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CORONAVIRUS

Omicron BA.2 breakthrough infection enhances cross-
neutralization of BA.2.12.1 and BA.4/BA.5

Alexander Muik', Bonny Gaby Lui', Maren Bacher’, Ann-Kathrin Wallisch', Aras Toker’,
Andrew Finlayson’, Kimberly Kriiger', Orkun Ozhelvaci’, Katharina Grikscheit?, Sebastian Hoehl?,
Sandra Ciesek®3, Ozlem Tiireci'4, Ugur Sahin'->*

BNT162b2-vaccinated individuals after Omicron BA.1 breakthrough infection have strong serum neutralizing
activity against Omicron BA.1, BA.2, and previous SARS-CoV-2 variants of concern (VOCs), yet less against the
highly contagious Omicron sublineages BA.4 and BA.5 that have displaced previous variants. As the latter sub-
lineages are derived from Omicron BA.2, we characterized serum neutralizing activity of COVID-19 mRNA
vaccine triple-immunized individuals who experienced BA.2 breakthrough infection. We demonstrate that
sera of these individuals have broadly neutralizing activity against previous VOCs as well as all tested
Omicron sublineages, including BA.2 derived variants BA.2.12.1, BA.4/BA.5. Furthermore, applying antibody de-
pletion we showed that neutralization of BA.2 and BA.4/BA.5 sublineages by BA.2 convalescent sera is driven to
a significant extent by antibodies targeting the N-terminal domain (NTD) of the spike glycoprotein. However,
neutralization by Omicron BA.1 convalescent sera depends exclusively on antibodies targeting the receptor
binding domain (RBD). These findings suggest that exposure to Omicron BA.2, in contrast to BA.1 spike glyco-
protein, triggers significant NTD specific recall responses in vaccinated individuals and thereby enhances the
neutralization of BA.4/BA.5 sublineages. Given the current epidemiology with a predominance of BA.2 derived
sublineages like BA.4/BA.5 and rapidly ongoing evolution, these findings helped to inform development of our
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Omicron BA.4/BA.5-adapted vaccine.

INTRODUCTION

Emergence of the SARS-CoV-2 Omicron variant of concern (VOC)
in November 2021 (1) can be considered a turning point in the
COVID-19 pandemic. Omicron BA.1, which is significantly
altered in the spike (S) glycoprotein receptor binding domain
(RBD) and N-terminal domain (NTD), partially escapes previously
established immunity (2). The loss of many epitopes (3, 4) drasti-
cally impaired susceptibility to neutralizing antibodies induced by
wild-type strain (Wuhan-Hu-1) S glycoprotein-based vaccines or
by infection with previous strains (5-7), necessitating a third
vaccine dose to establish full immunity (8-10). Omicron BA.1
was displaced by the BA.2 variant, which in turn was displaced by
its descendants BA.2.12.1, BA.4 and BA.5 that now dominate glob-
ally (11-14).

Antigenically, BA.2.12.1 exhibits high similarity with BA.2 but
not BA.1, whereas BA.4 and BA.5 differ considerably from BA.2
and even more so from BA.1, in line with their genealogy (15,
16). While some amino acid changes in the RBD are shared
between all Omicron sub-lineages, the alteration L452Q is only
found in BA.2.12.1 and is the only residue which distinguishes its
RBD from that of the BA.2 variant. The L452R and F486V alter-
ations are BA.4/BA.5-specific, whereas S371F, T376A, D405N,
and R408S are shared by BA.2 and its descendants BA.2.12.1 and
BA.4/BA.5, but not BA.1 (fig. S1). These amino acid exchanges
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are associated with further escape from vaccine-induced neutraliz-
ing antibodies and therapeutic antibody drugs targeting the wild-
type S glycoprotein (6, 15, 17-20). The NTDs of BA.2 and its de-
scendants are antigenically closer to the wild-type strain and lack
several amino acid changes, insertions, and deletions that occurred
in BA.1 (fig S1). For instance, A143-145, L212I, or ins214EPE,
which rendered the BA.1 variant resistant to a panel of NTD-direct-
ed monoclonal antibodies raised against the wild-type S glycopro-
tein, are not found in BA.2 and descendants (21, 22).

Omicron BA.1 breakthrough infection of BNT162b2 vaccinated
individuals augments broadly neutralizing activity against Omicron
BA.1, BA.2 and previous VOCs at levels similar to those observed
against SARS-CoV-2 wild-type (10, 23). BA.1 breakthrough infec-
tion of triple BNT162b2-vaccinated individuals induced a robust
recall response, primarily expanding memory B cells against epi-
topes shared broadly amongst variants, rather than inducing B
cells specific to BA.1 only. Neutralization of the latest Omicron sub-
lineages BA.4 and BA.5 was not enhanced, and geometric mean
titers were rather comparable to those against the phylogenetically
more distant SARS-CoV-1.

