immunized with one of the currently available
mRNA vaccines, or similar, which do not expose the recipient to
the totality of viral antigens, serological assays targeting antigens
not included in the vaccine may be used to identify evidence of
previous infection. Currently antibodies against the nucleocapsid
phosphoprotein are used for this purpose; however, our analysis
of longitudinal samples shows that nucleocapsid serology dis-
plays poor sensitivity over time (Figure S1E). SARS-CoV-2 non-
structural proteins such as open reading frame (ORF)-8 and
ORF-3b (Alkhansa et al., 2021; Barik, 2021) have been identified
as alternate antibody targets, which in combination may improve
sensitivity for detecting previous SARS-CoV-2 infection. These
and other non-spike viral epitopes (Lorenzo et al., 2021) constitute
a promising strategy to distinguish past SARS-CoV-2 infection
from vaccination.

Conclusions

Our data show a significant lack of neutralizing antibodies in
naive subjects after full vaccination, and a more limited but
concerning lack of neutralizing antibodies in some previously in-
fected individuals. In contrast to what has previously been re-
ported, we find that previously infected individuals may benefit
from two doses of the currently available mRNA vaccines. Over-
all, robust binding antibodies are developed after complete
vaccination; however, the neutralizing antibody response to
mRNA vaccination is highly variable among individuals. In gen-
eral, neutralizing antibody effectiveness against the variant
strains, including the Delta variant, is moderately reduced
compared with the vaccine referent strain. In a subset of
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individuals categorized as group 2, our data do not show
improving neutralizing antibodies against circulating variants
with repeated vaccine doses with the conventional 3- to 4-
week regimen. Combined with the overall weak neutralizing anti-
body responses in group 1 after complete vaccination, this sug-
gests that further booster vaccinations, possibly modified for the
variants, may be called for in the future. We also find that nucle-
ocapsid IgG wanes over time and is therefore limited as an assay
for previous infection with SARS-CoV-2.

Limitations of the study

Study limitations include the inclusion of subjects receiving only
mRNA vaccines, and variability in the time interval between
vaccine administration and sample collection among partici-
pants. Our cohort’s previously SARS-CoV2-infected partici-
pants were unlikely to have been infected with one of the var-
iants, and, to our knowledge, none of the previously infected
subjects in our study could have been infected with the
currently circulating Delta or Omicron variants. Study partici-
pants included primarily young, healthy adults; chronically ill,
immunocompromised, and those at the extremes of age are
not represented in our study. Our data represent interim values
and the durability of vaccine-induced antibody response
>6 months after vaccination requires further investigation.
Cellular immunity is also clearly very important in the defense
against infection with SARS-CoV-2; information regarding
T cell responses to infection and vaccination is not included
in the current paper, but is planned for future study.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY

O Lead contact

O Materials availability

O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
Clinical study
Patient recruitment
Patient data collection
Specimen collection
Cells
e METHOD DETAILS

O Protein expression and purification

O Generation 2 RBD or NTD ELISA
O Full-length spike protein ELISA
O
O
O

@)

O
O
O
O

Live virus neutralization assay
Multiplex surrogate neutralization assay
Nucleocapsid assay

® QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
celrep.2022.110336.

10 Cell Reports 38, 110336, February 1, 2022

Cell Reports

ACKNOWLEDGMENTS

This study was supported by grants from the National Cancer Institute
(U54CA260543 to A.M.d.S., R.S.B., and L.P.) and National Institutes of Health,
Allergy and Infectious Diseases (U01AI151788 to A.M.d.S. and L.P.). We would
like to thank the health care providers and staff at the George Washington Uni-
versity Hospital Department of Emergency Medicine for their many contribu-
tions to this work. We thank Dr. Liu and the members of the Liu laboratory at
George Washington University’s Milken Institute School of Public Health. We
would like to acknowledge Meso Scale Discovery for donating plates and re-
agents to perform the surrogate neutralization assay. We would like to thank
the Adams School of Dentistry DELTA Translational Recharge Center and its
co-directors Drs. Shannon Wallet and Robert Maile for the infrastructure sup-
port to this study. We thank Mr. John Forsberg at the UNC protein expression
core facility and Mr. Salman Khan for assisting with protein expression. We
thank Ms. Hemajothi Premkumar for her help with designing graphics.

AUTHOR CONTRIBUTIONS

J.E.L. and L.P. developed the conceptual ideas and designed the study. K.R.,
J.H., and J.E.L. recruited patients and provided all clinical data. T.M.N., R.J.,
L.E.A., N.AV,, and L.P. performed the experiments and data analysis.
AM.d.S., R.S.B., J.E.L,, and L.P. supervised the study. J.E.L. and L.P. pre-
pared the figures and wrote the paper. A.M.d.S., R.S.B., J.E.L., and L.P. pro-
vided funding. All authors provided critical comments on the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests. Subjects were drawn from the
workforce of the Emergency Department at George Washington University
Hospital and included over 200 health care providers. Every member of this
group was invited, including all genders and ethnicities represented among
eligible subjects. Anyone who expressed interest was enrolled, and no individ-
ual/group was excluded.

INCLUSION AND DIVERSITY

One or more of the authors of this paper self-identifies as an underrepresented
ethnic minority in science. One or more of the authors of this paper self-iden-
tifies as a member of the LGBTQ+ community.

Received: June 22, 2021

Revised: December 1, 2021
Accepted: January 12, 2022
Published: February 1, 2022

REFERENCES

Abu-Raddad, L.J., Chemaitelly, H., and Butt, A.A. (2021). Effectiveness of the
BNT162b2 Covid-19 vaccine against the B.1.1.7 and B.1.351 variants. N. Engl.
J. Med. https://doi.org/10.1056/NEJMc2104974.

Alkhansa, A., Lakkis, G., and El Zein, L. (2021). Mutational analysis of SARS-
CoV-2 ORF8 during six months of COVID-19 pandemic. Gene Rep. 23,
101024. https://doi.org/10.1016/j.genrep.2021.101024.

Alter, G., Gorman, M., Patel, N., Guebre Xabier, M., Zhu, A., Atyeo, C., Pullen,
K., Loos, C., Goez-Gazi, Y., Carrion, R., Jr., et al. (2021). Collaboration be-
tween the Fab and Fc contribute to maximal protection against SARS-CoV-
2 following NVX-CoV2373 subunit vaccine with Matrix-M™ vaccination.
Res. Square. https://doi.org/10.21203/rs.3.rs-200342/v1.

Anderson, E.M., Goodwin, E.C., Verma, A., Arevalo, C.P., Bolton, M.J., Weir-
ick, M.E., Gouma, S., McAllister, C.M., Christensen, S.R., Weaver, J., et al.
(2021). Seasonal human coronavirus antibodies are boosted upon SARS-
CoV-2 infection but not associated with protection. Cell 784, 1858-
1864.e10. https://doi.org/10.1016/j.cell.2021.02.010.


https://doi.org/10.1016/j.celrep.2022.110336
https://doi.org/10.1016/j.celrep.2022.110336
https://doi.org/10.1056/NEJMc2104974
https://doi.org/10.1016/j.genrep.2021.101024
https://doi.org/10.21203/rs.3.rs-200342/v1
https://doi.org/10.1016/j.cell.2021.02.010

Please cite this article in press as: Narowski et al., SARS-CoV-2 mRNA vaccine induces robust specific and cross-reactive IgG and unequal neutral-
izing antibodies in naive and previously infected people, Cell Reports (2022), https://doi.org/10.1016/j.celrep.2022.110336

Cell Reports

Angeli, F., Spanevello, A., Reboldi, G., Visca, D., and Verdecchia, P. (2021).
SARS-CoV-2 vaccines: lights and shadows. Eur. J. Intern. Med. 88, 1-8.
https://doi.org/10.1016/j.€jim.2021.04.019.

