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Background. Previous severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection primes the immune system;
thus individuals who have recovered from infection have enhanced immune responses to subsequent vaccination (hybrid
immunity). However, it remains unclear how well hybrid immunity induced by severe or mild infection can cross-neutralize
emerging variants. We aimed to compare the strength and breadth of antibody responses in vaccinated recovered and
uninfected subjects.

Methods. We measured spike-specific immunoglobulin (Ig)G and neutralizing antibodies (NAbs) from vaccinated subjects
including 320 with hybrid immunity and 20 without previous infection. From 29 subjects with a previous severe or mild
infection, we also measured NAb responses against Alpha (B.1.1.7), Beta (B.1.351), Delta (B.1.617.2), and Omicron (B.1.1.529/
BA.1) variants following vaccination.

Results. A single vaccine dose induced 2-fold higher anti-spike IgG concentrations and up to 4-fold higher neutralizing potency
of antibodies in subjects with a previous infection compared with vaccinated subjects without a previous infection. Hybrid
immunity was more enhanced after a severe than a mild infection, with sequentially decreasing NAb titers against Alpha, Beta,
Delta, and Omicron variants. We found similar IgG concentrations in subjects with a previous infection after 1 or 2 vaccine doses.

Conclusions. Hybrid immunity induced strong IgG responses, particularly after severe infection. However, the NAb titers were

low against heterologous variants, especially against Omicron.
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Infection with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) induces antibodies to the viral spike glycoprotein
(S), which is also the target of coronavirus disease 2019
(COVID-19) vaccines. The generation of neutralizing antibodies
(NADs) that specifically target the receptor-binding domain
(RBD) of the S protein is considered essential in controlling
SARS-CoV-2 infection. We and others have previously shown
that circulating antibodies gradually decrease following wild-
type (WT) infection but that NAbs are sustained at a detectable
level for up to 15 months [1, 2]. However, antibody-mediated
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immunity induced by infection with the ancestral virus is re-
duced against SARS-CoV-2 variants with immune escape muta-
tions, as only part of the NAbs can bind to the RBD of these
variants [3, 4]. The Omicron variant (B.1.1.529) especially has
acquired new mutations in the RBD [5, 6], resulting in evolution-
ary Omicron sublineages (BA.1, BA.2, BA.3, BA4, and BA.5),
which have given rise to major epidemic waves worldwide, caus-
ing breakthrough infections also in vaccinated individuals.
COVID-19 vaccination after recovery from SARS-CoV-2 in-
fection (hybrid immunity) has been reported to induce compa-
rable or higher S-specific antibody levels and NAD titers than in
twice-vaccinated SARS-CoV-2-naive individuals [7-12]. In ad-
dition, vaccination has been shown to elicit immunity with
broader specificity and increase the neutralization potency
against SARS-CoV-2 variants in previously infected individuals
[13, 14]. Previous studies have shown no increase in circulating
antibodies, neutralizing titers, or antigen-specific memory B
cells after >1 dose of vaccine in those with previous infection
[8, 15, 16]. Hybrid immunity-induced antibody concentrations
and NAbs have been shown to decline with time but remain ata
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higher level than in uninfected vaccinated individuals for at
least 3 months [8, 11, 17]. Furthermore, hybrid immunity has
been associated with a somewhat lower risk of reinfection
and hospitalization compared with immunity induced solely
by previous infection [18-20]. To better understand the level
of protection hybrid immunity provides against different
SARS-CoV-2 variants, including Omicron (B.1.1.529), we
compared the strength and breadth of IgG and NAb responses
induced by hybrid immunity to vaccination or infection and as-
sessed how the difference in disease severity affects the develop-
ment of hybrid immunity.

METHODS

Study Design

This was an observational study assessing immune responses in-
duced by SARS-CoV-2 infection and vaccination. Vaccinations
were administered according to the Finnish national COVID-19
vaccination program starting in December 2020. We collected
blood samples after infection and vaccination (Figure 1), separated
the specimens by centrifugation, and stored aliquoted serum at
—20°C or —70°C. We defined the COVID-19 severity as severe
or mild. Severe infection was defined as laboratory-confirmed
COVID-19 requiring hospital treatment based on data collected
from the hospital discharge register (Care Register for Health
Care), and mild infection as laboratory-confirmed COVID-19
without documentation of hospital treatment. We collected the
demographics, clinical characteristics, and COVID-19 vaccination
history of the participants from the National Infectious Disease
Register and the National Vaccination Register (Supplementary
Table 1).

Samples From Infected, Vaccinated Subjects

We identified 2586 subjects >18 years of age with polymerase chain
reaction (PCR)-confirmed SARS-CoV-2 infection between
February and April 2020 in the National Infectious Disease
Register and invited them to participate [1]. The participants
were infected when the B, B.1, and B.1.1 lineage viruses (hereafter
referred to as wild-type [WT]) were introduced into Finland [22].
We collected a blood sample for determination of SARS-CoV-
2-specific serum antibodies from 1074 subjects at 8 months (medi-
an [range], 7.7 [6.1-11.4] months) and 13 months (median [range],
12.9 [11.8-17.3] months) after SARS-CoV-2 infection. In this
study, we included participants who had received 1 dose of
COVID-19 vaccine (BNT162b2, Comirnaty, Pfizer-BioNTech, n
=162, or ChAdOx1, Vaxzevria, AstraZeneca, n=_88) 7-90 days
or 2 doses of Comirnaty (n ="70) 7-120 days before the 13-month
sampling (Figure 1; Supplementary Table 1).