Given that Omicron BA.2 is more closely related to BA.4/BA.5
than to BA.1, we asked if BA.2 breakthrough infection would shift
cross-neutralization activity more towards these most recent
Omicron sublineages. We compared the neutralization of different
Omicron sublineages by serum samples from three different cohorts
of individuals triple-vaccinated with mRNA COVID-19 vaccines,
namely from individuals with no history of SARS-CoV-2 infection
and individuals that experienced breakthrough infection with either
BA.1 or BA.2. In addition, we characterized the contribution of
serum antibodies targeting the S glycoprotein RBD versus the
NTD to Omicron sublineage neutralization. Our data will increase
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current understanding on Omicron immune escape mechanisms
and the effects of immunization on variant cross-neutralization,
and thus help guide further vaccine development.

RESULTS

Cohorts and sampling

This study investigated serum samples from three cohorts: from
BNT162b2 triple-vaccinated individuals who were SARS-CoV-2-
naive at the time of sampling (BNT162b2% n = 18), from individuals
vaccinated with three doses of mRNA COVID-19 vaccine
(BNT162b2/mRNA-1273 homologous or heterologous regimens)
who subsequently had a breakthrough infection with Omicron at
a time of BA.1 dominance (mRNA-Vax® + BA.1, n = 14), or from
triple mRNA vaccinated individuals with a breakthrough infection
at a time of BA.2 dominance (mRNA-Vax® + BA.2, n = 19). For
convalescent cohorts, relevant intervals between key events such
as the most recent vaccination and infection are provided in
Fig. 1 and Table S1 to S3. Sera were derived from the biosample col-
lections of BNT162b2 vaccine trials and from a non-interventional
study researching vaccinated patients that had experienced
Omicron breakthrough infection. A subset of the samples included
in this study had also been used in our previous investigation of the
effect of BA.1 breakthrough infection on serum neutralizing activity
and memory B cell repertoire (Quandt et al. (10)).

Omicron BA.2 breakthrough infection of triple mRNA-
vaccinated individuals induces broad neutralization of
VOCs including Omicron BA.4/BA.5

Neutralizing activity of immune sera was tested in a well-character-
ized pseudovirus neutralization test (pVNT) (24, 25) by determin-
ing 50% pseudovirus neutralization (pVNs,) geometric mean titers
(GMTs) with pseudoviruses bearing the S glycoproteins of the
SARS-CoV-2 wild-type strain, or Alpha, Beta, Delta, Omicron
BA.1, BA.2, and the BA.2-derived sublineages BA.2.12.1, BA.4
and BA.5. As BA.4 and BA.5 share an identical S glycoprotein

sequence, we refer to them as BA.4/5 in the context of the pVNT.
In addition, we assayed SARS-CoV (herein referred to as SARS-
CoV-1) to detect potential pan-Sarbecovirus neutralizing activity
(26). As an orthogonal test system, we used a live SARS-CoV-2 neu-
tralization test (VNT) that analyzes neutralization during multi-
cycle replication of authentic virus (SARS-CoV-2 wild-type strain
and VOCs including BA .4, except Omicron BA.2.12.1) with the an-
tibodies present during the entire test period.

In the pVNT, sera from all three cohorts robustly neutralized the
wild-type strain, Alpha, Beta, Delta VOCs as well as Omicron BA.1
and BA.2 lineages with neutralization activity being more pro-
nounced in the breakthrough infected individuals, particularly in
the BA.1 breakthrough infection cohort (mRNA-Vax® + BA.1).
However, serum neutralizing activity of BNT162b2 triple-vaccinat-
ed SARS-CoV-2 naive (BNT162b2%) and mRNA-Vax® + BA.1 indi-
viduals against BA.2.12.1 was significantly reduced compared to
wild-type (p < 0.05) and even more so for BA.4/5 (p < 0.001; >5-
fold compared to the wild-type strain) (Fig. 2a, Table S4 and S5).
While neutralization of BA.2.12.1 and BA.4/5 by sera from triple
mRNA-vaccinated individuals with Omicron BA.2 breakthrough
infection (mRNA-Vax® + BA.2) were also significantly reduced,
the reduction of BA.4/5 neutralization was less pronounced (~2.5-
fold) as compared to the two other cohorts.

To compare the cohorts with regard to neutralization breadth
irrespective of the magnitude of antibody titers, we normalized
the VOC pVNs, GMTs against the wild-type strain. The ratios
showed that BA.4/5 cross-neutralization was significantly
(p < 0.05) stronger in mRNA-Vax® + BA.2 (GMT ratio 0.37) as
compared to mRNA-Vax® + BA.1 and BNT162b2> sera (GMT
ratios 0.18 and 0.17) (Fig. 2b). Cross-neutralization of Omicron
BA.2.12.1 by mRNA-Vax® + BA.2 sera (GMT ratio 0.53) was slightly
stronger than by mRNA-Vax® + BA.1 sera (GMT ratio 0.43), and
even significantly (p < 0.01) stronger than by BNT162b2° sera
(GMT ratio 0.26). A separate analysis including only the
BNT162b2 vaccinated individuals within those three cohorts con-
firmed that BA.2 breakthrough infection was associated with
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Fig. 1. Cohorts and sampling. Serum samples were drawn from three cohorts: individuals triple-vaccinated with BNT162b2 that were SARS-CoV-2-naive at the time of
sampling (BNT162b23, green), and from individuals vaccinated with three doses of mMRNA COVID-19 vaccine (BNT162b2/mRNA-1273 homologous or heterologous reg-
imens) who subsequently had a breakthrough infection with Omicron either at a time of BA.1 dominance (November 2021 to January 2022; mRNA-Vax? + BA.1, purple) or
at a time of BA.2 dominance (March to May 2022; mRNA-Vax® + BA.2, blue). For convalescent cohorts, relevant intervals between key events such as the most recent
vaccination, SARS-CoV-2 infection, and serum isolation are indicated. All values specified as median-range. The age/sex composition of cohorts is further detailed in
Tables S1 to S3. Data for the reference cohorts BNT162b23 and mRNA-Vax® + BA.1 were previously published (10), except for newly generated BA.2.12.1 neutralization

