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Bivalent COVID-19 mRNA booster vaccination (BA.1 or
BA.4/BA.5) increases neutralization of matched Omicron
variants
David N. Springer 1, Michael Bauer1, Iris Medits 1, Jeremy V. Camp 1, Stephan W. Aberle1, Clemens Burtscher2, Eva Höltl2,3,
Lukas Weseslindtner1, Karin Stiasny 1,4✉ and Judith H. Aberle 1,4✉

We report SARS-CoV-2 neutralizing antibody titers in sera of triple-vaccinated individuals who received a booster dose of an original
monovalent or a bivalent BA.1- or BA.4/BA.5-adapted vaccine or had a breakthrough infection with Omicron variants BA.1, BA.2 or
BA.4/BA.5. A bivalent BA.4/BA.5 booster or Omicron-breakthrough infection induced increased Omicron-neutralization titers
compared with the monovalent booster. The XBB.1.5 variant effectively evaded neutralizing-antibody responses elicited by current
vaccines and/or infection with previous variants.
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The SARS-CoV-2 Omicron variant (B.1.1.529) evolved into several
sublineages (BA.1 to BA.5, their descendants and recombinant
forms), carrying mutations in the spike protein that result in
escape from neutralizing antibodies elicited by ancestral vac-
cines1. Since late 2022, bivalent COVID-19 mRNA-booster vaccines
containing equal amounts of mRNAs encoding the ancestral
(Wuhan-1) or Omicron spike proteins (BA.1 or BA.4/BA.5) are in
widespread use. It is, however, still unclear whether a single
booster dose with a bivalent vaccine would enhance the
neutralization of Omicron variants beyond that of original
vaccines.
We investigated serum neutralization of SARS-CoV-2 variants

after a bivalent BA.1 (n= 12) or bivalent BA.4/BA.5 (n= 22)
booster of individuals who had previously received three vaccine
doses. As reference cohorts, we included vaccinees with one
(n= 31) or two booster doses (n= 26) of the original monovalent
mRNA vaccine. Sera were collected 20–31 days (bivalent-BA.1),
21–30 days (bivalent-BA.4/BA.5), 15–43 days (three-dose mono-
valent) and 16–38 days (four-dose monovalent) after vaccination
(Supplementary Tables 1 and 2). All specimens were nucleocapsid-
antibody negative, indicating that these individuals had no
previous SARS-CoV-2 infection. Serum-neutralizing activity was
determined in a well-characterized live-virus neutralization test
(NT)2, using SARS-CoV-2 wildtype (wt, D614G virus), Delta and
Omicron variants (BA.1, BA.2, BA.5, XBB.1.5). We found for all
cohorts that NT titers were highest against D614G (Fig. 1a). The
bivalent-BA.4/BA.5 booster induced significantly higher neutraliza-
tion titers to BA.5 than the three- and four-dose monovalent
boosters (Fig. 1a). Recent epidemiological data support the notion
of improved protection against severe disease by BA.5-bivalent
booster vaccines3,4. Of note, our results showed only modestly
increased BA.5 neutralization, which is in agreement with previous
studies5–11, whereas others suggested that the bivalent-BA.4/BA.5
vaccine would not be more effective than the original monovalent
vaccine12–14. The bivalent-BA.1 booster induced similarly high
neutralization titers as the bivalent-BA.4/BA.5 booster (Fig. 1a), but
this smaller cohort exhibited higher individual variation and the

differences in NT titers between bivalent-BA.1 booster and
monovalent booster cohorts were not statistically significant,
which is in line with previous studies6. XBB.1.5-NT titers were
lowest in all groups (Fig. 1a), which confirms the strong escape of
this variant from current vaccine- and infection-elicited neutraliz-
ing antibodies8,15.
A comparison of NT titers between sera obtained on the day of

booster and those one month later showed that the bivalent-BA.1
vaccine yielded the strongest increase in BA.1-NT titers (Fig. 1b).
Similarly, the enhancement of NT titers of the bivalent-BA.4/BA.5
booster sera was greatest against BA.4/BA.5 (Fig. 1b), suggesting
that variant-specific neutralizing antibodies were elicited by both
bivalent vaccines.
We next analyzed sera from individuals after breakthrough