We selected paired serum samples from 30/55 of the study
participants with a previous SARS-CoV-2 infection followed
by 1 dose of Comirnaty 22-90 days before sampling for the de-
termination of NAb titers against WT virus and 4 variants: Alpha

(B.1.1.7), Beta (B.1.351), Delta (B.1.617.2), and Omicron
(B.1.1.529/BA.1) (Figure 1). We first selected 15/15 subjects
with a sample taken 59-90 days after vaccination; 8/15 of
these subjects had previous severe disease. We then selected
15/40 subjects with a sample taken 21-30 days after vaccina-
tion by matching disease severity, age, and gender to the first
group. One subject with mild disease was afterwards excluded
due to the administration of 2 doses of Comirnaty before
sampling.

Samples From Infected, Not Vaccinated Subjects

We collected serum samples from 640 subjects >18 years of age
13 months after PCR-confirmed WT SARS-CoV-2 infection
between February and April 2020 with no documentation
of COVID-19 vaccination before sampling (Figure 1;
Supplementary Table 1) [1]. We excluded subjects with a
>30% increase in IgG antibodies to nucleoprotein or spike pro-
tein between samples taken at 8 and 13 months after infection.
We additionally collected serum samples from 38 subjects with
no COVID-19 vaccination history and with a previous WT
SARS-CoV-2 infection (between October and November
2020) at a median (range) of 51 (19-59) days and 118 (90—
148) days after infection (Figure 1; Supplementary Table 1).

Samples From Vaccinated, Uninfected Subjects

Serum samples from subjects with no history of previous
SARS-CoV-2 infection and who had received 2 doses of
COVID-19 vaccine (Comirnaty) were obtained from Turku
University Hospital (TUH, Turku, Finland). Blood samples
from 20 subjects were collected at a median (range) of 21
(18-21) days after the first vaccine dose and 27 (18-29) days
after the second vaccine dose (at 39-50 days after the first
vaccine dose).

Patient Consent

The study protocol of the serological population study of the
coronavirus epidemic was approved by the ethical committee
of the Hospital District of Helsinki and Uusimaa (HUS/1137/
2020). The study protocol of the study of COVID-19 infections
in hospital personnel [21] was approved by the ethical commit-
tee of the Southwest Finland health district (ETMK 19/1801/
2020) and by the Finnish Medicines Agency Fimea as the reg-
ulatory authority (European Union Drug Regulation
Authority’s clinical trials database code 2021-004419-14).
Written informed consent was obtained from all participants
before sampling.

METHODS

SARS-CoV-2 Fluorescent Multiplex Inmunoassay

We measured the concentration of serum IgG antibodies to
WT spike glycoprotein of SARS-CoV-2 (S-IgG; full-length
spike protein [SFL-IgG] and receptor binding domain of spike
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protein [RBD-IgG]) with a fluorescent multiplex immunoassay
(FMIA) [23]. Antibody concentrations are given as WHO in-
ternational binding antibody units (BAU)/mL [24]. IgG
SARS-CoV2 FMIA is an accredited assay at the Finnish
Institute of Health and Welfare, which is a testing laboratory
T077 accredited by the FINAS Finnish Accreditation Service,
accreditation requirement SFS-EN ISO/IEC 17025.

SARS-CoV-2 Microneutralization Test

We performed a live-virus microneutralization test (MNT) as
previously described [1, 3, 25]. All samples were screened
with WT virus (B lineage) (Supplementary Table 2) for NAb
positivity. NAb titers for selected samples were analyzed with
4 SARS-CoV-2 variants isolated in Finland during 2021
(Alpha [B.1.1.7], Beta [B.1.351], Delta [B.1.617.2], and
Omicron [B.1.1.529/BA.1]) (Supplementary Table 2). WT virus
isolation and propagation were performed in African green
monkey kidney epithelial (VeroE6) cells [25]. All variant virus-
es were isolated and propagated in VeroE6-TMPRSS2-H10
cells [26] and further propagated in VeroE6 cells for MNT. A
tissue culture infectious dose 50% (TCIDs5)/mL titer was deter-
mined with an end-point dilution assay with the same incuba-
tion times as MNT for all viruses to achieve a comparable virus
concentration (100 TCIDs, per well) among the different virus
strains.

Results were expressed as MNT titers corresponding to the
reciprocal of the serum dilution that inhibited 50% of
SARS-CoV-2 infection. A titer >6 was considered positive, 4
borderline, and <4 negative. Borderline values were confirmed
with biological repeats. A titer of 192, 96, 8, 32, and <4 was
measured for the WHO International Standard (NIBSC 20/
136) [24] for the WT virus, Alpha, Beta, Delta, and Omicron
BA.1 variants, respectively.

The neutralizing potency (neutralizing activity adjusted for
IgG antibody concentration) of serum was calculated as the ra-
tio of neutralizing activity (MNT titer) to anti-spike IgG anti-
body concentration (BAU/mL) and was determined for
samples taken following hybrid immunity (selected subgroup,
n=29) and following 2 doses of vaccine (n=20).