data. N/A, not applicable; Schematic was created with BioRender.com
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Fig. 2. Omicron BA.2 breakthrough infection of triple mRNA vaccinated individuals induces broad neutralization of SARS-CoV-2 variant pseudoviruses includ-
ing Omicron BA.4/5. Cohorts and serum sampling as described in Fig. 1. (a) 50% pseudovirus neutralization (pVNso) geometric mean titers (GMTs) against the indicated
SARS-CoV-2 variants of concern (VOCs) or SARS-CoV-1 pseudoviruses. Data for the reference cohorts BNT162b23 and mRNA-Vax? + BA.1 were previously published (10),
except for newly generated BA.2.12.1 neutralization data. Values above violin plots represent group GMTs. For titer values below the limit of detection (LOD), LOD/2 values
were plotted. The non-parametric Friedman test with Dunn’s multiple comparisons correction was used to compare the wild-type strain neutralizing group GMTs with

titers against the indicated variants and SARS-CoV-1. Multiplicity-adjusted p values ar

e shown. (b) SARS-CoV-2 VOC pVNs, GMTs normalized against the wild-type strain

PVNso GMT (ratio VOC to wild-type). Group geometric mean ratios with 95% confidence intervals are shown. The non-parametric Kruskal-Wallis test with Dunn’s multiple

comparisons correction was used to compare the VOC GMT ratios between cohorts.

considerable BA.4/5 cross-neutralization (BA.4/5 to wild-type
GMT ratio 0.36), whereas after BA.1 breakthrough infection
pVNsy GMTs against BA.4/5 were ~ 6-fold lower than those
against wild-type (i.e., GMT ratio 0.17) (fig. S2a-c). Cross-neutral-
ization of BA.2 and BA.2.12.1 by sera of the BA.1 or BA.2 convales-
cents was stronger to that of BNT162b2 triple-vaccinated SARS-
CoV-2 naive individuals.

The authentic live SARS-CoV-2 virus neutralization assay pro-
vided VOC neutralizing titers that strongly correlated with those
from the pVNT assay (fig. S3) and largely confirmed the major find-
ings in Fig. 2. Again in this assay, 50% virus neutralization (VNs)
GMT against Omicron BA.2 in BNT162b2? sera was strongly
reduced compared to that against wild-type (p < 0.0001), whereas
sera from both convalescent groups exhibited strong neutralizing
activity, with VN5, GMTs comparable to those against the wild-
type strain (Fig. 3a). Reduction of neutralizing activity against
Omicron BA.4 was less pronounced in the BA.2 convalescent
cohort as compared to BNT162b2®> and mRNA-Vax®> + BA.1
cohorts (VN5o GMTs ~2.5-fold as compared to ~15-fold and 5-
fold lower than against the wild-type strain, respectively). In line
with the pVNT data, magnitude-independent analyses via the
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**, P <0.01; %, P < 0.05. Serum was tested in duplicate.

calculated ratios of VOC VN5, GMTs against the wild-type strain
showed that BA.4 cross-neutralization was stronger in the
mRNA-Vax® + BA.2 cohort (GMT ratio 0.38) as compared to the
mRNA-Vax® + BA.1 (GMT ratio 0.20) and BNT162b23 (GMT ratio
0.07) cohorts (Fig. 3b) and similarly so within the sub-cohort of
BNT162b2 triple-vaccinated individuals (fig. S2d-f).

In aggregate, these data demonstrated that Omicron BA.2 break-
through infection of vaccinated individuals is associated with broad
neutralizing activity against all tested Omicron-sublineages and
previous SARS-CoV-2 VOCs. In particular, our data indicate that
breakthrough infection with BA.2 is more effective (~2-fold
higher cross neutralization) than that with BA.1 at refocusing neu-
tralizing antibody responses towards the BA.4/BA.5 S glycoprotein.

