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Antibody affinity and cross-variant
neutralization of SARS-CoV-2 Omicron
BA.1, BA.2 and BA.3 following third
mRNA vaccination

Lorenza Bellusci1,4, Gabrielle Grubbs 1,4, Fatema Tuz Zahra1,4, David Forgacs2,
Hana Golding1, Ted M. Ross2,3 & Surender Khurana 1

There is limited knowledge on durability of neutralization capacity and anti-
body affinity maturation generated following two versus three doses of SARS-
CoV-2 mRNA vaccines in naïve versus convalescent individuals (hybrid
immunity) against the highly transmissible Omicron BA.1, BA.2 and
BA.3 subvariants. Virus neutralization titers against the vaccine-homologous
strain (WA1) and Omicron sublineages are measured in a pseudovirus neu-
tralization assay (PsVNA). In addition, antibody binding and antibody affinity
against spike proteins from WA1, BA.1, and BA.2 is determined using surface
plasmon resonance (SPR). The convalescent individuals who after SARS-CoV-2
infection got vaccinated develop hybrid immunity that shows broader neu-
tralization activity and cross-reactive antibody affinity maturation against the
Omicron BA.1 and BA.2 after either second or third vaccination comparedwith
naïve individuals. Neutralization activity correlates with antibody affinity
againstOmicron subvariants BA.1 and BA.2 spikes. Importantly, at fourmonths
post-third vaccination the neutralization activity and antibody affinity against
the Omicron subvariants is maintained and trended higher for the individuals
with hybrid immunity compared with naïve adults. These findings about
hybrid immunity resulting in superior immune kinetics, breadth, and durable
high affinity antibodies support the need for booster vaccinations to provide
effective protection from emerging SARS-CoV-2 variants like the rapidly
spreading Omicron subvariants.

The emergence of Omicron (B.1.1.529/BA.1) variant of SARS-CoV-2 in
November 2021, and its rapid spread across the globe, resulted in
designation of Omicron as a variant of concern (VOC)1. Viral spike
protein of the Omicron variant contains higher number (>30) of
mutations compared to other variants, raising concerns that Omicron
is resistant to neutralizing antibodies generated following SARS-CoV-2

vaccination or infection, and a third vaccine dose was recommended
to boost immunity.

Since then, several subvariants of Omicron emerged (BA.2 and
BA.3), each with its own set of mutations (Supplementary Table S1)2.
Thus far, the BA.2 demonstrates higher transmissibility comparedwith
BA.1 and has reached dominance in several countries in Europe and
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Africa3. However, limited knowledge exists regarding vaccine-induced
neutralizing and antibody affinity following two doses vs. three doses
of mRNA vaccination in naïve vs. COVID-19 recovered individuals
against SARS-CoV-2 Omicron BA.2 and BA.3 lineages and the durability
of the vaccine-induced immunity. Therefore, it is critical to know the
persistenceof cross-reactive immunity generated following SARS-CoV-
2 vaccination to neutralize the SARS-CoV-2 omicron subvariants BA.1,
BA.2 and BA.3.

In this study, we evaluated the capacity and durability of neu-
tralizing antibodies and antibody affinity induced following mRNA-
based (Pfizer-BioNTech BNT162b2 or Moderna mRNA-1273) vaccina-
tion in naïve versus convalescent individuals (infection before vacci-
nation) both at one-month after the second and third vaccinations and
at 4 months post-3rd vaccination against vaccine-homologous WA1
and Omicron BA.1, BA.2 and BA.3 subvariants.

Results
Neutralizing antibodies following second and third vaccination
in naïve and convalescent adults against SARS-CoV-2 WA1 and
Omicron subvariants
In this study, we evaluated immune response following mRNA-based
(Pfizer-BioNTech BNT162b2 or Moderna mRNA-1273) vaccination in a
cohort of 81 adults: either naïve (N = 50) or SARS-CoV-2 convalescent
(infection before vaccination; N = 31) individuals both at peak
(1 month) immune response after the second and third vaccination, as
well as at 4 months post-3rd vaccination, against vaccine-homologous
WA1 and Omicron BA.1, BA.2 and BA.3 subvariants. There were no
significant differences for age, sex, race, ethnicity, body mass index
(BMI) or vaccine type between the two cohorts (Table 1 and Supple-
mentary Table S2). The 31 convalescent individuals had SARS-CoV-2
infection between March – November 2020 (prior to emergence of
Omicron). During that time, the predominant circulating strain in the
US were the D614G strain and the Alpha variant prior to availability of
mRNA vaccines. All subjects received the second dose of mRNA vac-
cines between January and February 2021 and a third vaccine dose
between September-October 2021 either from Moderna (mRNA-1273)
or from Pfizer (BNT162b2). The first two vaccine doses were homo-
logous for each participant. The boosters were either homologous or