Statistical Methods

We calculated the geometric mean concentrations (GMCs) and
titers (GMT's) with 95% ClIs for IgG and NAbs, respectively. For
GMT calculation, MNT titers <4 were assigned a titer value of
2. We assessed the statistical differences in antibody levels, neu-
tralizing antibody titers, and neutralizing potencies between
the groups with the Wilcoxon rank-sum test. We set the statis-
tical significance level of difference to P <.05. We performed
the statistical analyses using GraphPad (version 9) and R (ver-
sion 4.0.4) with Rstudio (version 1.4.1106).

RESULTS

Spike-Specific and Neutralizing Antibodies Following Hybrid Immunity or
Vaccination

We measured spike-specific antibodies in subjects previously
infected with SARS-CoV-2 following 1 dose of COVID-19 vac-
cine. We found that before vaccination at 8 months after infec-
tion, 97% of the subjects were positive for S-IgG and 89% had
NAbs against WT SARS-CoV-2. A single vaccine dose at a me-
dian (range) of 351 (250-424) days after infection induced
>20-fold higher IgG concentrations in previously infected
compared with uninfected subjects (Table 1; Supplementary
Figure 2).

We compared the antibody concentrations in subjects with
previous infection after 1 vaccine dose (Comirnaty or
Vaxzevria) with those of subjects without infection after 2 doses
of Comirnaty 7-30 days after the last dose. We found 2-fold
higher S-IgG concentrations after infection followed by
1 dose of Comirnaty compared with 2 doses of Comirnaty alone
(P<.001) (Table 1; Supplementary Figure 2). In subjects re-
ceiving 1 dose of Vaxzevria following infection, we found sim-
ilar or slightly higher S-IgG concentrations compared with
subjects who received 2 doses of vaccine (Comirnaty; P=.237
and 0.04, for RBD- and SFL-IgG, respectively) (Table 1;
Supplementary Figure 2). We found a trend for higher mean
IgG concentrations in subjects with hybrid immunity following
1 dose of Comirnaty than Vaxzevria (Table 1; Supplementary
Figure 1). A high percentage of subjects with hybrid immunity
(98%) and vaccinated subjects without previous infection
(100%) had NADbs against WT SARS-CoV-2 (Table 1).
However, when we compared the NAb titers and neutralizing
potency of the antibodies against WT SARS-CoV-2 in the
age- and gender-matched subgroup, we found that >8-fold
and 1.4-4-fold higher mean NAb titers and neutralizing poten-
cy of antibodies, respectively, were reached following hybrid
immunity compared with 2 doses of vaccine alone (Figure 2).
Further, the greater difference in NAb titers and neutralizing
potencies between vaccinated subjects and subjects with hybrid
immunity after severe disease compared to subjects with mild
disease suggests that hybrid immunity is more enhanced fol-
lowing severe than mild infection (Figure 2). At 90 days follow-
ing hybrid immunity, the mean antibody levels had decreased,
but 97% of the subjects still had NAbs (Table 1).

We assessed the effect of a second vaccine dose on hybrid
immunity by measuring IgG concentrations and NAbs after
2 doses of Comirnaty. The second dose was administered either
with a short (median [range], 21 [19-28] days; n =59) or long
(median [range], 84 [49-88] days; n =12) dosing interval at a
median of 277 days after infection. We found comparable
S-IgG concentrations after the first and second doses and
with either a short or long dosing interval, suggesting that in
hybrid immunity the second vaccine dose did not further
enhance S-IgG levels (P>.05) (Table 1; Supplementary
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Table1. Geometric Mean Anti-SARS-CoV-2 Spike Protein IgG Concentrations GMC (95% Cl) Expressed as Binding Antibody Units/mL for Wild-Type Spike
Proteins, Receptor Binding Domain of Spike, and Full-Length Spike Protein, Percentage of Positive Samples for Spike Protein IgG and Neutralizing
Antibodies in Vaccinated and Unvaccinated Subjects With a Previous SARS-CoV-2 Infection and in Uninfected Vaccinated Subjects Measured From
Samples Taken After SARS-CoV-2 Infection, Stratified by Days of Serum Sample Collection Since Last Vaccination; Nabs Were Measured Against WT
SARS-CoV-2 Virus

GMC (95% ClI) % Positive

Infection and Vaccination Status, Days From Vaccination or Infection

No. RDB-IgG SFL-IgG S-lgG NAb
Infected, Comirnaty 1 dose
7-30 102 120 (94-154) 238 (189-300) 100 98
31-60 50 101 (756-137) 187 (137-256) 100 98
61-90 10 61 (20-186) 155 (71-336) 100 100
Infected, Vaxzevria 1 dose
7-30 29 78 (53-115) 138 (95-200) 100 100
31-60 37 44 (27-74) 68 (40-117) 100 97
61-90 22 40 (24-65) 51 (30-89) 100 95
Infected, Comirnaty, 2 doses
7-30° 12 146 (93-229) 253 (168-382) 100 100
61-90P 29 82 (59-115) 137 (100-187) 100 100
91-120° 30 76 (60-96) 112 (87-146) 100 100
Infected, not vaccinated
14-60 37 25 (1.0-5.9) 2.8 (1.3-6.0) 89 92
90-148 38 1.7 (0.79-3.5) 2.1 (1.1-4.2) 89 89
362-448 640 1.7 (1.6-1.9) 2.3 (2.1-2.5) 97 90
Not infected, Comirnaty
14-30 (after 1 dose) 20 3.8 (2.1-7.1) 9.2 (5.7-15) 100 100
14-30 (after 2 doses) 20 63 (42-96) 95 (64-142) 100 100

Abbreviations: IgG, immunoglobulin G; NAb, neutralizing antibody; RBD, receptor-binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SFL, full-length spike
protein; S-IgG, spike protein IgG; WT, wild-type.
First and second vaccines at a median (range) of 84 (49-88) days apart.