Barik, S. (2021). Systematizing the genomic order and relatedness in the open
reading frames (ORFs) of the coronaviruses. Infect. Genet. Evol. 92. https://
doi.org/10.1016/j.meegid.2021.104858.

Beaudoin-Bussiéres, G., Chen, Y., Ullah, |., Prévost, J., Tolbert, W.D.,
Symmes, K., Ding, S., Benlarbi, M., Gong, S.Y., Tauzin, A., et al. (2021). An
anti-SARS-CoV-2 non-neutralizing antibody with Fc-effector function defines
a new NTD epitope and delays neuroinvasion and death in K18-hACE2
mice. bioRxiv. https://doi.org/10.1101/2021.09.08.459408.

Bradley, B.T., Bryan, A., Fink, S.L., Goecker, E.A., Roychoudhury, P., Huang,
M.L., Zhu, H., Chaudhary, A., Madarampalli, B., Lu, J.Y.C., et al. (2021). Anti-
SARS-CoV-2 antibody levels are concordant across multiple platforms but are
not fully predictive of sterilizing immunity. medRxiv. https://doi.org/10.1101/
2021.04.26.21256118.

Butler, S.E., Crowley, A.R., Natarajan, H., Xu, S., Weiner, J.A., Bobak, C.A,,
Mattox, D.E., Lee, J., Wieland-Alter, W., et al. (2021). Distinct features and
functions of systemic and mucosal humoral immunity among SARS-CoV-2
convalescent individuals. Front. Immunol. 77, 1-14. https://doi.org/10.3389/
fimmu.2020.618685.

Callaway, E. (2021). COVID vaccine boosters: the most important questions.
Nature 596, 178-180. https://doi.org/10.1038/d41586-021-02158-6.

Cervia, C., Nilsson, J., Zurbuchen, Y., Valaperti, A., Schreiner, J., Wolfens-
berger, A., Raeber, M.E., Adamo, S., Weigang, S., Emmenegger, M., et al.
(2021). Systemic and mucosal antibody responses specific to SARS-CoV-2
during mild versus severe COVID-19. J. Allergy Clin. Immunol. 747, 545-
557.€9. https://doi.org/10.1016/j.jaci.2020.10.040.

Cho, A., Muecksch, F., Schaefer-Babajew, D., Wang, Z., Finkin, S., Gaebler,
C., Ramos, V., Cipolla, M., Mendoza, P., Agudelo, M., et al. (2021). Anti-
SARS-CoV-2 receptor binding domain antibody evolution after mRNA vacci-
nation. Nature. https://doi.org/10.1038/s41586-021-04060-7.

Chvatal-Medina, M., Mendez-Cortina, Y., Patifio, P.J., Velilla, P.A., and Ru-
geles, M.T. (2021). Antibody responses in COVID-19: areview. Front. Immunol.
12, 1-14. https://doi.org/10.3389/fimmu.2021.633184.

Collier, D.A., Ferreira, .A.T.M., Kotagiri, P., Datir, R.P., Lim, E.Y., Touizer, E.,
Meng, B., Abdullahi, A., Elmer, A., Kingston, N., et al. (2021). Age-related im-
mune response heterogeneity to SARS-CoV-2 vaccine BNT162b2. Nature
596, 417-422. https://doi.org/10.1038/s41586-021-03739-1.

Crago, S.S., Kutteh, W.H., Moro, I., Allansmith, M.R., Radl, J., Haaijman, J.J.,
and Mestecky, J. (1984). Distribution of IgA1-, IgA2-, and J chain-containing
cells in human tissues. J. Immunol. 732, 16-18. http://www.ncbi.nlm.nih.
gov/pubmed/6418796.

Danese, E., Montagnana, M., Salvagno, G.L., Peserico, D., Pighi, L., De Nitto,
S., Henry, B.M., Porru, S., and Lipp, G. (2021). Comprehensive assessment of
humoral response after Pfizer BNT162b2 mRNA Covid-19 vaccination: a
three-case series. Clin. Chem. Lab. Med. https://doi.org/10.1515/cclm-
2021-0339.

Dispinseri, S., Secchi, M., Pirillo, M.F., Tolazzi, M., Borghi, M., Brigatti, C., De
Angelis, M.L., Baratella, M., Bazzigaluppi, E., Venturi, G., et al. (2021). Neutral-
izing antibody responses to SARS-CoV-2 in symptomatic COVID-19 is persis-
tent and critical for survival. Nat. Commun. 72, 2670. https://doi.org/10.1038/
s41467-021-22958-8.

Dogan, M., Kozhaya, L., Placek, L., Gunter, C., Yigit, M., Hardy, R., Plass-
meyer, M., Coatney, P., Lillard, K., Bukhari, Z., et al. (2021). SARS-CoV-2 spe-
cific antibody and neutralization assays reveal the wide range of the humoral
immune response to virus. Commun. Biol. 4, 1-13. https://doi.org/10.1038/
s42003-021-01649-6.

Earle, K.A., Ambrosino, D.M., Fiore-Gartland, A., Goldblatt, D., Gilbert, P.B.,
Siber, G.R., Dull, P., and Plotkin, S.A. (2021). Evidence for antibody as a pro-
tective correlate for COVID-19 vaccines. Vaccine. https://doi.org/10.1016/j.
vaccine.2021.05.063.

¢? CellPress

OPEN ACCESS

Ebinger, J.E., Fert-Bober, J., Printsev, |., Wu, M., Sun, N., Prostko, J.C., Frias,
E.C., Stewart, J.L., Van Eyk, J.E., Braun, J.G., et al. (2021). Antibody responses
to the BNT162b2 mRNA vaccine in individuals previously infected with SARS-
CoV-2. Nat. Med. https://doi.org/10.1038/s41591-021-01325-6.

Fakhroo, A.D., Al Thani, A.A., and Yassine, H.M. (2020). Markers associated
with COVID-19 susceptibility, resistance, and severity. Viruses 13, 1-18.
https://doi.org/10.3390/v13010045.

Freeman, J., Conklin, J., Oramus, D., and Cycon, K.A. (2021). Serology testing
demonstrates that antibodies to SARS-CoV-2 S1-RBD correlate with neutral-
ization of virus infection of Vero E6 cells. J. Appl. Lab. Med. 73, 299-300.
https://doi.org/10.1093/jalm/jfab027.

Gao, L., Zhou, J., Yang, S., Wang, L., Chen, X., Yang, Y., Li, R., Pan, Z., Zhao,
J., Li, Z., et al. (2021). The dichotomous and incomplete adaptive immunity in
COVID-19 patients with different disease severity. Signal. Transduct. Target.
Ther. 6, 113. https://doi.org/10.1038/s41392-021-00525-3.

Gao, Q., Bao, L., Mao, H., Wang, L., Xu, K., Yang, M., Li, Y., Zhu, L., Wang, N.,
Lv, Z., et al. (2020). Development of an inactivated vaccine candidate for
SARS-CoV-2. Science 369, 77-81. https://doi.org/10.1126/science.abc1932.