heterologous as shown in the Supplementary Table S2, but we don’t
have enough power to compare differences in immune response to
homologous vs. heterologous vaccines due to the low number of
heterologous boosted participants in the study. None of the partici-
pants reported SARS-CoV-2 breakthrough infection following vacci-
nation. Since most of the participants received the BNT162b2 vaccine
we did not segregate the antibody responses between the vaccine
types. Therefore, all data analyses were conducted irrespective of the
specific vaccine administered. Blood samples were collected 1 month
after the second dose as well as 1 month and 4 months after the third
vaccine dose (Fig. 1a, b).

Virus neutralizing titers were measured using pseudovirus neu-
tralization assay (PsVNA) against the SARS-CoV-2 vaccine homologous
WA1, as well as Omicron BA.1, BA.2 and BA.3 subvariants that were
previously shown to correlate well with neutralization titers measured
with authentic SARS-CoV-2 in plaque reduction neutralization tests4,5.
A PsVNA50 titer of 1:60 was used as a seropositive cut-off based on
current understanding of neutralizing antibody as correlate of pro-
tection against COVID-196.

Ninety-four percent (94%) of previously naïve individuals had
positive WA1-neutralizing antibody titers (>1:60) at 1 month after the
second vaccination with geometric mean titers (GMT) of 396. Fol-
lowing a third vaccine dose, 100% of naïve adults were seropositive
with 5.9-fold average increase in neutralization titers (GMT= 2333)
comparedwith the second vaccination. However, by fourmonths after
the third vaccine dose, the neutralization titers were 3.2-fold lower
(GMT= 729) with 96% naïve individuals with PsVNA50 > 1:60 (Fig. 1c).
In comparison with the naïve group, 97% of SARS-CoV-2 convalescent
individuals were seropositive after two vaccinations with higher
PsVNA50 titers (GMT= 1680) against vaccine-homologousWA1. After a
third vaccination, WA1 neutralization titers increased by 2-fold
(GMT= 3501) with 100% seropositive. Importantly, the convalescent
cohort maintained high titers after 4 months post-third vaccine dose
with only 1.7-fold drop in neutralization titers (GMT= 2024) and 100%
seropositivity (Fig. 1c). These findings confirmed earlier reports on the
superiority of hybrid immunity, and further demonstrate the longevity
of higher vaccine homologous WA1 neutralizing titers compared with
vaccinated naïve individuals.

Neutralization titers were significantly reduced against all three
Omicron subvariants compared with WA1 (Fig. 1d). After two vacci-
nations of naïve individuals only 12–16% had seropositive neutraliza-
tion titers >1:60 against BA.1, BA.2, and BA.3 with 22-25-fold reduction
in PsVNA50 titers compared with WA1. However, after a third vaccine
dose, 88–90% individuals demonstrated Omicron cross-neutralizing
antibodies with PsVNA50 GMTs ranging between 243-312 (only 6–10-
fold lower neutralization titers than WA1) (Fig. 1d). In comparison, the
convalescent cohort exhibited higher responses against the Omicron
subvariants BA.1, BA.2 and BA.3, after two vaccinations (56–71% ser-
opositive, GMTs=87–146), that were further boosted after the third
vaccine dose reaching 97%-100% seropositivity and GMTs ranging
between 338 and 534 (7–10-fold lower thanWA1 at 1-month post-third
vaccine dose) (Fig. 1d).

Durability of neutralizing antibodies following 3rd vaccination
in naïve vs convalescent individuals
We also determined the persistence of neutralizing antibodies against
Omicron subvariants at four months post 3rd vaccine dose (Fig. 1e and
Supplementary Figure S1) in a subset of vaccinated individuals. The
reduction in neutralization titers for the naïve group (GMT of 90-99)
was 2.5–3.2-fold, while reduction in titers for the convalescent group
(GMT of 194-233) was 1.6-2.2-fold compared with 1-month post-3rd

vaccination time-point, similar to the reduction in neutralization titers
against WA1 (Fig. 1c). Both the GMT and the percentage of individuals
with neutralization titers above 1:60 against Omicron subvariants were
higher for the convalescent group (88%) compared with the naïve