infection with Omicron BA.1 (n= 11), BA.2 (n= 7) or BA.4/BA.5
(n= 10) variants, following 2–4 doses of mRNA vaccination. Sera
were obtained 13–36 days, 16–25 days and 22–52 days after
infection, respectively (Supplementary Table 3). NT titers after
breakthrough infection were higher than after vaccination of
SARS-CoV-2-naive individuals. BA.4/BA.5-breakthrough infections
elicited significantly higher BA.5-NT titers than BA.1-breakthrough
infections (Fig. 1c). As for the vaccinees, XBB.1.5-NT titers were the
lowest in all breakthrough cohorts (Fig. 1c).
We used the NT titers (Fig. 1) to generate antigenic maps that

depict antigenic distances between all tested variants (Fig. 2a).
Variant distribution was similar for three- and four-dose-
monovalent vaccine sera, with the highest reactivity around
D614G, whereas the distance to BA.5 was approximately four
antigenic units, equivalent to an eightfold difference in neutraliza-
tion (Fig. 2). These data are in agreement with studies using post-
vaccination sera with similar distributions of pre-Omicron and
Omicron variants10,16. The bivalent vaccine sera and Omicron-
breakthrough-infection sera yielded antigenic maps in which pre-
Omicron and Omicron BA.1, BA.2 and BA.5 variants clustered
tightly together, indicating increased neutralization breadth.
Omicron XBB.1.5 mapped the furthest from the D614G strain,
and the distance to XBB.1.5 was highest for monovalent booster
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sera (up to 5.5 antigenic units), followed by bivalent-BA.1 booster
sera and lowest for the bivalent-BA.5 booster sera (4 antigenic
units). Additionally, we analyzed cumulative antigenic distance
scores calculated from the sum of antigenic units between D614G
and each variant measured for each serum (Fig. 2b). In comparison
to the monovalent vaccine sera and consistent with the antigenic
maps, these scores were significantly lower for bivalent-BA.1 and
BA.4/BA.5 vaccine and breakthrough post-infection sera (Fig. 2b).
These data indicate that neutralizing activities were broader after
bivalent BA.1 or BA.4/BA.5 boosters than after monovalent
boosters.
Our study has several limitations: First, the sample size was

relatively small with some differences among study groups
(Supplementary Tables 1–3), including (1) unequal numbers of
vaccine doses, i.e., more participants with 4 doses among the
BA.4/BA.5-breakthrough-infection cohort; (2) some participants in
the bivalent but not in the monovalent cohort had received vector
vaccines as a first dose; (3) more female than male participants in
monovalent (3-dose) vs. bivalent vaccine groups; (4) sera from the

day of booster were available from the bivalent but not from the
monovalent cohorts. Second, we did not measure non-
neutralizing antibodies and cellular responses that are likely
involved in durable protection against severe COVID-19, with T cell
responses being highly cross-reactive against Omicron and prior
variants1. Third, we do not know how NT titers relate to protection
against infection, severe disease and death1,17. Fourth, the
neutralization titers were measured at a relatively early time
point, i.e., ~1 month after vaccination or breakthrough infections,
and thus it remains unclear how the responses evolve over time.
In summary, our data show that a bivalent booster improves

neutralization of matched Omicron variants and are concordant
with recent real-world data demonstrating superior protection
against severe disease by BA.5-bivalent booster vaccines3. More-
over, our data support the conclusion that XBB.1.5 variant
effectively evades neutralizing-antibody responses elicited by
current vaccines or breakthrough infection with previously
circulating variants.

Fig. 1 Serum-neutralizing activity against SARS-CoV-2 variants of vaccinated or breakthrough-infection cohorts. a NT titers of sera from
individuals 3–4 weeks after a third or fourth dose of monovalent mRNA vaccines (V1/V2/V3-monovalent, V1/V2/V3/V4-monovalent), or
bivalent-BA.1- or BA.4/BA.5-based mRNA vaccines (V1/V2/V3/V4-bivalent-BA.1, V1/V2/V3/V4-bivalent-BA.5). b NT titers at baseline (day 0, pre-
V4) and after bivalent-BA.1 or BA.4/BA.5 booster vaccination (3–4 weeks, post-V4). c NT titers of sera from individuals with breakthrough
infection with Omicron BA.1, BA.2 or BA.4/BA.5, following 2–4 doses of mRNA vaccines. Boxes range from 25th to 75th percentile, whiskers
show min and max, and horizontal lines the median. BTI breakthrough infection. NT titers were compared with Kruskal–Wallis test with Dunn’s
multiple comparison correction. Paired data were analyzed with Wilcoxon’s signed-rank test followed by Bonferroni correction. ***p < 0.001,
**p < 0.01.
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METHODS
Omicron variant identification
Nasopharyngeal swabs were analyzed with the mutation assays
VirSNiP SARS-CoV-2 Spike S371L S373P, VirSNiP SARS-CoV-2 Spike
484A 486V and VirSNiP SARS-CoV-2 Spike L452R (TIB MOLBIOL,
Berlin, Germany). Characteristic melting peaks for the mutations
S371L and S373P indicated an infection with Omicron BA.1, S371F
and S373P indicated BA.2, and S371F and S373P with the
additional mutations L452R and F486V indicated BA.4/5,
respectively.