PFirst and second vaccines at a median (range) of 21 (19-28) days apart.
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Figure 1). To take into account the larger proportion of subjects Neutralization of SARS-CoV-2 Variants After Hybrid Inmunity

with severe disease in the 1-dose compared with the 2-dose A subset of participants with a previous severe (n = 15) or mild
group, we included only subjects with mild disease in the com- (n=14) WT SARS-CoV-2 infection were selected for NAb ti-
parison. In line with high antibody levels induced by hybrid im- ~ tration (Figure 1; Supplementary Table 1). We measured higher
munity, the proportion of subjects with NAbs was high after 1 mean IgG concentrations and NAb titers in subjects with a
(98%) and 2 doses of the vaccine (100%) (Table 1). severe infection compared with those with a mild infection
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.05, **P< .01, ***P<.001. Abbreviations: COVID-19, coronavirus disease 2019; WT, wild-type.

(Figure 3). All subjects with previous severe infection had NAbs
for WT virus and the Alpha and Delta variants, but the propor-
tion of subjects with NAbs was lower against Beta (80%) and
Omicron BA.1 (33%) variants. The proportions of subjects
with NAbs in the mild infection group were overall lower,
reaching 79%, 50%, 21%, and 43% for WT virus, Alpha, Beta,
and Delta variants, respectively. None of the subjects with a
mild infection had NAbs against the Omicron BA.1 variant
8 months after infection (Table 2, Figure 3).

One dose of Comirnaty among the subjects with previous in-
fection induced very high mean IgG concentrations and NAb
titers compared with the levels measured before vaccination
(Table 2, Figure 3). We observed the highest mean NAb titers
to the WT virus and reduced titers sequentially against
Alpha, Delta, Beta, and Omicron BA.1 variants. Mean NAb ti-
ter fold changes ranged between 30 and 46 for severe and be-
tween 8 and 27 for mild disease depending on the virus
strain (Table 2, Supplementary Figure 3). We found the most
notable difference in fold change between the severe and
mild infection groups for the Omicron BA.1 variant, suggesting
that hybrid immunity against the Omicron BA.1 variant may be
more enhanced after a severe compared with a mild infection.
Subjects with a previous severe infection had NAbs to all virus
strains analyzed (Figure 3). In the mild infection group, 1 dose
of Comirnaty induced NAbs against WT virus in 100% of sub-
jects, and positive or borderline positive titers were measured in
a total of 86%, 79%, 86%, and 79% of the subjects for Alpha,
Beta, Delta, and Omicron BA.1 variants, respectively. The

higher level of IgG concentrations and NAb titers seen in sub-
jects with a previous severe compared with mild infection re-
mained after hybrid immunity (Table 2, Figure 3).

The NAD titers of 3 subjects within the mild infection group
differed notably. None of them had detectable NAbs or IgG
8 months after infection. After vaccination, the IgG concentra-
tions and NAD titers for the WT virus were detectable but
markedly lower compared with the other subjects.

DISCUSSION

Our study showed that a single COVID-19 vaccine dose in-
duced strong SARS-CoV-2 spike-specific IgG and NAD re-
sponses in subjects with a previous infection, with 2-fold
higher IgG levels compared with vaccinated subjects without
previous infection. Additionally, we found a connection be-
tween disease severity and the development of hybrid immuni-
ty as we found that hybrid immunity was more enhanced after
severe than mild infection. Further, we found that a second vac-
cine dose did not further enhance IgG antibody response in-
duced by hybrid immunity and that a longer dosing interval
(49-88 days) did not improve antibody response after the sec-
ond dose. However, even with hybrid immunity, NAb titers re-
mained reduced against heterologous variants,
Omicron BA.1.

In line with our findings, other studies have also reported

especially

that hybrid immunity induced strong antibody responses
[27-31], and comparable or superior responses compared
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Table 2. Geometric Mean Titers, GMT (95% Cl) of Neutralizing Antibody Titers to Wild-type Virus, Alpha (B.1.1.7), Beta (B.1.351), Delta (B.1.617.2), and
Omicron (B.1.1.529/BA.1) Variants, and IgG Geometric Mean Concentrations, GMC (95% Cl) Expressed as Binding Antibody Units/mL for WT
SARS-CoV-2 Spike Proteins (RBD and SFL) 8 Months After Severe (n=15) or Mild (n = 14) Infection and 1-3 Months After 1 Dose of COVID-19 Vaccine
(Comirnaty) Administered 1 Year After the Infection; Geometric Mean Fold Changes Are Additionally Presented for Both NAb and IgG Data

Severe Disease (n=15)

Mild Disease (n=14)

1-3 Mo After 1-3 Mo After
8 Mo After Infection Vaccination 8 Mo After Infection Vaccination