Table 1 | Participant demographics and characteristics

Participant demo-
graphics and
vaccination type

Convalescent
COVID-19 n(%)

Naïve n(%) Significance
p value

Sex 0.7786

Male 10 (32) 18 (35)

Female 21(68) 33 (65)

Age mean (range)
in years

46 (22–65) 53 (30–81) 0.1979

2nd dose 0.6683

Pfizer 27 (87) 41 (82)

Moderna 4 (13) 9 (18)

3rd dose 0.6013

Pfizer 27 (87) 37 (74)

Vaccine Type 3rd dose,
Moderna

4 (13) 13 (26)

BMI mean 31 27 0.3529

Ethnicity 0.7715

Not Hispanic or Latino 29 (94) 50 (100)

Hispanic or Latino 2 (6) 0 (0)

Race 0.7566

White 31 (100) 50 (100)

Black 0 (0) 0 (0)
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group (70–74%) at 4-months post-third vaccination (Supplementary
Fig. S1 andFig. 1e). It is important to note that after the 3rd vaccinedose,
the neutralizing antibody responses against the vaccine homologous
WA1 were not statistically different between the naïve vs. convalescent
groups, while the difference between the responses to the highly
transmissible Omicron subvariant BA.2 was statistically lower at

1 month (p = 0.0295) but not at 4 months after the third vaccine dose
(Fig. 1e). The neutralization titers against Omicron BA.3 were statisti-
cally higher for the convalescent group comparedwith thenaïvegroup
at 1 month post-second vaccination (p =0.0005), and at 1 month
(p = 0.0005) as well as 4 months (p =0.0005) after the third vaccine
dose (Fig. 1e).
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Fig. 1 | Neutralizing antibodies following second and third vaccination in naïve
and convalescent adults against SARS-CoV-2 WA-1 and Omicron subvariants.
aOverview of vaccination cohort, including 50 unexposed naive (N; in blue) and 31
COVID-19 convalescent (C; in red) adults receiving second and third mRNA vacci-
nation. b Timeline of SARS-CoV-2 vaccination and sample collection in the two
adult cohorts. c–e SARS-CoV-2 neutralizing antibody titers in naive (N; in blue)
vaccination and convalescent adults (C; in red) onemonth after the second or third
mRNA vaccination and four months post-3rd vaccination against SARS-CoV-2 WA1
and Omicron BA.1, BA.2 and BA.3. c PsVNA50 of post-2nd (Vx-2) or at 1m and 4m
post-third dose (Vx-3) against WA1. Geometric mean PsVNA50 titers (GMT) are
shown as black triangles and are presented for each vaccination time-point on top
of the panel. Each data point represents an individual sample (circles). The hor-
izontal dashed line indicates the seropositive cut-off for the neutralization titers
(PsVNA50 of 60). Percent seropositivity (%S) for each group was calculated as
number of seropositive samples divided by total number of samples x 100 in the

group. The limit of detection for the neutralization assay is 1:20. Any sample that
does not neutralize SARS-CoV-2 at 20-fold dilution was given a value of 10 for
representation and data analysis purposes. d Plots showing PsVNA50 titers at 1m
after second or third mRNA vaccination serum of naïve (N; in blue) and con-
valescent (C; in red) adults againstWA1 and Omicron BA.1, BA.2 and BA.3. The fold-
reduction in titers to Omicron BA.1 or BA.2 or BA.3 compared withWA1 are shown.
e Comparisons of PsVNA50 titers againstWA1 and Omicron BA.1, BA.2 and BA.3 for
1m post-second or post-third mRNA vaccination or 4m post-3rd vaccination from
50 naïve (N; in blue) vs. 31 convalescent (C; in red) adults. Percent seropositivity is
color coded for each of the group. The fold-difference in titers between naïve vs
convalescent cohorts are shown. Differences between naïve vs. convalescent
cohorts were analyzed using Tukey’s pairwise multiple comparison test that con-
trolled for age, sex and BMI as covariates and the two-sided statistically significant
p-values are shown. Nonsignificant p values (p >0.05) are not shown. The data
shown are average values of two experimental runs.
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To identify potential role of sex on vaccination-induced immune
response, we compared the neutralizing antibody response of males’
vs females after second and third mRNA vaccination (Supplementary
Fig. S2). The PsVNA50 titers against WA1 and the Omicron variants
were not significantly different between males vs. females in either
convalescent group or in the naïve group. However, at 4 months post-
third vaccine dose, the convalescent males exhibited higher neu-
tralization titers than convalescent females against WA.1 (1.8-fold),
BA.1 (2.4-fold), BA.2 (2.7-fold) and BA.3 (2.5-fold) (Supplemen-
tary Fig. S2).