Gobbi, F., Buonfrate, D., Moro, L., Rodari, P., Piubelli, C., Caldrer, S., Riccetti,
S., Sinigaglia, A., and Barzon, L. (2021). Antibody response to the BNT162b2
mRNA COVID-19 vaccine in subjects with prior SARS-CoV-2 infection. Viruses
13, 1-10. https://doi.org/10.3390/v13030422.

Goel, R.R., Apostolidis, S.A., Painter, M.M., Mathew, D., Pattekar, A., Kuthuru,
0., Gouma, S., Hicks, P., Meng, W., Rosenfeld, A.M., et al. (2021). Distinct anti-
body and memory B cell responses in SARS-CoV-2 naive and recovered indi-
viduals following mRNA vaccination. Sci. Immunol. 6, 1-19. https://doi.org/10.
1126/sciimmunol.abi6950.

Goldberg, Y., Mandel, M., Bar-On, Y., Bodenheimer, O., Freedman, L., Haas,
E.J., Milo, R., Alroy-Preis, S., Ash, N., and Huppert, A. (2021). Waning immunity
after the BNT162b2 vaccine in Israel. New Engl. J. Med. 38. https://doi.org/10.
1056/NEJMoa2114228.

Greaney, A.J., Loes, A.N., Crawford, K.H.D., Starr, T.N., Malone, K.D., Chu,
H.Y., and Bloom, J.D. (2021a). Comprehensive mapping of mutations in the
SARS-CoV-2 receptor-binding domain that affect recognition by polyclonal
human plasma antibodies. Cell Host Microbe 29, 463-476.e6. https://doi.
org/10.1016/j.chom.2021.02.003.

Greaney, A.J., Loes, A.N., Gentles, L.E., Crawford, K.H.D., Starr, T.N., Malone,
K.D., Chu, H.Y., and Bloom, J.D. (2021b). Antibodies elicited by mRNA-1273
vaccination bind more broadly to the receptor binding domain than do those
from SARS-CoV-2 infection. Sci. Transl. Med. 13. https://doi.org/10.1126/sci-
transimed.abi9915.

Greenbaum, U., Klein, K., Martinez, F., Song, J., Thall, P.F., Ramdial, J.L.,
Knape, C., Aung, F.M., Scroggins, J., Knopfelmacher, A., et al. (2021). High
levels of common cold coronavirus antibodies in convalescent plasma are
associated with improved survival in COVID-19 patients. Front. Immunol. 72.
https://doi.org/10.3389/fimmu.2021.675679.

Guo, L., Wang, Y., Kang, L., Hu, Y., Wang, L., Zhong, L., Chen, H., Ren, L., Gu,
X., Wang, G., et al. (2021). Cross-reactive antibody against human coronavirus
0OC43 spike protein correlates with disease severity in COVID-19 patients: a
retrospective study. Emerg. Microbe. Infect. 10, 664-676. https://doi.org/10.
1080/22221751.2021.1905488.

Hou, Y.J., Chiba, S., Halfmann, P., Ehre, C., Kuroda, M., Dinnon, K.H., Leist,
S.R., Schéfer, A., Nakajima, N., Takahashi, K., et al. (2020). SARS-CoV-2
D614G variant exhibits efficient replication ex vivo and transmission in vivo.
Science 370, 1464-1468. https://doi.org/10.1126/science.abe8499.

Ketas, T.J., Chaturbhuj, D., Portillo, V.M.C., Francomano, E., Golden, E.,
Chandrasekhar, S., Debnath, G., Diaz-Tapia, R., Yasmeen, A., and Leconet,
W. (2021). Antibody responses to SARS-CoV-2 mRNA vaccines are detectable
in saliva. Pathog. Immun. 6, 116-134. https://doi.org/10.20411/pai.v6i1.441.

Khoury, D.S., Cromer, D., Reynaldi, A., Schlub, T.E., Wheatley, A.K., Juno,
J.A., Subbarao, K., Kent, S.J., Triccas, J.A., and Davenport, M.P. (2021).
Neutralizing antibody levels are highly predictive of immune protection from
symptomatic SARS-CoV-2 infection. Nat. Med. https://doi.org/10.1038/
s41591-021-01377-8.

Cell Reports 38, 110336, February 1, 2022 11



https://doi.org/10.1016/j.ejim.2021.04.019
https://doi.org/10.1016/j.meegid.2021.104858
https://doi.org/10.1016/j.meegid.2021.104858
https://doi.org/10.1101/2021.09.08.459408
https://doi.org/10.1101/2021.04.26.21256118
https://doi.org/10.1101/2021.04.26.21256118
https://doi.org/10.3389/fimmu.2020.618685
https://doi.org/10.3389/fimmu.2020.618685
https://doi.org/10.1038/d41586-021-02158-6
https://doi.org/10.1016/j.jaci.2020.10.040
https://doi.org/10.1038/s41586-021-04060-7
https://doi.org/10.3389/fimmu.2021.633184
https://doi.org/10.1038/s41586-021-03739-1
http://www.ncbi.nlm.nih.gov/pubmed/6418796
http://www.ncbi.nlm.nih.gov/pubmed/6418796
https://doi.org/10.1515/cclm-2021-0339
https://doi.org/10.1515/cclm-2021-0339
https://doi.org/10.1038/s41467-021-22958-8
https://doi.org/10.1038/s41467-021-22958-8
https://doi.org/10.1038/s42003-021-01649-6
https://doi.org/10.1038/s42003-021-01649-6
https://doi.org/10.1016/j.vaccine.2021.05.063
https://doi.org/10.1016/j.vaccine.2021.05.063
https://doi.org/10.1038/s41591-021-01325-6
https://doi.org/10.3390/v13010045
https://doi.org/10.1093/jalm/jfab027
https://doi.org/10.1038/s41392-021-00525-3
https://doi.org/10.1126/science.abc1932
https://doi.org/10.3390/v13030422
https://doi.org/10.1126/sciimmunol.abi6950
https://doi.org/10.1126/sciimmunol.abi6950
https://doi.org/10.1056/NEJMoa2114228
https://doi.org/10.1056/NEJMoa2114228
https://doi.org/10.1016/j.chom.2021.02.003
https://doi.org/10.1016/j.chom.2021.02.003
https://doi.org/10.1126/scitranslmed.abi9915
https://doi.org/10.1126/scitranslmed.abi9915
https://doi.org/10.3389/fimmu.2021.675679
https://doi.org/10.1080/22221751.2021.1905488
https://doi.org/10.1080/22221751.2021.1905488
https://doi.org/10.1126/science.abe8499
https://doi.org/10.20411/pai.v6i1.441
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1038/s41591-021-01377-8

Please cite this article in press as: Narowski et al., SARS-CoV-2 mRNA vaccine induces robust specific and cross-reactive IgG and unequal neutral-
izing antibodies in naive and previously infected people, Cell Reports (2022), https://doi.org/10.1016/j.celrep.2022.110336

¢? CellPress

OPEN ACCESS

Koch, T., Mellinghoff, S.C., Shamstrizi, P., Addo, M.M., and Dahlke, C. (2021).
Correlates of vaccine-induced protection against sars-cov-2. Vaccines 9,
1-17. https://doi.org/10.3390/vaccines9030238.

Krause, P.R., Fleming, T.R., Peto, R., Longini, |.M., Figueroa, J.P., Sterne,
J.A.C., Cravioto, A., Rees, R., Higgins, J.P.T., Boutron, |., et al. (2021). Consid-
erations in boosting COVID-19 vaccine immune responses. Lancet 6736,
21-24. https://doi.org/10.1016/s0140-6736(21)02046-8.