Neutralization of Omicron BA.2 and BA.4/5 by sera of triple
mRNA vaccinated BA.2 convalescent individuals is
mediated to a large extent by NTD-targeting antibodies

To dissect the role of serum antibodies binding either to the RBD or
the NTD of the S glycoprotein for neutralization of SARS-CoV-2
wild-type, Omicron BA.1, BA.2, and BA.4/5, we depleted those an-
tibody fractions separately from sera of the three cohorts (n = 6
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Fig. 3. Omicron BA.2 breakthrough infection of previously vaccinated individuals induces broad neutralization of authentic live SARS-CoV-2 variants including
Omicron BA.4/5. Cohorts and serum sampling as described in Fig. 1. (a) 50% virus neutralization (VNs) geometric mean titers (GMTs) against the indicated SARS-CoV-2

variants of concern (VOCs). Data for the reference cohorts BNT162b23 and mRNA-Va

x> + BA.1 were previously published (70). Values above violin plots represent group

GMTs. For titer values below the limit of detection (LOD), LOD/2 values were plotted. The non-parametric Friedman test with Dunn’s multiple comparisons correction was
used to compare the wild-type strain neutralizing group GMTs with titers against the indicated variants and SARS-CoV-1. Multiplicity-adjusted p values are shown. (b)
SARS-CoV-2 VOC VN5, GMTs normalized against the wild-type strain VNsq GMT (ratio VOC to wild-type). Group geometric mean ratios with 95% confidence intervals are
shown. The non-parametric Kruskal-Wallis test with Dunn’s multiple comparisons correction was used to compare the VOC GMT ratios between cohorts. ****, P < 0.0001;

** P <0.01* P < 0.05. Serum was tested in duplicate.

each, fig. S4a, Table $10). We used the SARS-CoV-2 wild-type strain
S glycoprotein RBD and NTD baits for depletion, as VOC break-
through infections predominantly elicit recall responses recogniz-
ing epitopes conserved across known VOCs (10, 23, 27).

The depletion experiments removed >97% of all RBD-binding
antibodies and > 74% of all NTD-binding antibodies (fig. S4b). De-
pleted sera were subsequently tested in pVNT assays. RBD-antibody
depletion strongly diminished neutralizing activity against the wild-
type strain in sera from all cohorts, whereas neutralizing activity was
mostly retained (>80% remaining activity) upon depletion of NTD-
binding antibodies (Fig. 4a, Table S11). Neutralization of Omicron
BA.1 was completely abrogated upon depletion of RBD-binding an-
tibodies and largely unaffected by NTD-binding antibody deple-
tion. For neutralization of BA.2, RBD-antibody depletion almost
completely abolished neutralizing activity of mRNA-Vax® + BA.1
sera (about 2% residual neutralization activity). The reduction of
neutralizing titers for BNT162b2? and particularly mRNA-Vax*-
+ BA.2 sera was less severe with ~12 and ~ 24% remaining neutral-
izing activity, respectively. In contrast, depletion of NTD-binding
antibodies did not considerably impact the neutralizing activity of
BNT162b23 and mRNA-Vax® + BA.I sera (~91 and ~ 99% of un-
depleted control, respectively), while neutralizing activity of
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mRNA-Vax® + BA.2 sera was reduced to ~50%. A similar pattern
was seen following RBD-antibody depletion for neutralization of
BA.4/5, with strongly reduced neutralizing activity of mRNA-Vax>
+ BA.1 sera (~3% residual activity) versus less severe reductions for
BNT162b2> and mRNA-Vax>® + BA.2 sera (~20 and ~ 26% remain-
ing activity, respectively). Depletion of NTD-binding antibodies
had a larger impact for BA.4/5 neutralization compared to BA.2,
with remaining neutralizing activity of BNT162b2* and mRNA-
Vax® + BA.1 sera of ~70 and ~ 90% respectively, again with the
strongest effect (~48% of undepleted control) of mRNA-Vax>
+ BA.2 sera. Serum concentrations of NTD- or RBD-targeting an-
tibodies were not significantly different between the cohorts
(Fig. S5), suggesting that differential neutralization activities may
be attributable to differences in antibody potencies rather than
serum antibody levels.

As an orthogonal approach we assessed the neutralizing activity
of sera from those 3 cohorts of vaccinated individuals against a
pseudovirus harboring an engineered hybrid S glycoprotein consist-
ing of the Omicron BA.1 N terminus including the NTD (amino
acids 1-338) and the BA.4/5 C terminus including the RBD. The
pVNso GMT against the Omicron BA.1-BA.4/5 hybrid pseudovirus
in sera from BNT162b2° was moderately yet significantly below
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Fig. 4. Neutralization of Omicron BA.2 and BA.4/5 by sera of triple mRNA vaccinated BA.2 convalescent individuals is mediated to a large extent by NTD-
targeting antibodies. Cohorts and serum sampling as described in Fig. 1. (@) Serum samples (n = 6 per cohort) were depleted of RBD- or NTD-binding antibodies.
Relative neutralizing activity of RBD- and NTD-depleted sera (pVNs, titers of undepleted control sera were set to 100%) against the wild-type strain, BA.1, BA.2, and
BA.4/5 was calculated and group geometric mean with 95% confidence intervals are shown. (b) 50% pseudovirus neutralization (pVNso) geometric mean titers
(GMTs) against Omicron BA.4/5 and Omicron BA.1-BA.4/5 hybrid pseudoviruses. Numbers above plots indicate group geometric mean titers (GMTSs). For titer values
below the limit of detection (LOD), LOD/2 values are plotted. The non-parametric Wilcoxon matched-pairs signed rank test was used to compare the Omicron BA.4/5
neutralizing GMTs with titers against the Omicron BA.1-BA.4/5 hybrid pseudovirus. p values are shown.