The neutralizing antibody titers following second mRNA vacci-
nation in convalescent individuals correlated significantly with the
time interval between infection and first vaccination suggesting a
longer time interval between infection and first-vaccination results in
higher SARS-COV-2 neutralization antibody response induced by vac-
cination (Supplementary Fig. S3). No correlation was observed for
post-third vaccination neutralization titers and infection-vaccination

time-interval, suggesting that with time, the antibody responses even
in individuals with hybrid immunity reaches a plateau.

These findings demonstrated that hybrid immunity following
infections with early SARS-CoV-2 strains followed by mRNA vaccina-
tion with the ancestral strain provides superior neutralizing antibody
response with significantly higher cross-neutralization of Omicron
subvariants BA.1, BA.2 and BA.3, either after two or three doses of
mRNA vaccination.

Vaccination-induced binding antibodies against spike trimeric
proteins of SARS-CoV-2 WA1 and Omicron BA.1 and BA.2
variants
Surface Plasmon Resonance (SPR) was used to measure total antibody
binding against recombinant spike proteins derived from vaccine
homologousWA1 and currently predominant circulatingOmicronBA.1
and BA.2 subvariants as determined by Resonance Units (RU) (Fig. 2a
and Supplementary Fig. S4)7. The purified recombinant SARS-CoV-2
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Fig. 2 | Antibodyaffinitymaturationofhumanantibody response to SARS-CoV-
2 spike of WA1 and Omicron subvariants BA.1 or BA.2 following second and
third SARS-CoV-2 mRNA vaccination in naïve vs. convalescent adults. a Mean
values ± range of total antibody binding (determinedbymaximumresonanceunits,
MaxRU) of 1:10 diluted serum samples of 50 unexposed naïve (N; in blue) adults vs.
31COVID-19 convalescent (C; in red) adults at 1mafter second (Vx-2)or thirdmRNA
vaccination (Vx-3) or 4m post-3rd vaccination to purified trimeric spike of WA1 or
Omicron subvariants BA.1 or BA.2 by SPR. The mean values for Max RU for each
spike are color coded by each group. b Polyclonal antibody affinity maturation (as
measured by dissociation off-rate per sec) to SARS-CoV-2 spike proteins for 1m
after second (Vx-2) or third mRNA vaccination (Vx-3) or 4m post-3rd vaccina-
tion for serum samples from 50 unexposed naïve (N; in blue) and 31 COVID-19
convalescent (C; in red), adults were determined by SPR. Antibody off-rate con-
stants that describe the fraction of antibody-antigen complexes decaying

per second were determined directly from the serially diluted post-vaccination
sample interaction with SARS-CoV-2 spike proteins using SPR in the dissociation
phase as described in Materials and Methods. Off-rate was calculated and shown
only for the sample time points that demonstrated ameasurable (>10RU) antibody
binding in SPR. Antibody affinity was not determined for those serumwhose spike-
binding antibodies were <10RU. The mean values are color coded by each group.
The fold-difference in antibodies betweennaïve vs convalescent cohorts are shown.
All SPR experiments were performed twice and the researchers performing the
assay were blinded to sample identity. The variation for each sample in duplicate
SPR runs was <6%. The data shown are the average value of two experimental runs.
Differences between naïve vs. convalescent cohorts were analyzed by lme4 and
emmeans packages in R using Tukey’s pairwise multiple comparison test that
controlled for age, sex and BMI as covariates and the two-sided statistically sig-
nificant p-values are shown. Nonsignificant p values (p >0.05) are not shown.
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spike proteins were captured to a Ni-NTA sensor chip with low protein
density (200 RU) on the chip such as to measure monovalent inter-
actions independent of the antibody isotype, as described before5,8–11.

Antibody binding to the BA.1 and BA.2 spike proteins were lower
than binding of the vaccine homologous WA1 spike after two or three
mRNA vaccinations for both cohorts (Fig. 2a and Supplementary
Fig. S4 and S5). The differences in spike-binding antibodies between
the naïve vs. hybrid immunity groupswere statistically significant after
the second vaccine dose against Omicron BA.1 (p <0.0001) and BA.2
(p = 0.0211) spikes, and against BA.1 spike at 4 months after the third
vaccine dose (p =0.0068) (Fig. 2a).