GMT (95% Cl) GMT (95% Cl) GMFC GMT (95% Cl) GMT (95% Cl) GMFC
WT 44 (24-78) 1500 (660-3400) 34 6.9 (3.8-12) 180 (57-600) 27
Alpha 23 (15-37) 1100 (460-2400) 46 4.4 (2.6-7.4) 100 (29-360) 23
Beta 11 (5.7-21) 360 (150-870) 33 2.6 (1.8-3.8) 53 (16-180) 20
Delta 21 (13-35) 630 (280-1400) 30 3.7 (2.3-5.8) 75 (22-260) 21
Omicron 2.7 (2.1-3.5) 110 (46-240) 39 2.0 (2.0-2.0) 17 (7.4-37) 8.3

GMC (95% Cl) GMC (95% Cl) GMFC GMC (95% CI) GMC (95% Cl) GMFC
WT RBD-IgG 15 (6.8-34) 154 (68-350) 10 0.51 (0.10-2.6) 41 (19-90) 83
WT SFL-IgG 13 (8.3-21) 340 (200-570) 26 0.90 (0.21-3.8) 84 (40-170) 94

Abbreviations: GMC, geometric mean concentration; GMFC, geometric mean fold change; GMT, geometric mean titer; IgG, immunoglobulin G; NAb, neutralizing antibody; RBD,
receptor-binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SFL, full-length spike protein; S-IgG, spike protein IgG; WT, wild-type.

with vaccinated individuals without previous infection [7, 8, 10,
16, 32]. We have previously shown that a single vaccine dose 3-
6 months following WT, Alpha, or Beta infection induced
S-1gG concentrations comparable to the levels following a third
COVID-19 vaccine dose in previously uninfected individuals,
whereas cross-reactivity of NAbs against different variants ap-
peared to be even more enhanced [3]. Bates and coworkers
found that even a mild breakthrough infection caused by the
Delta variant substantially boosted humoral immunity induced
by vaccination and improved variant cross-neutralization [33]
and that antigen exposure from natural infection enhanced the
magnitude and breadth of the antibody response similarly re-
gardless of whether the exposure occurred before the vaccina-
tion (hybrid immunity) or after as a breakthrough infection
[14]. This finding was also reported by Walls and coworkers,
who showed that NADb responses were comparable in break-
through cases, hybrid immunity, and in uninfected individuals
vaccinated with 3 doses [34]. However, compared with previ-
ous studies, our finding on the impact of the severity of previ-
ous infection on the development of hybrid immunity is novel.
Additionally, compared with previous studies, the strengths of
our study include the study setting, with study subjects chosen
initially as a random sample from a larger population, and that
we assessed the antibody responses with the live-virus micro-
neutralization test.

Our finding that a second vaccine dose after infection did not
further increase antibody concentrations is in line with previ-
ous studies [8, 15, 35]. Moreover, a previous study conducted
in Israel during the surge of the Delta variant in 2021 found
no significant difference in vaccine effectiveness against rein-
fection after 1-2 doses of the vaccine [18]. However,
Muecksch and coworkers showed that despite similar antibody
concentrations after 2 or 3 doses of COVID-19 vaccine, the

neutralizing potency and breadth of antibodies were increased
after the third compared with the second vaccine dose in pre-
viously uninfected subjects [36], indicating that the third expo-
sure to SARS-CoV-2 antigen expanded persisting clones of
memory B cells expressing more potent and broader antibod-
ies. Further, Wratil and coworkers reported that a second vac-
cination 9 months after infection further increased
neutralization capacity against different variants including
Omicron BA.1, suggesting that a longer dosing interval may
be needed for optimal maturation of immunity and more effi-
cient cross-variant neutralization [37]. Similarly, Miyamoto
and coworkers found that a longer interval between vaccination
and breakthrough infection was favorable for better antibody
responses [38]. These findings suggest that maturation of the
B-cell response takes place for several months following
infection.

Despite our finding of higher immune responses in individ-
uals with hybrid immunity than prior infection, breakthrough
infections are possible also in individuals with hybrid immuni-
ty. However, hybrid immunity has been associated with a re-
duced risk of COVID-19-related symptoms [39], and the
results of a recent meta-analysis of protection against
Omicron re-infection strongly suggest that hybrid immunity
appears to have more durable protection than prior infection
alone [40].

In this study, the NAb titer pattern was similar to that seen in
our previous studies [1, 3], with sequentially decreasing titers
against the WT virus and the Alpha, Delta, Beta, and
Omicron BA.1 variants. The lowest NAb titers against the
Omicron BA.1 variant suggest reduced cross-protection
against this previously circulated virus variant. None of the
subjects with a mild WT infection had detectable NAbs against
the Omicron BA.1 variant 8 months after the infection. We
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have also previously found that 36/37 subjects with a recent
mild non-Omicron infection lacked NAbs against the
Omicron BA.1 variant [3]. Recent studies have reported that
Omicron infection induces stronger immune responses in pre-
viously vaccinated compared with naive subjects [41] and that
Omicron infection elicits NAbs that can cross-react with other
sublineages of Omicron and other variants in individuals with
hybrid immunity [42]. These findings emphasize the benefits of
hybrid immunity and the need to vaccinate previously infected
subjects to generate cross-reactive NAbs against different
variants.