Lawton, G. (2021). Are booster shots coming? New Sci. 250, 8-9. https://doi.
org/10.1016/s0262-4079(21)00808-3.

Leier, H.C., Bates, T.A., Lyski, Z.L., McBride, S.K., X. Lee, D., Coulter, F.J.,
Goodman, J.R., Lu, Z., Curlin, M.E., and Messer, W.B. (2021). Previously in-
fected vaccinees broadly neutralize SARS-CoV-2 variants. medRxiv. https://
doi.org/10.1101/2021.04.25.21256049.

LoPresti, M., Beck, D.B., Duggal, P., Cummings, D.A.T., and Solomon, B.D.
(2020). The role of host genetic factors in coronavirus susceptibility: review
of animal and systematic review of human literature. Am. J. Hum. Genet.
107, 381-402. https://doi.org/10.1016/j.ajhg.2020.08.007.

Lorenzo, M.A., Pachdn, D., Maier, A., Bermuidez, H., Losada, S., Toledo, M.,
Pujol, F.H., Alarcén de Noya, B., Noya, O., and Serrano, M.L. (2021). Immu-
noinformatics and Pepscan strategies on the path of a peptide-based serolog-
ical diagnosis of COVID19. J. Immunol. Methods 495, 113071. https://doi.org/
10.1016/j.jim.2021.113071.

Markmann, A.J., Giallourou, N., Bhowmik, D.R., Hou, Y.J., Lerner, A., Marti-
nez, D.R., Premkumar, L., Root, H., van Duin, D., Napravnik, S., et al. (2021).
Erratum for Markmann et al., "Sex disparities and neutralizing-antibody dura-
bility to SARS-CoV-2 infection in convalescent individuals". mSphere 6,
e0073621. https://doi.org/10.1128/msphere.00275-21.

Mazzoni, A., Di Lauria, N., Maggi, L., Salvati, L., Vanni, A., Capone, M., Lamac-
chia, G., Mantengoli, E., Spinicci, M., Zammarchi, L.F., et al. (2021). First-dose
mRNA vaccination is sufficient to reactivate immunological memory to SARS-
CoV-2 in recovered COVID-19 subjects. J. Clin. Invest. https://doi.org/10.
1172/jci149150.

McCallum, M., De Marco, A., Lempp, F.A., Tortorici, M.A., Pinto, D., Walls,
A.C., Beltramello, M., Chen, A., Liu, Z., Zatta, F., et al. (2021). N-terminal
domain antigenic mapping reveals a site of vulnerability for SARS-CoV-2.
Cell 184, 2332-2347.e16. https://doi.org/10.1016/j.cell.2021.03.028.

Miller, A., Reandelar, M.J., Fasciglione, K., Roumenova, V., Li, Y., and Otazu,
G.H. (2020). Correlation between universal BCG vaccination policy and
reduced mortality for COVID-19. medRxiv. https://doi.org/10.1101/2020.03.
24.20042937.

Mishra, S., Mindermann, S., Sharma, M., Whittaker, C., Mellan, T.A., Wilton, T.,
Klapsa, D., Mate, R., Fritzsche, M., Zambon, M., et al. (2021). Changing
composition of SARS-CoV-2 lineages and rise of Delta variant in England.
EClin. Med. 39, 101064. https://doi.org/10.1016/j.eclinm.2021.101064.

Montoya, M., Collins, M., Dejnirattisai, W., Katzelnick, L.C., Puerta-Guardo, H.,
Jadi, R., Schildhauer, S., Supasa, P., Vasanawathana, S., Malasit, P., et al.
(2018). Longitudinal analysis of antibody cross-neutralization following Zika vi-
rus and dengue virus infection in Asia and the Americas. J. Infect. Dis. 218,
536-545. https://doi.org/10.1093/infdis/jiy164.

Moyo-Gwete, T., Madzivhandila, M., Makhado, Z., Ayres, F., Mhlanga, D.,
Oosthuysen, B., Lambson, B.E., Kgagudi, P., Tegally, H., Iranzadeh, A,,
et al. (2021). Cross-reactive neutralizing antibody responses elicited by
SARS-CoV-2 501Y.V2 (B.1.351). New Engl. J. Med. 43. https://doi.org/10.
1056/NEJMc2104192.

Muecksch, F., Weisblum, Y., Barnes, C.O., Schmidt, F., Schaefer-Babajew,
D., Lorenzi, J.C.C., Flyak, A.l., Delaitsch, A.T., Huey-Tubman, K.E., and
Hou, S. (2021). Development of potency, breadth and resilience to viral escape
mutations in SARS-CoV-2 neutralizing antibodies. bioRxiv. https://doi.org/10.
1101/2021.03.07.434227.

Murakami, E., Ghatak-Roy, A., Popova, M., Gannon, C., Park, D.E., Villani, J.,
Liu, C., Toma, ., and Lafleur, J. (2021). COVID-19 infection among emergency
department healthcare providers in a large tertiary academic medical center
following the peak of the pandemic. Am. J. Emerg. Med. 40, 27-31. https://
doi.org/10.1016/j.ajem.2020.11.064.

12 Cell Reports 38, 110336, February 1, 2022

Cell Reports

Naaber, P., Tserel, L., Kangro, K., Sepp, E., Jirjenson, V., Adamson, A., Hal-
jasmagi, L., Rumm, A.P., Maruste, R., Karner, J., et al. (2021). Dynamics of
antibody response to BNT162b2 vaccine after six months: a longitudinal pro-
spective study. Lancet Reg. Health Eur. 70, 100208. https://doi.org/10.1016/j.
lanepe.2021.100208.

Natarajan, H., Crowley, A.R., Butler, S.E., Xu, S., Weiner, J.A., Bloch, E.M., Lit-
tlefield, K., Wieland-Alter, W., Connor, R.l., Wright, P.F., et al. (2021). Markers
of polyfunctional sars-cov-2 antibodies in convalescent plasma. mBio. 712,
1-14. https://doi.org/10.1128/mBio.00765-21.

Noori, M., Nejadghaderi, S.A., and Rezaei, N. (2021). Original antigenic sin”: a
potential threat beyond the development of booster vaccination against novel
SARS-CoV-2 variants. Infect. Control. Hosp. Epidemiol., 1-2. https://doi.org/
10.1017/ice.2021.199.

Padoan, A., Dall’Olmo, L., Rocca, F.d., Barbaro, F., Cosma, C., Basso, D., Cat-
telan, A., Cianci, V., and Plebani, M. (2021). Antibody response to first and sec-
ond dose of BNT162b2 in a cohort of characterized healthcare workers. Clin.
Chim. Acta 579, 60-63. https://doi.org/10.1016/j.cca.2021.04.006.

Payne, R.P., Longet, S., Austin, J.A., Skelly, D.T., Dejnirattisai, W., Adele, S.,
Meardon, N., Faustini, S., Al-Taei, S., Moore, S.C., et al. (2021). Inmunoge-
nicity of standard and extended dosing intervals of BNT162b2 mRNA vaccine.
Cell 184, 5699-5714.e11. https://doi.org/10.1016/j.cell.2021.10.011.

Pegu, A., O’Connell, S.E., Schmidt, S.D., O'Dell, S., Talana, C.A,, Lai, L., Al-
bert, J., Anderson, E., Bennett, H., Corbett, K.S., et al. (2021). Durability of
mRNA-1273 vaccine-induced antibodies against SARS-CoV-2 variants. Sci-
ence 373, 1372-1377. https://doi.org/10.1126/science.abj4176.