(1.86-fold, p < 0.001) the GMT for the BA.4/5 pseudovirus, and in
the BA.1 convalescents the GMT was only marginally affected
(<1.5-fold reduction) (Fig. 4b, Tables S4 and S5). In contrast, in
BA.2 convalescent sera titers against the hybrid pseudovirus were
markedly lower than those against the BA.4/5 pseudovirus (>3-
fold reduction of GMT, p < 0.0001) (Fig. 4b and Table S6), suggest-
ing that substantial neutralizing activity can be attributed to NTD
epitopes that are shared between Omicron BA.2 and BA.4/5.

In aggregate the data obtained in both experiments indicate that
across all these VOCs RBD-binding antibodies have a major contri-
bution to neutralization. Another key finding is that exposure to
BA.1 (that differs substantially from previous VOCs in its NTD;
fig. S1) boosts recall responses of vaccine-induced neutralizing an-
tibodies that primarily bind the RBD, whereas exposure to BA.2 S
glycoprotein (with an NTD closer related to previous VOCs) can
build on existing memory and elicits a considerable recall of
NTD-targeting antibodies that in turn contributes substantially to
the neutralization of BA.2 and BA.4/5.

DISCUSSION

= Omicron BA.1 breakthrough infection in individuals vaccinated
with mRNA vaccines BNT162b2 or mRNA-1273 or an inactivated
virus vaccine boosts serum neutralizing titers against VOCs includ-
ing BA.2 (10, 15, 23), but not against BA.2.12.1 or BA.4/BA.5. The
immune escape has been attributed to boosting of pre-existing neu-
tralizing antibody responses that recognize epitopes shared between
the SARS-CoV-2 wild-type strain and Omicron BA.1 but are in part
absent in BA.2.12.1, BA.4, and BA.5 due to alterations at key resi-
dues including L452Q/L452R, and F486V (15). Here, we reported
that BA.2 breakthrough infection was associated with broadly neu-
tralizing activity including BA.2 and its descendants BA.2.12.1,
BA.4 and BA.5. These findings are in agreement with recent
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publications (19, 28) and suggest that the higher sequence similarity
of BA.2 with BA.2.12.1 and BA.4/5 in the S glycoprotein RBD as
well as the NTD drives more efficient cross-neutralization as com-
pared to breakthrough infections with the antigenically more
distant BA.1 variant. In particular, BA.1 breakthrough infection
may not elicit a strong recall of NTD-specific memory B cells
owing to the substantial alterations within the BA.1 NTD given
that breakthrough infection with heterologous SARS-CoV-2
strains primarily expands a memory B cell repertoire against con-
served S glycoprotein epitopes (10, 23). Our data obtained in anti-
body-depletion and hybrid pseudovirus experiments showed that
NTD-binding antibodies had a substantial contribution to neutral-
izing activity against Omicron BA.4/5 in triple-vaccinated BA.2
convalescent sera, whereas neutralizing activity in BA.1 convales-
cent sera largely relied on RBD-binding antibodies. This finding
is consistent with the observation that NTD-binding antibodies iso-
lated from BA.2 breakthrough infected individuals do not neutralize
BA.1 (29). Together these findings extend our knowledge on how
vaccinations and boosters with the current wild-type strain-based
vaccines together with breakthrough infections with the various
VOC:s shape the immunity patterns within the population and are
material to inform further vaccine development and adaptation in
response to current and emerging VOCs.

Our findings are based on retrospective analyses of samples
derived from different studies, using relatively small samples sizes
and cohorts that are not fully aligned in terms of intervals
between vaccine doses, intervals between the most recent vaccine
dose and infection, and demographic characteristics such as age
and sex of individuals. While the SARS-CoV-2 naive cohort was
triple-vaccinated with BNT162b2, and the Omicron breakthrough
cohorts were triple-vaccinated with BNT162b2 or mRNA-1273, ora
heterologous regimen of the mRNA COVID-19 vaccines, key find-
ings held true when only looking at a BNT162b2-vaccinated subset.
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Studies investigating long-lived plasma cell, memory B cell, and T
cell immunity in cohorts with additional subjects could provide
further insights into the mechanisms underlying the broad neutral-
izing activity associated with Omicron BA.2 breakthrough infection
and corroborate our findings.

Notwithstanding the importance of vaccination with currently
approved wild-type-strain based vaccines such as BNT162b2 that
offer effective protection from severe disease by current VOCs in-
cluding Omicron BA.1 and BA.2 (30, 31), our findings highlight
that consideration of rapidly evolving epidemiological landscapes
and newly emerging SARS-CoV-2 variants is of high importance
for guiding vaccine adaptation programs. Our data suggest that a
vaccine adapted to the sequence of BA.2 or its descendants may
enhance neutralization breadth against newly emerging VOCs, in-
cluding the currently predominating BA.4/BA.5 sublineages.