COVID-19 vaccination has been shown to induce lower an-
tibody responses among individuals aged 65 and older [3, 9, 43,
44]. The relationship between age and antibody responses after
infection or hybrid immunity is, however, more complex due to
the greater overall disease severity among the elderly and high-
er antibody responses observed after a severe than a mild infec-
tion. Similarly, in this study, the median age of those with a
severe infection was higher than that of those with a mild infec-
tion. Those with a severe infection had markedly higher NAb
and IgG levels 8 months after WT infection, and the NAb titers
against different variants remained at a significantly higher lev-
el up to 13 months following a severe compared with a mild
WT infection [1]. In this study, we found that this difference
persisted after a single dose of COVID-19 vaccination, suggest-
ing enhanced duration of immunity and improved protection
against emerging variants for those having experienced a severe
infection.

Our study had some limitations. As this study was not de-
signed to assess the kinetics of immune responses, we did not
collect follow-up samples from the same individuals after vac-
cination, and the time points of sample collection were wide-
spread and not always congruent. Also, because of the
varying proportion of subjects with severe infection and age
and gender distribution within groups, direct comparison of
the effect of different dosing intervals or different vaccine prep-
arations on hybrid immunity was not possible. Due to resource
restrictions, we did not assess NADb titers against variants in hy-
brid immunity after 2 doses of vaccine and also did not assess
neutralizing potencies of antibodies induced by hybrid immu-
nity after 1 compared with 2 doses of the vaccine.

In summary, we found that a single dose of COVID-19
vaccine given a year after an infection strongly enhanced
spike-specific IgG and NAD levels and neutralizing potency.
NAD titers were higher in subjects with previous severe dis-
ease than mild disease and higher compared with vaccinated
subjects without previous infection. The overall lowest NAb
titers against Omicron BA.1 suggest reduced cross-protection
against this variant in hybrid immunity. Our data support
the importance of vaccinating both uninfected and previously
infected individuals to elicit cross-variant neutralizing
antibodies.
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Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader, the
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Acknowledgments

We thank all the subjects who participated in the study. We also thank
Elina Isosaari, Esa Ruokokoski, Juha Oksanen, Dennis Ahlfors, Timo
Koskenniemi, Mikko Aura, Katja Lind, Hanna Valtonen, Heidi
Hemmild, Marja-Liisa Ollonen, Larissa Laine, Tiina Sihvonen, Raisa
Hanninen, Johanna Rintamiki, Leena Saarinen, Marja Suorsa, Camilla
Virta, Lotta Hagberg, Mervi Lasander, Marja Leinonen, Hanna
K. Valtonen, Jenni Krogell, Arja Rytkdénen, Oona Liedes, Saimi Vara,
Joni Niemi, Susanna Celik, Maila Kyr6l4, Péivi Siren, and Timothée Dub.
We gratefully acknowledge the authors and their respective laboratories,
who analyzed and submitted the sequences to GISAID’s EpiCoV and
GenBank Database.

Financial support. This study was funded by the Finnish Institute for
Health and Welfare (Terveyden ja hyvinvoinnin laitos) and the Academy
of Finland (grant numbers 336410, 336431) and Jane and Aatos Erkko
Foundation (grant number 5360-cc2fc).

Potential conflicts of interest. The Finnish Institute for Health and
Welfare conducts a Public-Private Partnership with vaccine manufacturers
and has received research funding for studies unrelated to COVID-19 from
GlaxoSmithKline Vaccines (N.E., C.V., A.A.P., and M.M. as investigators),
Pfizer (A.A.P.), and Sanofi Pasteur (A.A.P., T.N.). The other authors report
no potential conflicts of interest. All authors have submitted the ICMJE
Form for Disclosure of Potential Conflicts of Interest. Conflicts that the ed-
itors consider relevant to the content of the manuscript have been
disclosed.

Author contributions. M.M., A.A.P., L]., and H.N. contributed to the
study design. A.H. developed and performed the microneutralization tests.
P.O. coordinated the virus isolations. N.E., A.S., AH., T.N.,,C.V.,, P.J., and
M.M. analyzed the data. N.E., L.I, P.A.T., and J.L. contributed to data col-
lection and data design. N.E., A.H., A.S., and M.M. wrote the manuscript,
and all co-authors contributed to the critical revision of the text.

References

1. Haveri A, Ekstrom N, Solastie A, et al. Persistence of neutralizing antibodies a year
after SARS-CoV-2 infection in humans. Eur ] Immunol 2021; 51:3202-13.

2. Marcotte H, Piralla A, Zuo F, et al. Inmunity to SARS-CoV-2 up to 15 months
after infection. iScience 20225 25:103743.

3. Haveri A, Solastie A, Ekstrom N, et al. Neutralizing antibodies to SARS-CoV-2
Omicron variant after third mRNA vaccination in health care workers and elderly
subjects. Eur ] Immunol 2022; 52:816-24.

4. Zou], Xia H, Xie X, et al. Neutralization against Omicron SARS-CoV-2 from pre-
vious non-Omicron infection. Nat Commun 2022; 13:852.

5. Liu Z, VanBlargan LA, Bloyet LM, et al. Identification of SARS-CoV-2 spike mu-
tations that attenuate monoclonal and serum antibody neutralization. Cell Host
Microbe 2021; 29:477-88.e4.

6. Chen J, Wang R, Gilby NB, Wei GW. Omicron variant (B.1.1.529): infectivity,
vaccine breakthrough, and antibody resistance. ] Chem Inf Model 20225 62:
412-22.