Perdikari, T.M., Murthy, A.C., Ryan, V.H., Watters, S., Naik, M.T., and Fawzi,
N.L. (2020). SARS-CoV-2 nucleocapsid protein phase-separates with RNA
and with human hnRNPs. EMBO J. 39, e106478. https://doi.org/10.15252/
embj.2020106478.

Perez Marc, G., Alvarez-Paggi, D., and Polack, F.P. (2021). Mounting evidence
forimmunizing previously infected subjects with a single dose of SARS-CoV-2
vaccine. J. Clin. Invest. https://doi.org/10.1172/JCI150135.

Piccoli, L., Park, Y.J., Tortorici, M.A., Czudnochowski, N., Walls, A.C., Beltra-
mello, M., Silacci-Fregni, C., Pinto, D., Rosen, L.E., Bowen, J.E., et al. (2020).
Mapping neutralizing and immunodominant sites on the SARS-CoV-2 spike
receptor-binding domain by structure-guided high-resolution serology. Cell
183, 1024-1042.e21. https://doi.org/10.1016/j.cell.2020.09.037.

Premkumar, L., Collins, M., Graham, S., Liou, G.-J.A., De Silva, A.D., Giuberti,
C., Dos Reis, H.L., Singh, T., Heimsath, H., Weiskopf, D., et al. (2018). Devel-
opment of envelope protein antigens to serologically differentiate zika virus
infection from dengue virus infection. J. Clin. Microbiol. 56. https://doi.org/
10.1128/JCM.01504-17.

Premkumar, L., Segovia-Chumbez, B., Jadi, R., Martinez, D.R., Raut, R.,
Markmann, A., Cornaby, C., Bartelt, L., Weiss, S., Park, Y., et al. (2020). The
receptor binding domain of the viral spike protein is an immunodominant
and highly specific target of antibodies in SARS-CoV-2 patients. Sci. Immunol.
5. https://doi.org/10.1126/sciimmunol.abc8413.

Remmel, A. (2021). COVID vaccines and safety: what the research says. Na-
ture 590, 538-540. https://doi.org/10.1038/d41586-021-00290-x.

del Rio, C., Malani, P.N., and Omer, S.B. (2021). Confronting the Delta variant
of SARS-CoV-2, summer 2021. JAMA 326, 1001. https://doi.org/10.1001/
jama.2021.14811.

Roltgen, K., Powell, A.E., Wirz, O.F., Stevens, B.A., Hogan, C.A., Najeeb, J.,
Hunter, M., Wang, H., Sahoo, M.K., Huang, C., et al. (2020). Defining the fea-
tures and duration of antibody responses to SARS-CoV-2 infection associated
with disease severity and outcome. Sci. Immunol. 5. https://doi.org/10.1126/
sciimmunol.abe0240.

Rdltgen, K., Nielsen, S.C.A., Arunachalam, P.S., Yang, F., Hoh, R.A., Wirz,
O.F,, Lee, A.S,, Gao, F., Mallajosyula, V., Li, C., et al. (2021). mRNA vaccination
compared to infection elicits an IgG-predominant response with greater
SARS-CoV-2 specificity and similar decrease in variant spike recognition.
medRxiv. https://doi.org/10.1101/2021.04.05.21254952.


https://doi.org/10.3390/vaccines9030238
https://doi.org/10.1016/s0140-6736(21)02046-8
https://doi.org/10.1016/s0262-4079(21)00808-3
https://doi.org/10.1016/s0262-4079(21)00808-3
https://doi.org/10.1101/2021.04.25.21256049
https://doi.org/10.1101/2021.04.25.21256049
https://doi.org/10.1016/j.ajhg.2020.08.007
https://doi.org/10.1016/j.jim.2021.113071
https://doi.org/10.1016/j.jim.2021.113071
https://doi.org/10.1128/msphere.00275-21
https://doi.org/10.1172/jci149150
https://doi.org/10.1172/jci149150
https://doi.org/10.1016/j.cell.2021.03.028
https://doi.org/10.1101/2020.03.24.20042937
https://doi.org/10.1101/2020.03.24.20042937
https://doi.org/10.1016/j.eclinm.2021.101064
https://doi.org/10.1093/infdis/jiy164
https://doi.org/10.1056/NEJMc2104192
https://doi.org/10.1056/NEJMc2104192
https://doi.org/10.1101/2021.03.07.434227
https://doi.org/10.1101/2021.03.07.434227
https://doi.org/10.1016/j.ajem.2020.11.064
https://doi.org/10.1016/j.ajem.2020.11.064
https://doi.org/10.1016/j.lanepe.2021.100208
https://doi.org/10.1016/j.lanepe.2021.100208
https://doi.org/10.1128/mBio.00765-21
https://doi.org/10.1017/ice.2021.199
https://doi.org/10.1017/ice.2021.199
https://doi.org/10.1016/j.cca.2021.04.006
https://doi.org/10.1016/j.cell.2021.10.011
https://doi.org/10.1126/science.abj4176
https://doi.org/10.15252/embj.2020106478
https://doi.org/10.15252/embj.2020106478
https://doi.org/10.1172/JCI150135
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1128/JCM.01504-17
https://doi.org/10.1128/JCM.01504-17
https://doi.org/10.1126/sciimmunol.abc8413
https://doi.org/10.1038/d41586-021-00290-x
https://doi.org/10.1001/jama.2021.14811
https://doi.org/10.1001/jama.2021.14811
https://doi.org/10.1126/sciimmunol.abe0240
https://doi.org/10.1126/sciimmunol.abe0240
https://doi.org/10.1101/2021.04.05.21254952

Please cite this article in press as: Narowski et al., SARS-CoV-2 mRNA vaccine induces robust specific and cross-reactive IgG and unequal neutral-
izing antibodies in naive and previously infected people, Cell Reports (2022), https://doi.org/10.1016/j.celrep.2022.110336

Cell Reports

Rubin, R. (2021). COVID-19 vaccines vs variants —determining how much im-
munity is enough. JAMA 325, 1241-1243. https://doi.org/10.1001/jama.2021.
3370.

Sette, A., and Crotty, S. (2021). Adaptive immunity to SARS-CoV-2 and
COVID-19. Cell 184, 861-880. https://doi.org/10.1016/j.cell.2021.01.007.

Sokal, A., Chappert, P., Barba-Spaeth, G., Roeser, A., Fourati, S., Azzaoui, I.,
Vandenberghe, A., Fernandez, I., Meola, A., Bouvier-Alias, M., et al. (2021).
Maturation and persistence of the anti-SARS-CoV-2 memory B cell response.
Cell 184, 1201-1213.e14. https://doi.org/10.1016/j.cell.2021.01.050.

Song, G., He, W.T., Callaghan, S., Anzanello, F., Huang, D., Ricketts, J.,
Torres, J.L., Beutler, N., Peng, L., Vargas, S., et al. (2021). Cross-reactive
serum and memory B-cell responses to spike protein in SARS-CoV-2 and
endemic coronavirus infection. Nat. Commun. 72, 2938. https://doi.org/10.
1038/s41467-021-23074-3.

Sprenger, K.G., Louveau, J.E., Murugan, P.M., and Chakraborty, A.K. (2020).
Optimizing immunization protocols to elicit broadly neutralizing antibodies.
Proc. Sci. Transl. Med. 1717, 20077-20087. https://doi.org/10.1073/PNAS.
1919329117.