MATERIALS AND METHODS
Study design
The objective of this study was to investigate the effect of Omicron
BA.2 breakthrough infection on the cross-variant neutralization ca-
pacity of human sera. We compared immune responses in triple-
mRNA (BNT162b2/mRNA-1273)-vaccinated individuals with a
confirmed subsequent SARS-CoV-2 breakthrough infection in a
period of Omicron BA.2 lineage-dominance in Germany (March
to May 2022; mRNA-Vax?® + BA.2), to that of triple-mRNA-vacci-
nated individuals with a confirmed subsequent SARS-CoV-2 break-
through infection in a period of Omicron BA.1 lineage-dominance
(November 2021 to mid-January 2022; mRNA-Vax® + BA.1) (1, 2)
and triple-BNT162b2-vaccinated individuals that were SARS-CoV-
2-naive (nucleocapsid seronegative) at the time of sample collection
(BNT162b2?%). Serum neutralizing capability was characterized
using pseudovirus and live SARS-CoV-2 neutralization assays.
Data for the reference cohorts BNT162b2% and mRNA-Vax® + BA.1
were previously published (10), except for newly generated
BA.2.12.1 neutralization data. Cross-neutralization of variants was
further characterized in smaller sub-cohorts after depletion of either
wild-type S glycoprotein NTD- or RBD-targeted neutralizing
antibodies.
Recruitment of participants and sample collection
Individuals from the BNT162b2° cohort provided informed
consent as part of their participation in the Phase 2 trial
BNT162-17 (NCT05004181). Participants from the mRNA-Vax*
+ Omi BA.1 and mRNA-Vax® + BA.2 cohorts were recruited
from University Hospital, Goethe University Frankfurt as part of
a non-interventional study (protocol approved by the Ethics
Board of the University Hospital [No. 2021-560]) researching pa-
tients that had experienced Omicron breakthrough infection fol-
lowing vaccination for COVID-19. Omicron BA.1 infections were
confirmed with variant-specific PCR. The infections of 4 BA.1
and 2 BA.2 convalescent participants in this study were further
characterized by genome sequencing. In all 6 cases, genome se-
quencing confirmed Omicron BA.1 or BA.2 infection, respectively
(Tables S2 and S3).

Demographic and clinical data for all participants and sampling
timepoints are provided (Tables S1 to S3, and Fig. 1). All partici-
pants had no documented history of SARS-CoV-2 infection prior
to vaccination. Participants were free of symptoms at the time of
blood collection.
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Serum was isolated by centrifugation of drawn blood at 2000 x g
for 10 minutes and cryopreserved until use.

VSV-SARS-CoV-2 S variant pseudovirus generation

A recombinant replication-deficient vesicular stomatitis virus
(VSV) vector that encodes green fluorescent protein (GFP) and lu-
ciferase instead of the VSV-glycoprotein (VSV-G) was pseudotyped
with SARS-CoV-1 S glycoprotein (UniProt Ref: P59594) or with
SARS-CoV-2 § glycoprotein derived from either the Wuhan-Hu-
1 reference strain (NCBI Ref: 43740568), the Alpha variant (alter-
ations: A69/70, A144, N501Y, A570D, D614G, P681H, T7161,
S982A, D1118H), the Beta variant (alterations: L18F, D80A,
D215G, A242-244, R246I, K417N, E484K, N501Y, D614G,
A701V), the Delta variant (alterations: T19R, G142D, E156G,
A157/158, K417N, L452R, T478K, D614G, P681R, D950N), the
Omicron BA.1 variant (alterations: A67V, A69/70, T95I, G142D,
A143-145, A211, L212], ins214EPE, G339D, S371L, S373P, S375F,
K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S,
Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H,
N764K, D796Y, N856K, Q954H, N969K, L981F), the Omicron
BA.2 variant (alterations: T191, A24-26, A27S, G142D, V213G,
G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N,
N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H,
D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H,
N969K), the Omicron BA.2.12.1 variant (alterations: T191, A24—
26, A27S, G142D, V213G, G339D, S371F, S373P, S375F, T376A,
D405N, R408S, K417N, N440K, L452Q, S477N, T478K, E484A,
Q493R, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H,
S704L, N764K, D796Y, Q954H, N969K), the Omicron BA.4/5
variant (alterations: T191, A24-26, A27S, A69/70, G142D, V213G,
G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N,
N440K, L452R, S477N, T478K, E484A, F486V, Q498R, N501Y,
Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H,
N969K), or an artificial Omicron BA.1-BA.4/5 hybrid S glycopro-
tein (alterations: A67V, A69/70, T95I, G142D, A143-145, A211,
L2121, ins214EPE, G339D, S371F, S373P, S375F, T376A, D405N,
R408S, K417N, N440K, L452R, S477N, T478K, E484A, F486V,
Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K,
D796Y, Q954H, N969K) according to published pseudotyping pro-
tocols (3). A diagram of SARS-CoV-2 S glycoprotein alterations is
shown in fig. S6a and a separate alignment of S glycoprotein alter-
ations in Omicron sub-lineages is displayed in fig. S1.