Antibody affinity of WA1 and Omicron spike-binding antibodies
following SARS-CoV-2 mRNA vaccination in naïve vs con-
valescent individuals
To determine qualitative difference in antibody avidity maturation
against SARS-CoV-2 spike proteins induced following mRNA vaccina-
tion, antibody dissociation kinetics (off-rate constants), which
describe the stability of the antigen-antibody complex, i.e., the fraction
of complexes that decay per second in the dissociation phase, that are
independent of antibody concentration were used as a surrogate for
overall average avidity of polyclonal antibody were determined
directly from the human polyclonal sample interaction with recombi-
nant purified SARS-CoV-2 spike proteins of vaccine homologous WA1
as well as Omicron BA.1 and BA.2 using SPR in the dissociation phase
only for the sensorgrams with Max RU in the range of 10–150 RU, as
described before5,7–14. Previously, we showed that antibody kinetics
measured under optimized SPR conditions primarily represent the
monovalent interactions between the antibody-antigen complex, as
antigen-antibody binding off-rates of the IgG and Fab interaction with
protein antigens were similar5,8,10,14.

Antibody binding dissociation rates against WA1 spike were
slower indicating higher binding affinity after the third vaccination
compared with the second vaccination against the vaccine spike pro-
tein (Fig. 2b and Supplementary Fig. S6). The antibody binding affinity
against WA1 in the hybrid immunity group trended higher than the
naïve group at one month after the 2nd vaccine dose (1.6-fold), one
month after the 3rd dose (2.5-fold) and four months after the 3rd dose
(2.1-fold) but these differences did not reach statistical sig-
nificance (Fig. 2b).

Antibody binding affinity against the spike protein of Omicron
subvariants BA.1 andBA.2 trended lower comparedwith theWA1 spike,
but an increase in antibody affinity (i.e., slower dissociation rates) was
observed one month after the 3rd dose compared with post-2nd vac-
cine dose that was maintained at four months post-3rd vaccination
(Supplementary Figure S6). Interestingly, binding antibody affinity
were significantly higher for the hybrid immunity group compared
with the naïve group against BA.1 and BA.2 spike proteins after the 2nd

dose (p < 0.0001 and p =0.0061, respectively), one month after the
3rd dose (p =0.0031 and p =0.0132, respectively) and at four months
after the 3rd dose (p =0.0024 for BA.2 spike) (Fig. 2b and Supple-
mentary Figs. S6 and S7).

The antibody evolution after mRNA vaccinations and their decay
followed parallel trajectories with good correlation between PsVNA50
neutralizing antibody titers and spike antibody binding (Supplemen-
tary Fig. S8) aswell as antibody affinity (Fig. 3). Importantly, individuals
with hybrid immunity demonstrated durable higher neutralizing anti-
body titers and higher antibody affinity than naïve adults at least up to
4 months post-third vaccination against the Omicron subvariants,
especially BA.2 (Fig. 4), which recently has become dominant around
the globe, and continues to evolve further.

Discussion
Recent infections with circulating SARS-CoV-2 Omicron subvariants
(especially BA.1 andBA.2) are determinedbymultiple factors including

immune escape due to specific amino acid mutations in the spike, the
levels (specificity and affinity) of cross-reactive polyclonal antibodies
elicited by prior infection and/or vaccination, and waning
immunity15–17.