Sterlin, D., Mathian, A., Miyara, M., Mohr, A., Anna, F., Claér, L., Quentric, P.,
Fadlallah, J., Devilliers, H., Ghillani, P., et al. (2021). IgA dominates the early
neutralizing antibody response to SARS-CoV-2. Sci. Transl. Med. 13.
https://doi.org/10.1126/scitransimed.abd2223.

Teran, R.A., Walblay, K.A., Shane, E.L., Xydis, S., Gretsch, S., Gagner, A., Sa-
mala, U., Choi, H., Zelinski, C., Black, S.R., et al. (2021). Postvaccination
SARS-CoV-2 infections among skilled nursing facility residents and staff mem-
bers — Chicago, lllinois, December 2020-March 2021. Am. J. Transplant. 70,
632-638, MMWR. Morbidity and Mortality Weekly Report. https://doi.org/10.
15585/mmwr.mm7017e1.

Terpos, E., Karalis, V., Ntanasis-Stathopoulos, |., Gavriatopoulou, M., Gumeni,
S., Malandrakis, P., Papanagnou, E.-D., Kastritis, E., Trougakos, I.P., and Di-
mopoulos, M.A. (2021). Robust neutralizing antibody responses 6 Months post
vaccination with BNT162b2: a prospective study in 308 healthy individuals.
Life 11. https://doi.org/10.3390/life11101077.

Vicenti, |, Gatti, F., Scaggiante, R., Boccuto, A., Zago, D., Basso, M., Dragoni,
F., Zazzi, M., and Parisi, S.G. (2021). Single-dose BNT162b2 mRNA COVID-19
vaccine significantly boosts neutralizing antibody response in health care
workers recovering from asymptomatic or mild natural SARS-CoV-2 infection.
Int. J. Infect. Dis. Sci. https://doi.org/10.1016/}.ijid.2021.05.033.

¢? CellPress

OPEN ACCESS

Wajnberg, A., Amanat, F., Firpo, A., Altman, D.R., Bailey, M.J., Mansour, M.,
McMahon, M., Meade, P., Mendu, D.R., Muellers, K., et al. (2020). Robust
neutralizing antibodies to SARS-CoV-2 infection persist for months. Science
370, 1227-1230. https://doi.org/10.1126/science.abd7728.

Walls, A.C., Park, Y.J., Tortorici, M.A., Wall, A., McGuire, A.T., Veesler, D., et al.
(2020). Structure, function, and antigenicity of the SARS-CoV-2 spike glyco-
protein. Cell 181, 281-292.e6. https://doi.org/10.1016/j.cell.2020.02.058.
Wang, C., van Haperen, R., Gutiérrez-Alvarez, J., Li, W., Okba, N.M.A., Albu-
lescu, I., Widjaja, I., van Dieren, B., Fernandez-Delgado, R., Sola, I., et al.
(2021a). A conserved immunogenic and vulnerable site on the coronavirus
spike protein delineated by cross-reactive monoclonal antibodies. Nat. Com-
mun. 72, 1-15. https://doi.org/10.1038/s41467-021-21968-w.

Wang, Z., Lorenzi, J.C.C., Muecksch, F., Finkin, S., Viant, C., Gaebler, C., Ci-
polla, M., Hoffmann, H.-H., Oliveira, T.Y., Oren, D.A., Ramos, V., et al. (2021b).
Enhanced SARS-CoV-2 neutralization by dimeric IgA. Sci. Transl. Med. 13.
https://doi.org/10.1126/scitransimed.abf1555.

Wise, J. (2021). Covid-19: people who have had infection might only need one
dose of MRNA vaccine. BMJ 372. https://doi.org/10.1136/bmj.n308.

Wrapp, D., Wang, N., Corbett, K.S., Goldsmith, J.A., Hsieh, C.L., Abiona, O.,
Graham, B.S., and McLellan, J.S. (2020). Cryo-EM structure of the 2019-
nCoV spike in the prefusion conformation. Science 367, 1260-1263. https://
doi.org/10.1126/science.abb2507.

Wu, K., Choi, A., Koch, M., Ma, L., Hill, A., Nunna, N., Huang, W., Oestreicher,
J., Colpitts, T., Bennett, H., et al. (2021). Preliminary analysis of safety and
immunogenicity of a SARS-CoV-2 variant vaccine booster. medRxiv. https://
doi.org/10.1101/2021.05.05.21256716.

Yuan, M., Huang, D., Lee, C.D., Wu, N.C., Jackson, A.M., Zhu, X., Liu, H.,
Peng, L., van Gils, M.J., Sanders, R.W., et al. (2021). Structural and functional
ramifications of antigenic drift in recent SARS-CoV-2 variants. Science 373,
818-823. https://doi.org/10.1126/science.abh1139.

Zella, D., Giovanetti, M., Benedetti, F., Unali, F., Spoto, S., Guarino, M., Ange-
letti, S., and Ciccozzi, M. (2021). The variants question: what is the problem?
J. Med. Virol. https://doi.org/10.1002/jmv.27196.

Zipeto, D., Carbonare, L.D., Valenti, M.T., Bisoffi, Z., Piubelli, C., Pizzato, M.,
Accordini, S., Mariotto, S., Ferrari, S., Minoia, A., et al. (2021). Antibody
response to BTN162b2 mRNA vaccination in naive versus SARS-CoV-2 in-
fected subjects with and without waning immunity. Res. Square. https://doi.
org/10.212083/rs.3.rs-440410/v1.

Cell Reports 38, 110336, February 1, 2022 13



https://doi.org/10.1001/jama.2021.3370
https://doi.org/10.1001/jama.2021.3370
https://doi.org/10.1016/j.cell.2021.01.007
https://doi.org/10.1016/j.cell.2021.01.050
https://doi.org/10.1038/s41467-021-23074-3
https://doi.org/10.1038/s41467-021-23074-3
https://doi.org/10.1073/PNAS.1919329117
https://doi.org/10.1073/PNAS.1919329117
https://doi.org/10.1126/scitranslmed.abd2223
https://doi.org/10.15585/mmwr.mm7017e1
https://doi.org/10.15585/mmwr.mm7017e1
https://doi.org/10.3390/life11101077
https://doi.org/10.1016/j.ijid.2021.05.033
https://doi.org/10.1126/science.abd7728
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1038/s41467-021-21968-w
https://doi.org/10.1126/scitranslmed.abf1555
https://doi.org/10.1136/bmj.n308
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1101/2021.05.05.21256716
https://doi.org/10.1101/2021.05.05.21256716
https://doi.org/10.1126/science.abh1139
https://doi.org/10.1002/jmv.27196
https://doi.org/10.21203/rs.3.rs-440410/v1
https://doi.org/10.21203/rs.3.rs-440410/v1

Please cite this article in press as: Narowski et al., SARS-CoV-2 mRNA vaccine induces robust specific and cross-reactive IgG and unequal neutral-
izing antibodies in naive and previously infected people, Cell Reports (2022), https://doi.org/10.1016/j.celrep.2022.110336

¢? CellPress

OPEN ACCESS

STARXxMETHODS

KEY RESOURCES TABLE

Cell Reports

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Horseradish peroxidase conjugated Goat Anti-Human IgG
Horseradish peroxidase conjugated Goat Anti-Human IgM
Horseradish peroxidase conjugated Goat Anti-Human IgA

Mouse anti-MBP

Alkaline phosphatase-conjugated Goat Anti-Human IgG
Alkaline phosphatase-conjugated Goat Anti-Human IgM
Alkaline phosphatase-conjugated Goat Anti-Human IgA