In brief, HEK293T/17 monolayers (ATCC CRL-11268) cultured
in Dulbecco's modified Eagle’s medium (DMEM) with GlutaMAX
(Gibco) supplemented with 10% heat-inactivated fetal bovine
serum (FBS [Sigma-Aldrich]) (referred to as medium) were trans-
fected with Sanger sequencing-verified SARS-CoV-1 or variant-
specific SARS-CoV-2 S expression plasmid with Lipofectamine
LTX (Life Technologies) following the manufacturer’s instructions.
At 24 hours after transfection, the cells were infected at a multiplic-
ity of infection (MOI) of three with VSV-G complemented VSVAG
vector. After incubation for 2 hours at 37°C with 7.5% CO,, cells
were washed twice with phosphate buffered saline (PBS) before
medium supplemented with anti-VSV-G antibody (clone
8G5F11, Kerafast Inc.) was added to neutralize residual VSV-G-
complemented input virus. VSV-SARS-CoV-2-S pseudotype-con-
taining medium was harvested 20 hours after inoculation, passed
through a 0.2 um filter (Nalgene) and stored at —80°C. The pseudo-
virus batches were titrated on Vero 76 cells (ATCC CRL-1587)
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cultured in medium. The relative luciferase units induced by a
defined volume of a SARS-CoV-2 wild-type strain S glycoprotein
pseudovirus reference batch previously described in Muik et al.,
2021 (4), that corresponds to an infectious titer of 200 transducing
units (TU) per mL, was used as a comparator. Input volumes for the
SARS-CoV-2 variant pseudovirus batches were calculated to nor-
malize the infectious titer based on the relative luciferase units rel-
ative to the reference.

Pseudovirus neutralization assay

Vero 76 cells were seeded in 96-well white, flat-bottom plates
(Thermo Scientific) at 40,000 cells/well in medium 4 hours prior
to the assay and cultured at 37°C with 7.5% CO,. Each individual
serum was serially diluted 2-fold in medium with the first dilution
being 1:5 (SARS-CoV-2-naive triple BNT162b2 vaccinated; dilution
range of 1:5 to 1:5,120) or 1:30 (triple vaccinated after subsequent
Omicron BA.1 or BA.2 breakthrough infection; dilution range of
1:30 to 1:30,720). In the case of the SARS-CoV-1 pseudovirus
assay, the serum of all individuals was initially diluted 1:5 (dilution
range of 1:5 to 1:5,120). VSV-SARS-CoV-2-S/VSV-SARS-CoV-1-S
particles were diluted in medium to obtain 200 TU in the assay.
Serum dilutions were mixed 1:1 with pseudovirus (n = 2 technical
replicates per serum per pseudovirus) for 30 minutes at room tem-
perature before being added to Vero 76 cell monolayers and incu-
bated at 37°C with 7.5% CO, for 24 hours. Supernatants were
removed and the cells were lysed with luciferase reagent
(Promega). Luminescence was recorded on a CLARIOstar Plus mi-
croplate reader (BMG Labtech), and neutralization titers were cal-
culated as the reciprocal of the highest serum dilution that still
resulted in 50% reduction in luminescence. For depletion studies
resolution with regards to neutralization titers was increased, in
order to discriminate smaller than 2-fold differences on an individ-
ual serum level. Neutralization titers were determined by generating
a 4-parameter logistical (4PL) fit of the percent neutralization at
each serial serum dilution. The 50% pseudovirus neutralization
(pVNs5,) titer was reported as the interpolated reciprocal of the di-
lution yielding a 50% reduction in luminescence. Results for all
pseudovirus neutralization experiments were expressed as geomet-
ric mean titers (GMT) of duplicates. If no neutralization was ob-
served, an arbitrary titer value of half of the limit of detection
[LOD] was reported. Tables of the neutralization titers are provided
(Tables S4 to S6, Table S11). SARS-CoV-2 wild-type strain, and
Alpha, Beta, Delta, BA.1, BA.4/5 VOC, as well as SARS-CoV-1
pseudovirus neutralizing GMTs for the SARS-CoV-2 naive
BNT162b2 triple-vaccinated cohort and the triple-vaccinated
BA.1 convalescent cohort were previously reported in Quandt.
et al. (10). Only the BA.2.12.1 neutralization data was newly gener-
ated from serum samples for this study.