Our study demonstrates that a third vaccination significantly
boosts neutralizing antibodies against the Omicron subvariants,
including BA.1 and BA.2, as recently reported18, as well as BA.3. But in
our study, convalescent individuals with hybrid immunity showed
better antibody response against the rapidly spreading Omicron BA.1,
BA.2 and BA.3 compared with vaccinated and boosted individuals with
no history of prior infection. Our data and other studies suggest that
Omicron BA.3may evade immunity acquired from vaccination slightly
more efficiently than BA.1 and BA.219. Therefore, the need for an
additional booster vaccination may vary based on the individual’s
infection/vaccination histories and the circulating strains, in addition
to various risk factors. In addition, our study demonstrated a strong
correlation between SARS-CoV-2 neutralization titers and spike-
binding antibody affinity against Omicron subvariants BA.1 and
BA.2 spikes. Importantly, even at four months after the third dose the
antibody binding affinities against the Omicron subvariants BA.1 and
BA.2 were maintained and trended higher for the individuals with
hybrid immunity. Recently, Wratil et al., reported similar findings but
our data expands the antibody analyses, including delineating anti-
body affinitymaturation andpersistenceof protective immunity to the
Omicron subvariants up to 4 months post-third SARS-CoV-2 mRNA
vaccination20. Although hybrid immunity due to prior SARS-CoV-2
infection followedbyvaccination leads tobroader antibody responses,
it is important tounderstand that any infection still comeswith a risk of
complications. The gradual drop in antibody titers following hybrid
immunity, irrespective if the infection took place before or after vac-
cination, suggest the immunity wanes at similar rates following vac-
cination and breakthrough infections with eventual loss of protection
against circulating SARS-CoV-2 strains21–23. A possible role of immune
imprinting in SARS-CoV-2 immune response due to prior SARS-CoV-2
infection/vaccination or the original antigenic sin (OAS) hypothesis,
whereby adults with B-cell memory due to prior exposure to seasonal
coronaviruses8,13,14,24 requires further investigation. Recently, we
observed anti-S2 cross-reactivity in naive older children but not in the
younger children (<4 years old), who share homology with HKU1, 229E
and OC4313,25. OAS was also observed in mice immunization studies
with seasonal CoV followed by SARS-CoV-2 spike26. Most of these
cross-reactive antibodies do not neutralize SARS-CoV-2 and do not
contribute to SARS-CoV-2 neutralization.

Our data along with previous studies suggest the presence of
circulatingmemory B cells with expanded affinity-matured repertoires
in convalescent individuals that are recalled by vaccination and likely
to re-enter secondary germinal centers to undergo further somatic
hypermutation (SHM) and antibody affinity maturation27–32. In naïve
individuals, antibody affinity maturation post vaccination lags the
convalescent group butmay continue to evolve in the weeks following
additional vaccine boosts. The breadth of variant recognition is likely
to be impacted both by the antigenic distance between the infecting
and vaccination strains, the rate of antibody affinity maturation
through repeated GC seedings of memory B cells, and the time post-
infection and last vaccination18,33,34.

The protective efficacy by vaccine-induced antibodies against
emerging variants may be impacted by both specific amino acid
mutations in the spike and the affinity of the polyclonal antibodies
against the SARS-CoV-2 variants. An associationwasobserved between
high titers of low-affinity antibodies against RBD with the disease
severity of COVID-19 patients35. In previous studies, we had demon-
strated a strong correlation between antibody affinity and protection
from highly pathogenic avian influenza viruses36,37 and a correlation
with clinical benefit in patients infected with Zika virus38, Ebola virus10,
influenza virus39 and COVID-198,14. Therefore, in addition to virus

Article https://doi.org/10.1038/s41467-022-32298-w

Nature Communications |         (2022) 13:4617 5



neutralization it is important to measure antibody affinity maturation
against the SARS-CoV-2 spike not only for the vaccine strain, but also
against spike proteins derived from the circulating variants of concern,
that may influence the protective efficacy of vaccines against current
and emerging SARS-CoV-2 variants of concern.

No breakthrough infections with Omicron were reported in our
cohorts. However, it will be important to demonstrate the impact of
high-affinity anti-BA.1/BA.2 antibodies not only on severe outcome
(hospitalization/death) but also on the clinical course and viral loads in
Omicron breakthrough infections. Based on the waning immunity, it is
expected that naïve adults will potentially require another vaccine
booster earlier (4–6 months post-third vaccination) than individuals
with hybrid immunity to generate protective strong neutralizing

antibodies especially against the rapidly spreading Omicron sub-
variants BA.2.12.1, BA.4 and BA.5. In summary, our study demonstrates
that hybrid immunity provides superior immune kinetics, breadth, and
durable high-affinity antibodies vs. vaccine-only immunity against
Omicron sublineages up to four months post-third vaccination with
mRNA vaccines.