7. Ebinger JE, Fert-Bober J, Printsev I, et al. Antibody responses to the BNT162b2
mRNA vaccine in individuals previously infected with SARS-CoV-2. Nat Med
2021; 27:981-4.

8. Ontafén J, Blas J, de Cabo C, et al. Influence of past infection with SARS-CoV-2
on the response to the BNT162b2 mRNA vaccine in health care workers: kinetics
and durability of the humoral immune response. EBioMedicine 20215 73:103656.

9. Steensels D, Pierlet N, Penders ], Mesotten D, Heylen L. Comparison of
SARS-CoV-2 antibody response following vaccination with BNT162b2 and
mRNA-1273. JAMA 2021; 326:1533-5.

10. Angyal A, Longet S, Moore SC, et al. T-cell and antibody responses to first
BNT162b2 vaccine dose in previously infected and SARS-CoV-2-naive UK
health-care workers: a multicentre prospective cohort study. Lancet Microbe
2022; 3:e21-31.

8 « OFID « Ekstrom et al

€20z Aenuep ,z uo Jasn ojsellry uojsidol|A unin] Aq £2GE££89/5299810/Z L/6/31011KE/plio/w oo dno ojwapeoe//:sdpy wol) papeojumoq


http://academic.oup.com/ofid/article-lookup/doi/10.1093/ofid/ofac625#supplementary-data

20.

21.

22.

23.

24.

25.

26.

27.

. Siracusano G, Ruggiero A, Bisoffi Z, et al. Different decay of antibody response

and VOC sensitivity in naive and previously infected subjects at 15 weeks follow-
ing vaccination with BNT162b2. ] Transl Med 2022; 20:22-3.

. Romero-Ibarguengoitia ME, Rivera-Salinas D, Herndndez-Ruiz YG, et al. Effect

of the third dose of BNT162b2 vaccine on quantitative SARS-CoV-2 spike 1-2
IgG antibody titers in healthcare personnel. PLoS One 2022; 17:€0263942.

. Ibarrondo FJ, Hofmann C, Ali A, Ayoub P, Kohn DB, Yang OO. Previous infec-

tion combined with vaccination produces neutralizing antibodies with potency
against SARS-CoV-2 variants. mBio 2021; 12:e0265621.

. Bates TA, McBride SK, Leier HC, et al. Vaccination before or after SARS-CoV-2

infection leads to robust humoral response and antibodies that effectively neutral-
ize variants. Sci Immunol 2022; 7:eabn8014.

. Goel RR, Apostolidis SA, Painter MM, et al. Distinct antibody and memory B cell

responses in SARS-CoV-2 naive and recovered individuals following mRNA vac-
cination. Sci Immunol 2021; 6:eabi6950.

. Krammer F, Srivastava K, Alshammary H, et al. Antibody responses in seropos-

itive persons after a single dose of SARS-CoV-2 mRNA vaccine. N Engl ] Med
2021; 384:1372-4.

. Vicenti I, Basso M, Gatti F, et al. Faster decay of neutralizing antibodies in never

infected than previously infected healthcare workers three months after the sec-
ond BNT162b2 mRNA COVID-19 vaccine dose. Int J Infect Dis 20215 112:40-4.

. Hammerman A, Sergienko R, Friger M, et al. Effectiveness of the BNT162b2 vac-

cine after recovery from COVID-19. N Engl ] Med 2022; 386:1221-9.

. Nordstrom P, Ballin M, Nordstrom A. Risk of SARS-CoV-2 reinfection and

COVID-19 hospitalisation in individuals with natural and hybrid immunity: a
retrospective, total population cohort study in Sweden. Lancet Infect Dis 2022;
22:781-90.

Cerqueira-Silva T, Andrews JR, Boaventura VS, et al. Effectiveness of CoronaVac,
ChAdOx1 nCoV-19, BNT162b2, and Ad26.COV2.S among individuals with pre-
vious SARS-CoV-2 infection in Brazil: a test-negative, case-control study. Lancet
Infect Dis 2022; 22:791-801.

Jalkanen P, Kolehmainen P, Hikkinen HK, et al. COVID-19 mRNA vaccine in-
duced antibody responses against three SARS-CoV-2 variants. Nat Commun
2021; 12:3991-4.

Nguyen P T, Kant R, Van den Broeck R, et al. The phylodynamics of SARS-CoV-2
during 2020 in Finland. Commun Med (Lond) 2022; 2:65.

Solastie A, Virta C, Haveri A, et al. A highly sensitive and specific SARS-CoV-2
spike- and nucleoprotein-based fluorescent multiplex immunoassay (FMIA) to
measure IgG, IgA, and IgM class antibodies. Microbiol Spectr 2021; 9:e0113121.
Kristiansen PA, Page M, Bernasconi V, et al. WHO international standard for
anti-SARS-CoV-2 immunoglobulin. Lancet 2021; 397:1347-8.

Haveri A, Smura T, Kuivanen S, et al. Serological and molecular findings during
SARS-CoV-2 infection: the first case study in Finland, January to February 2020.
Euro Surveill 20205 25:2000266.