Live SARS-CoV-2 neutralization assay

SARS-CoV-2 virus neutralization titers were determined by a mi-
croneutralization assay based on cytopathic effect (CPE) at VisMe-
deri S.r.l, Siena, Italy. In brief, heat-inactivated serum samples from
individuals were serially diluted 1:2 (starting at 1:10; n = 2 technical
replicates per serum per virus) and incubated for 1 hour at 37°C
with 100 TCIDs, of the live wild-type-like SARS-CoV-2 virus
strain 2019-nCOV/ITALY-INMI1 (GenBank: MT066156), Alpha
virus strain nCoV19 isolate/England/MIG457/2020 (alterations:
A69/70, A144, N501Y, A570D, D614G, P681H, T716I, S982A,
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D1118H), Beta virus strain nCoV19 isolate/England ex-SA/
HCMO002/2021 (alterations: D80A, D215G, A242-244, K417N,
E484K, N501Y, D614G, A701V), sequence-verified Delta strain iso-
lated from a nasopharyngeal swab (alterations: T19R, G142D,
E156G, A157/158, L452R, T478K, D614G, P681R, R682Q,
D950N), Omicron BA.1 strain hCoV-19/Belgium/rega-20174/
2021 (alterations: A67V, A69/70, T951, G142D, A143-145, A211,
L2121, ins214EPE, G339D, S371L, S373P, S375F, K417N, N440K,
G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y,
Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, D796Y,
N856K, Q954H, N969K, L981F), sequence-verified Omicron BA.2
strain (alterations:T191, A24-26, A27S, V213G, G339D, S371F,
S373P, S375F, T376A, D405N, R408S, K417N, S477N, T478K,
E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y, N679K,
P681H, R682W, N764K, D796Y, Q954H, N969K), or sequence-ver-
ified Omicron BA.4 strain (alterations: V3G, T191I, A24-26, A27S,
A69/70, G142D, V213G, G339D, S371F, S373P, S375F, T376A,
D405N, R408S, K417N, N440K, L452R, S477N, T478K, E484A,
F486V, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H,
N764K, D796Y, Q954H, N969K) to allow any antigen-specific an-
tibodies to bind to the virus. A diagram of S glycoprotein alterations
is shown in fig. S6b. The 2019-nCOV/ITALY-INMI1 strain S glyco-
protein is identical in sequence to the wild-type SARS-CoV-2 S
(Wuhan-Hu-1 isolate). Vero E6 (ATCC CRL-1586) cell monolayers
were inoculated with the serum/virus mix in 96-well plates and in-
cubated for 3 days (2019-nCOV/ITALY-INMI1 strain) or 4 days
(Alpha, Beta, Delta, Omicron BA.1, BA.2 and BA.4 variant strain)
to allow infection by non-neutralized virus. The plates were ob-
served under an inverted light microscope and the wells were
scored as positive for SARS-CoV-2 infection (i.e., showing CPE)
or negative for SARS-CoV-2 infection (i.e., cells were alive
without CPE). The neutralization titer was determined as the recip-
rocal of the highest serum dilution that protected more than 50% of
cells from CPE and reported as GMT of duplicates. If no neutrali-
zation was observed, an arbitrary titer value of 5 (half of the LOD)
was reported. Tables of the neutralization titers are provided (Tables
S7 to S9).

Depletion of RBD- or NTD-binding antibodies from

human sera

SARS-CoV-2 wild-type strain S glycoprotein RBD- and NTD-
coupled magnetic beads (Acro Biosystems, Cat.no. MBS-K002
and MBS-K019; 40 ug RBD/mg beads and 38 ug NTD/mg beads,
respectively) were prepared according to the manufacturer’s in-
structions. Beads were resuspended in ultrapure water at 1 mg
beads/mL and a magnet was used to collect and wash the beads
with PBS. Beads were resuspended in serum to obtain 20 ug
RBD- or NTD-bait per 100 pL serum. A mock depletion (unde-
pleted control) was performed for each serum by adding 0.5 mg
Biotin-saturated MyOne Streptavidin T1 Dynabeads (Thermo-
Fisher, Cat.no. 65601) per 100 uL serum. Beads were incubated
with human sera for 1 hour with gentle rotation. A magnet was
used to separate bead-bound antibodies from the depleted superna-
tant. Depleted and undepleted sera were analyzed for cross-neutral-
ization capacity using pseudovirus neutralization assays. Depletion
efficacy for both RBD- and NTD-binding antibodies was deter-
mined by a multiplexed electrochemiluminescence immunoassay
(Meso Scale Discovery, V-Plex SARS-CoV-2 Panel 1 Kit, Cat. No.
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K15359U-2). Table of the neutralization titers is provided
(Table S11).

Analysis of SARS-CoV-2-specific serum IgG

Serum IgG levels directed against NTD-domain, RBD-domain, S1-
spike and S2-spike were determined using V-Plex SARS-CoV-2
Panel 1 kit (Meso Scale Diagnostics, LLC), according to the manu-
facturer's protocol. Each individual serum was diluted 1:50,000 in
Diluent 100. The plate was analyzed on a MESO QuickPlex SQ 120
imager (Meso Scale Diagnostics).

Statistical analysis

The statistical method of aggregation used for the analysis of anti-
body titers is the geometric mean and for the ratio of SARS-CoV-2
VOC titer and wild-type strain titer the geometric mean and the
corresponding 95% confidence interval. The use of the geometric
mean accounts for the non-normal distribution of antibody titers,
which span several orders of magnitude. The Friedman test with
Dunn'’s correction for multiple comparisons was used to conduct
pairwise signed-rank tests of group geometric mean neutralizing
antibody titers with a common control group. The Kruskal-Wallis
test with Dunn’s correction for multiple comparisons was used to
conduct unpaired signed-rank tests of group GMT ratios with a
common control group. The Wilcoxon matched-pairs signed rank
test was used for pairwise comparison the Omicron BA.4/5 neutral-
izing pVNs, titers with titers against the Omicron BA.1-BA.4/5
hybrid pseudovirus. Spearman correlation was used to evaluate
the monotonic relationship between non-normally distributed da-
tasets. For all conducted tests, P values <0.05 were considered stat-
istically significant. All statistical analyses were performed using
GraphPad Prism software version 9.
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