Methods
Study background, patient characteristics, vaccines
Heat-inactivated de-identified samples were obtained from partici-
pants enrolled in the SPARTA (SARS2 Seroprevalence and Respiratory
Tract Assessment) program inAthens, GA (USA) with written informed
consent (Supplementary Table S1). The study procedures, informed
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Fig. 3 | Relationship of post-vaccination SARS-CoV-2 serum neutralizing anti-
bodies in COVID convalescent and naïve adults with antibody affinity against
SARS-CoV-2 spike protein. Correlation analysis between serum PsVNA50 neu-
tralization antibody titers generated following second and third vaccination of
COVID exposed (n = 31) and unexposed naïve (n = 50) adults against vaccine-

matched SARS-CoV-2 WA1 (a) and Omicron BA.1 (b) and BA.2 (c), and antibody
affinity to spike protein of corresponding SARS-CoV-2 strain. Correlation analysis
was performed using nonlinear regression model and associated Spearman’s cor-
relation coefficients (r) and regression significance (p) are shown for two-sided
statistical test.
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consent, and data collection documents were reviewed and approved
by the WIRB-Copernicus Group Institutional Review Board (WCG IRB
#202029060) and the University of Georgia. All patients provided
written informed consent. Consent on this study included agreement
for the use of remnantmaterial for additional immunological assays at
the time of study enrollment. Samples were tested in different anti-
body assays with approval from the U.S. Food and Drug Administra-
tion’s Research Involving Human Subjects Committee (FDA-RIHSC)
under exemption protocol ‘252-Determination- CBER-2020-08-19. All
samples were tested in duplicates in a blinded fashion. Most absolute
values and fold-change graphs were normalized to Log2 for statistical
calculations.

Table 1 lists the summary of patient characteristics for this cohort.
Supplementary Table S2 lists the extendeddemographics and vaccine/
booster types, and the time point of sampling relative to the COVID-19
vaccination. Sex and/or genderwas considered in the study design and
was determined based on self-report by the study participants. All
participants reported to be binary (either Male or Female).

Post-SARS-CoV-2 mRNA vaccination serum samples were col-
lected after the second vaccination and third vaccination from 31
convalescent individuals who were exposed to SARS-CoV-2 but not
hospitalized (had confirmed SARS-CoV-2 infection betweenMarch and
November 2020) prior to circulation of any of the Omicron lineages as
well as naïve 50 healthy adults40. During March – November 2020, the
predominant circulating SARS-CoV-2 strains in the US were the D614G
strain and the Alpha variant prior to vaccines being available in the US.
All immune naive individuals tested negative by RT-PCR for nucleic
acid and did not report any COVID-like symptoms at any point during
the study. They also tested antibody negative to SARS-CoV-2 spike,
prior to vaccination. All subjects received mRNA vaccine either from
Moderna (mRNA-1273) or from Pfizer (BNT162b2) at 4-week or 3-week
intervals between doses, respectively, between January and February
2021. All of them then received a third mostly homologous vaccine
booster dose in September-October 2021. The primary series with the
first two vaccine doses were homologous for each vaccinee. The
boosters were either homologous or heterologous as shown in the
Supplementary Table S2. None of the participants reported SARS-CoV-
2 breakthrough infection following vaccination.

Neutralization assay
Sera were evaluated in a qualified SARS-CoV-2 pseudovirion neu-
tralization assay (PsVNA) using SARS-CoV-2 WA-1 strain and the three
Omicron variant lineages: BA.1 (B.1.1.529), BA.2 and BA.3 (Supple-
mentary Table S1). SARS-CoV-2 neutralizing activity measured by
PsVNA correlates with PRNT (plaque reduction neutralization test with
authentic SARS-CoV-2 virus) in previous studies8,12,41.

Pseudovirions were produced as previously described41. Briefly,
human codon-optimized cDNA encoding SARS-CoV-2 spike

glycoprotein of the WA1/2020 and variants were synthesized by Gen-
Script and cloned into eukaryotic cell expression vector pcDNA 3.1
between the BamHI and XhoI sites. Pseudovirions were produced by
co-transfection Lenti‐X 293 T cells with psPAX2(gag/pol), pTrip-luc
lentiviral vector and pcDNA 3.1 SARS-CoV-2-spike-deltaC19, using
Lipofectamine 3000. The supernatants were harvested at 48 h post
transfection and filtered through 0.45 µm membranes and titrated
using 293T-ACE2-TMPRSS2 cells (HEK 293 T cells that express ACE2
and TMPRSS2 proteins)41.