SARS-CoV-2 neutralization test (NT)
SARS-CoV-2 strains were isolated from nasopharyngeal swabs of
infected individuals using Vero E6 (ECACC #85020206) or Vero E6-
TMPRSS2 cells (kindly provided by Anna Ohradanova-Repic).
Sequences determined by next-generation sequencing were
uploaded to the GSAID database (wt, B.1.1 with the D614G
mutation:EPI_ISL_438123; Delta, B.1.617.2-like, sublineage

AY.122:EPI_ISL_4172121; Omicron, B.1.1.529+BA.*, sublineage
BA.1.17:EPI_ISL_9110894; Omicron, B.1.1.529+BA.*, sublineage
BA.2:EPI_ISL_11110193; Omicron, B.1.1.529+BA.*, sublineage
BA.5.3:EPI_ISL_15982848; XBB.1.5:EPI_ISL_17062381. Pango
lineages were determined with Pango v.4.1.3, Pango-data v1.17.).
For live-virus NTs, serial twofold dilutions of heat-inactivated

serum (duplicates) were incubated with 50–100 TCID50 SARS-CoV-
2 for 1 h at 37 °C. The sample-virus mixtures were added to Vero
E6 cells and incubated for 3–5 days at 37 °C. NT titers were
expressed as the highest reciprocal serum dilution that prevented
cytopathic effect, which was assessed microscopically. NT titers
≥10 were considered positive.

Antigenic cartography
We constructed antigenic maps based on serum-neutralization
data with antigenic cartography10,16. The position of the variants
and sera corresponds to the fold-difference to the maximum titer
for each serum. A grid unit in any direction (one antigenic unit)
represents a twofold change in neutralization titer. Antigenic

Fig. 2 Antigenic maps and cumulative distance scores of SARS-CoV-2 variants for vaccinated and breakthrough-infection cohorts.
a Antigenic maps of SARS-CoV-2 variants based on post-vaccination (V1/V2/V3-monovalent, n= 31; V1/V2/V3/V4-monovalent, n= 26; V1/V2/
V3/V4-bivalent-BA.1, n= 12; V1/V2/V3/V4-bivalent-BA.5, n= 22) and Omicron breakthrough-infection sera, including subvariants BA.1, BA.2
and BA.4/BA.5 (n= 22). Squares represent individual sera, circles SARS-CoV-2 variants. The x- and y-axes of the maps are antigenic distances,
and each square represents a twofold change in neutralization titer. b Cumulative antigenic distance scores. Boxes range from 25th to 75th
percentile, whiskers show min and max, and horizontal lines the median. BTI breakthrough infection. Scores were compared with
Kruskal–Wallis tests with Dunn’s multiple comparison correction. ****p < 0.0001, ***p < 0.001.
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maps were generated with the Racmacs package (https://
github.com/acorg/Racmacs)18 in R with 500 optimization steps
and the minimum column basis parameter set to ‘none.’

Ethics
All work was conducted in accordance with the Declaration of
Helsinki in terms of informed consent and approval by an
appropriate institutional board. Written informed consent from
study participants was not required, as the analysis was performed
on anonymized leftover samples from routine laboratory diagnosis
in accordance with national legislation and institutional require-
ments. The ethics committee of the Medical University of Vienna,
Austria, approved the study protocol (EK1035/2016, EK1513/2016,
EK1926/2020, EK1291/2021).

Statistical analyses
Statistical analysis was performed with GraphPad Prism 9.3.1 and R
4.2.0. Kruskal–Wallis test (two-tailed) with Dunn’s multiple
comparison correction was used to compare NT titers and
cumulative antigenic distance scores between different cohorts.
For medians and fold-changes of pre- and post-vaccination titers,
values <10 were set to 5. Wilcoxon’s signed-rank test, followed by
Bonferroni correction, was used to compare paired data. Alpha
was set to 0.05.

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

DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are available
from the corresponding authors upon reasonable request.
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