Rusanen J, Kareinen L, Szirovicza L, et al. A generic, scalable, and rapid time-
resolved Forster resonance energy transfer-based assay for antigen
detection-SARS-CoV-2 as a proof of concept. mBio 2021; 12:e00902-21.
Manisty C, Otter AD, Treibel TA, et al. Antibody response to first BNT162b2 dose
in previously SARS-CoV-2-infected individuals. Lancet 2021; 397:1057-8.

28.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Saadat S, Rikhtegaran Tehrani Z, Logue J, et al. Binding and neutralization anti-
body titers after a single vaccine dose in health care workers previously infected
with SARS-CoV-2. JAMA 2021; 325:1467-9.

. Prendecki M, Clarke C, Brown J, et al. Effect of previous SARS-CoV-2 infection

on humoral and T-cell responses to single-dose BNT162b2 vaccine. Lancet 2021;
397:1178-81.

Reynolds CJ, Pade C, Gibbons JM, et al. Prior SARS-CoV-2 infection rescues B
and T cell responses to variants after first vaccine dose. Science 2021; 372:
1418-23.

Wang Z, Muecksch F, Schaefer-Babajew D, et al. Naturally enhanced neutralizing
breadth to SARS-CoV-2 after one year. Nature 2021; 595:426-31.

van Gils MJ vW, Wynberg E HDG, et al. A single mRNA vaccine dose in
COVID-19 patients boosts neutralizing antibodies against SARS-CoV-2 and var-
iants of concern. Cell Rep Med 2021; 3:100486.

Bates TA, McBride SK, Winders B, et al. Antibody response and variant cross-
neutralization after SARS-CoV-2 breakthrough infection. JAMA 2022; 327:
179-81.

Walls AC, Sprouse KR, Bowen JE, et al. SARS-CoV-2 breakthrough infections
elicit potent, broad, and durable neutralizing antibody responses. Cell 2022;
185:872-80.e3.

Stamatatos L, Czaroski J, Wan YH, et al. MRNA vaccination boosts cross-variant
neutralizing antibodies elicited by SARS-CoV-2 infection. Science 2021; 372:
1413-8.

Muecksch F, Wang Z, Cho A, et al. Increased memory B cell potency and breadth
after a SARS-CoV-2 mRNA boost. Nature 2022; 607:128-34.

Wratil PR, Stern M, Priller A, et al. Three exposures to the spike protein of
SARS-CoV-2 by either infection or vaccination elicit superior neutralizing immu-
nity to all variants of concern. Nat Med 2022; 28:496-503.

Miyamoto S, Arashiro T, Adachi Y, et al. Vaccination-infection interval deter-
mines cross-neutralization potency to SARS-CoV-2 Omicron after breakthrough
infection by other variants. Med (N Y) 20225 3:249-61.e4.

Stouten V, Hubin P, Haarhuis F, et al. Incidence and risk factors of COVID-19
vaccine breakthrough infections: a prospective cohort study in Belgium.
Viruses 2022; 14:802.

Bobrovitz N, Ware H, Li Z, et al. Protective effectiveness of prior SARS-CoV-2
infection and hybrid immunity against Omicron infection and severe disease: a
systematic review and meta-regression. MedRxiv 10.02.22280610 [Preprint].
October 4, 2022. Available at: https:/doi.org/10.1101/2022.10.02.22280610.
Accessed October 25, 2022.

Lee HK, Knabl L, Walter M, et al. Prior vaccination exceeds prior infection in elic-
iting innate and humoral immune responses in Omicron infected outpatients.
Front Immunol 2022; 13:916686.

Singh J, Panwar A, Anantharaj A, et al. Ba.1 and BA.2 sub-lineages of Omicron
variant have comparable replication kinetics and susceptibility to neutralization
by antibodies. MedRxiv 2022.01.28.22269990 [Preprint]. June 6, 2022. Available
at: https://doi.org/10.1101/2022.01.28.22269990. Accessed September 22, 2022.
Walsh EE, Frenck RW, Jr, Falsey AR, et al. Safety and immunogenicity of two
RNA-based COVID-19 vaccine candidates. N Engl ] Med 20205 383:2439-50.
Bates TA, Leier HC, Lyski ZL, et al. Age-dependent neutralization of SARS-CoV-2
and P.1 variant by vaccine immune serum samples. JAMA 2021; 326:868-9.

Antibody Response to SARS-CoV-2 Variants « OFID « 9

€20z Aenuep ,z uo Jasn ojsellry uojsidol|A unin] Aq £2GE££89/5299810/Z L/6/31011KE/plio/w oo dno ojwapeoe//:sdpy wol) papeojumoq


https://doi.org/10.1101/2022.10.02.22280610
https://doi.org/10.1101/2022.01.28.22269990

	Strong Neutralizing Antibody Responses to SARS-CoV-2 Variants Following a Single Vaccine Dose in Subjects With Previous SARS-CoV-2 Infection
	METHODS
	Study Design
	Samples From Infected, Vaccinated Subjects
	Samples From Infected, Not Vaccinated Subjects
	Samples From Vaccinated, Uninfected Subjects
	Patient Consent

	METHODS
	SARS-CoV-2 Fluorescent Multiplex Immunoassay
	SARS-CoV-2 Microneutralization Test
	Statistical Methods

	RESULTS
	Spike-Specific and Neutralizing Antibodies Following Hybrid Immunity or Vaccination
	Neutralization of SARS-CoV-2 Variants After Hybrid Immunity

	DISCUSSION
	Supplementary Data
	Acknowledgments
	References