Neutralization assays were performed as previously described8,12.
For the neutralization assay, 50 µL of SARS-CoV-2 S pseudovirions
(counting ~200,000 relative light units) were pre-incubated with an
equal volume of medium containing serial dilutions (20-, 60-, 180-,
540-, 1620-, 4860-, 14,580- and 43,740-fold dilution at the final con-
centration) of heat-inactivated serum at room temperature for 1 h.
Then 50 µL of virus-antibody mixtures were added to 293T-ACE2-
TMPRSS2 cells (104 cells/50μL)41 in a 96-well plate. The input viruswith
all SARS-CoV-2 strains used in the current study were the same (2 ×105

relative light units/50 µL/well). After a 3 h incubation, fresh medium
was added to the wells. Cells were lysed 24 h later, and luciferase
activity was measured using One-Glo luciferase assay system (Pro-
mega, Cat# E6130). Antibody data was collected in MS Excel version
16.57. The assay of each serum was performed in duplicate, and the
50% neutralization titer was calculated using Prism 9 (GraphPad Soft-
ware). Controls included cells only, virus without any antibody and
positive sera. The limit of detection for the neutralization assay is 1:20.
Any sample that does not neutralize SARS-CoV-2 at 20-fold dilution
was given a value of 10 for representation and data analysis purposes.
Two independent biological replicate experimentswere performed for
each sample and variation in PsVNA50 titers was <9% between
replicates.

Antibody binding kinetics to SARS-CoV-2 spike proteins by
Surface Plasmon Resonance
Steady-state equilibrium binding of post-SARS-CoV-2 vaccinated
human polyclonal sample was monitored at 25 °C using a ProteOn
surface plasmon resonance (BioRad). The purified recombinant SARS-
CoV-2 spike proteins were captured to a Ni-NTA sensor chip with 200
resonance units (RU) in the test flow channels. Serial dilutions (10-, 50-
and 250-fold) of freshly prepared samples in BSA-PBST buffer (PBS pH
7.4 bufferwith Tween-20 andBSA)were injected at aflow rate of 50 µL/
min (120 s contact duration) for the association, and disassociation
was performed over a 600-s interval. Responses from the protein
surface were corrected for the response from a mock surface and for
responses from a buffer-only injection. Total antibody binding was
calculated with BioRad ProteOn manager software (version 3.1). All
SPR experiments were performed twice. In these optimized SPR con-
ditions, the variation for each sample in duplicate SPR runs was <6%.
Themaximum resonance units (Max RU) shown infigures is for 10-fold
diluted sample.

Antibody off-rate constants, which describe the stability of the
antigen-antibody complex (i.e. the fraction of complexes that decays
per second in the dissociation phase) were determined directly from
the interaction of human polyclonal samples with recombinant pur-
ified SARS-CoV-2 proteins using SPR in the dissociation phase only for
the sensorgramswithMaxRU in the range of 10–150RU and calculated
using the BioRad ProteOn manager software for the heterogeneous
sample model as described before7,10,14. Off-rate constants were
determined from two independent SPR runs.

Quantification and statistical analysis
Descriptive statistics were performed to determine the geometric
mean titer values and were calculated using GraphPad. All experi-
mental data to compare differences among groups were analyzed
using lme4 and emmeans packages in R (RStudio version 1.1.463).

Fig. 4 | Durability of vaccination-induced SARS-CoV-2 vaccination-induced
immunity against Omicron BA.2. Schematic highlighting the durability of SARS-
CoV-2 vaccination-induced antibody response in naive (blue) vs convalescent (red)
adults shown as percent seropositivity of neutralization titers and spike antibody
affinity against SARS-CoV-2 Omicron BA.2 following second and third mRNA
vaccination.
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The demographic characteristics of these study participants are
shown in Supplementary Table S2. Since age, sex, and the body mass
index (BMI) can be biologically plausible confounders, data were
analyzed for statistical significance between convalescent vs unex-
posed naïve groups to control for age, sex, and BMI as covariates
(predictor variables) using a multivariate linear regression model. To
ensure robustness of the results, absolute measurements were log2-
transformed before performing the analysis. For comparisons
between the vaccine cohorts (factor variable), pairwise comparisons
were extracted using ‘emmeans’ and Tukey-adjusted p values were
used for denoting significance to reduce Type 1 error due to multiple
testing. The tests were two-sided tests. The differences were con-
sidered statistically significant with a 95% confidence interval when the
p value was less than 0.05.

Samples were allocated randomly to each test group and tested
blindly (researcher was blinded to sample identity) to minimize
selection bias or detection bias. There were no exclusion criteria. All
samples and data were used for analysis and presented in the study.

Reporting Summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All data are shown in the manuscript figures and supplementary
information. The complete dataset for this study are provided in the
Source Data file. Source data are provided with this paper.
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