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

New England Biolabs
Sigma-Aldrich
Sigma-Aldrich
Abcam

109-035-008; RRID:AB_2337579
109-035-043; RRID:AB_2337581
109-035-011; RRID:AB_2337580
E8032L; RRID:AB_1559730
A9544; RRID:AB_258459
A3437; RRID:AB_258080
AB97212; RRID: AB_10695943

Bacterial and virus strains

E.coli NEB 5-alpha F’lg New England Biolabs C2992H
E.coli BL21(DE3)pLysS Premkumar Lab N/A
SARS-CoV-2 luciferase reporter virus Baric lab N/A
Biological samples
Human sera This manuscript Table S1
Chemicals, peptides, and recombinant proteins
Halotag PEG biotin ligand Promega G8281
HCoV-NL63 spike protein Sino Biological 40604-vV08B
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SARS-CoV-2 full-length spike (S-2P) expression plasmid This manuscript N/A
SARS-CoV-2 full-length spike RBD expression plasmid Premkumar et al. (2020) GenBank: MT649401
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Laksh-
manane Premkumar (prem@med.unc.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

The published article includes all datasets generated or analyzed during this study. Any additional information required to reanalyze
the data reported in this paper is available from the lead contact upon request. This study did not generate/analyze computer codes
or algorithms.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Clinical study

In this study, a total of 424 venous blood samples were collected from 237 unique ED HCP participants at George Washington Uni-
versity Hospital (GWUH) during the timeframe of June 2020 to March 2021. Clinical roles of study participants included physicians,
advanced practice providers, nurses, technicians, respiratory technicians, and environmental services personnel. Samples were
collected during three separate time periods. Testing occurred in May/June 2020, January of 2021, and March 2021. Participants
were encouraged to participate in subsequent testing rounds so that interval serologic changes in response to SARS-CoV-2 expo-
sures or vaccinations could be analyzed. The study was approved by the George Washington University IRB#: NCR202406.

Patient recruitment

Emails were sent to all GWUH ED HCP personnel through an ED staff listserv. Additionally, in order to reach those not on the listserv,
notifications were sent out through GWUH’s ED nurse/technician scheduling system and fliers were placed in break rooms with QR
codes connecting to patient sign-up forms. Participation days and times overlapped nurse and technician shift changes in order to
encourage on-going and off-going staff to participate. All ED HCP personnel who chose to participate in this study provided written
informed consent. All personnel who consented to participate were included in the study.

Patient data collection

All participants were asked to complete a questionnaire about demographics (age, gender, race/ethnicity, home city), ED HCP
occupation, non-ED HCP affiliations (e.g. also work in the ICU), past medical history (PMH), current medications, smoking his-
tory, history of known positive COVID-19 status, recent/intercurrent viral syndrome symptoms (fever, fatigue, dry cough,
anorexia, body aches, dyspnea, sputum, sore throat, diarrhea, nausea, dizziness, headache, vomiting, and abdominal pain), rela-
tive number of COVID-19 exposures at work and outside of work, and personal protective equipment (PPE) wearing habits (time
spent wearing and frequency of changing surgical masks, N95 masks, and Powered Air Purifying Respirators. Additionally, par-
ticipants in the second and third rounds of testing were asked questions regarding COVID-19 vaccine status, type of COVID-19
vaccine received, dates of first and second vaccine doses, and recent/intercurrent viral syndrome symptoms after obtaining
COVID-19 vaccinations. We analyzed the demographic characteristics, including age and sex of the vaccine recipients (Table
S1), and assessed symptomology experienced by study participants following each vaccine dose. The number (Figure S2)
and types of symptoms (Figure S3) were assessed using simple descriptive statistics and then stratified by prior SARS-CoV-2
exposure (naive or pre-exposed).

Specimen collection
Venous blood samples were collected from each participant during each round of testing. 10 ML of blood was drawn into an SST
tube, and refrigerated overnight to allow for serum separation. Subsequently the serum was drawn off into a 2 ML Eppendorf
tube and stored at —80°C for subsequent use. We determined the serostatus of the vaccine recipients into previously infected
and naive (Figure S1) by combining the RT-PCR test results reported elsewhere and the serological assays described in the
STAR Methods section.

Cells

Expi293 cells were purchased from Thermo Fisher Scientific and cultured in Expi293 expression medium in a 37°C incubator with 8%
CO2 on an orbital shaker rotating at 125 rpm for spike protein expression. E.coli NEB 5-alpha F’lq strain was used for vector
construction and E.coli BL21(DE3)pLysS strain for Nucleocapsid protein expression. The bacterial strains were cultured in LB
(Luria-Bertani) medium at 37°C. Vero E6 (ATCC # CRL1586) was purchased from ATCC and preserved in our laboratory.
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METHOD DETAILS

Protein expression and purification

The expression and production of halo-tagged SARS-CoV-2 and the four human endemic CoV RBD antigens from mammalian cells
were previously described (Premkumar et al., 2020). The halo-tagged SARS-CoV-2 NTD antigen (16-305 amino acids, Accession:
PODTC2.1) was designed and expressed in mammalian Expi293 cells as described for RBD antigens. RBD and NTD antigens
were site-specifically biotinylated using Halotag PEG biotin ligand (Promega), following the manufacturer’s protocol. For producing
SARS-CoV-2 spike protein trimer, a codon-optimized gene was synthesized to encode for a prefusion-stabilized SARS-CoV-2 spike
protein (16-1208 amino acids, Accession: PODTC2.1) with an N-terminal human serum albumin secretion signal peptide and C-ter-
minal T4 foldon trimerization domain, TEV protease cleavage site, Hisg tag, and the twin-strep tag. The prefusion-stabilized SARS-
CoV-2 construct contains two consecutive proline substitutions in the S2 subunit as described before (Walls et al., 2020; Wrapp et al.,
2020). The synthetic gene was cloned between Kpnl and Xhol sites of the mammalian expression plasmid paH. SARS-CoV-2 spike
protein was expressed as described for RBD and NTD antigens in Expi293 cells and purified from mammalian cell culture supernatant
using Strep-Tactin immobilized affinity resin (IBA Lifesciences). The bacterial expression construct for full-length SARS-CoV-2 nucle-
ocapsid was a gift from Nicolas Fawzi (Addgene plasmid # 157867 ; http://n2t.net/addgene:157867; RRID:Addgene_157867)
(Perdikari et al., 2020). The MBP fused nucleocapsid protein was expressed and purified from BL21(DE3)PlysS using Ni-NTA affinity
chromatography as described before (Premkumar et al., 2018). The purified full-length ectodomain of the human coronavirus spike
proteins (HCoV-NL63, 40604-V08B; HCoV-OC43, 40607-V08B, HCoV-229E, 40605-V08B, and HCoV-HKU1, 40606-V08B) were
purchased from Sino Biological.

Generation 2 RBD or NTD ELISA

All serum samples tested by ELISA assay were heat-inactivated at 56°C for 30 min to reduce risk from possible residual virus in
serum. Briefly, 50 pL of Streptavidin (Invitrogen) at 4 ng/mL in Tris-Buffered Saline (TBS) pH 7.4 was coated in the 96-well, high-bind-
ing microtiter assay plate (Greiner Bio-One cat # 655061) for 1 hour at 37°C. The coating solution was removed, then 100 pL of block-
ing solution, 1:1 Non Animal Protein-BLOCKER™ (G-Biosciences) in TBS was added for 1 hour at 37°C. Serum samples were diluted
at 1:40, or serially diluted (1:100 — 1:8100), in 3% Bovine Serum Albumin (BSA) in TBS containing 0.05% Tween 20 (TBST) with bio-
tinylated spike RBD or NTD antigen at 1 pg/mL in a 96-round-well V bottom plate (Diaago cat # R96-300V) and incubated for 1 hour at
37°C. The blocking solution was removed, then 50 ulL of diluted serum was added to the assay plate and incubated for 15 minutes at
37°C. The plate was washed three times using wash buffer (TBS containing 0.2% Tween 20), then 50 uL of horseradish peroxidase-
conjugated secondary Goat Anti-Human secondary antibody at 1:40,000 dilution in 3% milk was added for 40 minutes at 37°C. For
measuring total Ig, a mixture of anti-IgG, anti-lgM, and anti-lgA were added together (Jackson ImmunoResearch). For measuring
isotype specific antibody, only the respective goat anti-human HRP conjugated IgG, IgM, or IgA was used. The plate was washed
three times with wash buffer, and 50 uL of 3,3',5,5'-Tetramethylbenzidine (TMB) Liquid Substrate (Sigma-Aldrich) was added to
the plate, and absorbance was measured at 450 nm using a plate reader (Molecular Devices SpectraMax ABS Plus Absorbance
ELISA Microplate Reader) after stopping the reaction with 50 ul of 1 N HCI.

Full-length spike protein ELISA

Briefly, 50 uL of full-length spike protein at 2 ug/mL in TBS pH 7.4 was coated in the 96-well, high-binding microtiter plate (Greiner
Bio-One cat # 655061) for 1 hour at 37°C. The coating solution was removed, then 100 uL of blocking solution (3% milk in TBST), was
added for 1 hour at 37°C. Serum samples were diluted at 1:40, or serially diluted (1:100 — 1:8100), in the blocking solution. The block-
ing solution was removed, then 50 pL of diluted serum was added to the plate and incubated for 1 hour at 37°C. The plate was washed
three times using wash buffer (TBS containing 0.2% Tween 20), then 50 uL of horseradish peroxidase-conjugated secondary Goat
Anti-Human secondary antibody at 1:40,000 dilution in 3% milk was added for 1 hour at 37°C. For measuring isotype specific anti-
body, only the respective goat anti-human IgG, IgM, or IgA was used (Jackson ImmunoResearch). The plate was washed three times
using wash buffer, then 50 puL of 3,3’,5,5'-Tetramethylbenzidine (TMB) Liquid Substrate (Sigma-Aldrich) was added to the plate, and
absorbance was measured at 450 nm using a plate reader (Molecular Devices SpectraMax ABS Plus Absorbance ELISA Microplate
Reader) after stopping the reaction with 50 ul of 1 N HCI.

Live virus neutralization assay

We utilized a SARS-CoV-2 luciferase reporter virus (nLuc) to assess neutralizing antibody activity (Hou et al., 2020). Vero E6 cells were
plated at 2x10* cells/well in a black 96-well clear bottom plate (Corning). Heat-inactivated serum was diluted 1:20 initially, followed by
a 3-fold dilution series up to eight dilution spots in DMEM supplemented with 5% FBS. Diluted serum was incubated in a 1:1 ratio with
SARS-CoV-2-nLuc to result in 75 PFU virus per well. Serum-virus complexes were incubated at 37°C with 5% CO, for 1 hour.
Following incubation, serum-virus complexes were added to the plated Vero E6 cells and incubated for 48 hours at 37C with 5%
CO,. After incubation, luciferase activity was measured with the Nano-Glo Luciferase Assay System (Promega) according to the
manufacturer specifications. Neutralization titers (EC50) were defined as the dilution at which a 50% reduction in RLU was observed
relative to the virus (no antibody) control.
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Multiplex surrogate neutralization assay

A multiplexed Meso Scale Discovery (MSD) immunoassay (MSD, Rockville, MD) was used to measure the ACE2 blocking antibodies
to a panel of spike proteins from SARS-CoV-2 reference strain and circulating variants, including Delta, Alpha, Beta, Gamma, lota
variants using the MSD V-PLEX SARS-CoV-2 Panel 13 (ACE2) kit according to the manufacturer’s instructions. Briefly, plates
were blocked with MSD Blocker A for 30 minutes and then washed three times prior to the addition of reference standard, controls
and heat-inactivated samples diluted 1:100 in diluent buffer. Plates were incubated for 1 hour with shaking at 700 rom. A 0.25ug/ml
solution of MSD SULFO-tag conjugated ACE2 was added and incubated for 1 hour with shaking, plates were washed and read with a
MESO QuickPlex SQ 120 instrument. Each plate contained duplicates of a 7-point calibration curve with serial dilution of a reference
standard and a blank well. Results were reported as percent inhibition calculated based on the equation ((1 — Average Sample ECL
Signal / Average ECL signal of blank well) x 100).

Nucleocapsid assay

Wells of a high-binding microtiter plate (Greiner Bio-One cat # 655061) were coated with 50 pL anti-MBP (New England Biolabs) at 3
png/mLin TBS pH 7.4, and then blocked with 100 pL of blocking solution (3% non-fat milk in TBST). The plate was washed three times
using wash buffer (TBS containing 0.2% Tween 20). 50 pL of 2 ng/mL MBP fused full-length nucleocapsid protein and MBP proteins
in blocking solution were added to respective wells. The plates were incubated for 1 hour at 37°C. The plates were washed 3 times,
then 50 pL of heat-inactivated serum at 1:40 dilution was added to wells containing full-length N protein and MBP proteins were
added respectively and further incubated for 1 hour at 37°C. The plates were washed with wash buffer, then 50 pL of alkaline phos-
phatase-conjugated secondary goat anti-Human anti-IgG (Sigma Cat), anti-IgA (Abcam), and anti-IlgM (Sigma) at 1:2500 dilution was
added and incubated for 1 hour at 37°C. The plate was washed, and 50 pL p-Nitrophenyl phosphate substrate (SIGMA FAST) was
added to the plate and absorbance measured at 405 nm using a plate reader (Molecular Devices SpectraMax ABS Plus Absorbance
ELISA Microplate Reader). Appropriate control sera were included in the study.

QUANTIFICATION AND STATISTICAL ANALYSIS

Characteristics of the sample were summarized using simple descriptive statistics. To describe the magnitude and spread of full
spike and RBD binding IgG, IgM, and IgA titers, we generated jittered dot plots stratified by antibody isotype, time of sampling
(post dose 1 and post dose 2), and prior exposure to SARS-CoV-2. Line graphs stratified by time of sampling were used to describe
trends in change in antibody levels between doses. The strength of the correlations between spike RBD and spike NTD titers, be-
tween spike RBD and full Spike titers, between spike binding antibody titers and SARS-CoV-2 live virus neutralization titers, and be-
tween SARS-CoV-2 live virus neutralization titers and ACE2 blocking Ab percent, were evaluated using a two-tailed Spearman’s rank
correlation in Prism 9. Neutralizing antibody responses were grouped into Group 1 (undetectable after dose 1 and remained unde-
tectable or became detectable after dose 2), Group 2 (declined between doses 1 and 2), and Group 3 (improved between doses 1 and
2), and Spearman’s coefficient was estimated to assess correlations between neutralizing and binding antibody titers, stratified by
vaccine dose. Cross-reactivity between WIV04 and three SARS-CoV-2 variants (B.1.1.7, B.1.351, and P.1), and cross-reactivity
between SARS-CoV-2 and other endemic human coronaviruses was compared using stratified description of antibody titers and ki-
netics following each vaccine dose.
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