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ABSTRACT

The rapid replacement of Omicron BA.1 by BA.2 sublineage is very alarming, raising the question of
whether BA.2 can escape the immunity acquired after BA.1 infection. We compared the neutralizing
activity toward the Omicron BA.1 and BA.2 sub-lineages in five groups: COVID-19 patients; subjects who
had received two doses of mRNA vaccine; subjects naturally infected with SARS-CoV-2 who had received
two doses of mMRNA; and subjects who had received three doses of homologous or heterologous vaccine.
The results obtained highlight the importance of vaccine boosters in eliciting neutralizing antibody
responses against Omicron sub-lineages, and suggest that the adenovirus vectored vaccine elicits a

lower response against BA.1 than against BA.2 sub-lineage.

Brief report

Despite the efficacy of spike-based vaccines and monoclonal
antibodies, the SARS-CoV-2 pandemic continues more than
two and a half years after its onset. Relentless investigation has
outlined a causal dynamic between host-derived antibodies and
reciprocal viral subversion. Integrating this paradigm into the
architecture of next-generation antiviral strategies will be critical
for successfully fighting the emerging SARS-CoV-2 variants."

Since the first isolation of SARS-CoV-2 in January 2020 in
China, several viral variants have been detected.

The Omicron B.1.1.529 variant of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) was first reported to
the World Health Organization (WHO) in November 2021.°
Compared to the ancestral virus isolated in Wuhan in 2019, the
Omicron BA.1 sub-lineage bears a total of 60 mutations on the
non-structural proteins, spike (S) protein, envelope protein,
membrane protein, and nucleocapsid (NP) protein. Of these
mutations, 32 are on the S protein, 15 of which affect the
receptor-binding domain (RBD). The BA.2 sub-lineage shares
32 mutations with BA.1 but has 28 distinct ones.’

The S protein plays an essential role in SARS-CoV-2 infection
and constitutes the main target of neutralizing antibodies.” The
current vaccine formulations are designed to target the S protein
of the wild-type (wt) virus, derived from the original Wuhan
strain, and have proven to offer a high degree of protection.
Currently, six vaccines have been authorized in Europe’: the
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BNT162b2 (Pfizer-BioNTech) and mRNA-1273 (Moderna) vac-
cines were developed by using the mRNA vaccine platform,
Ad26.COV2.S (Janssen/Johnson & Johnson) and ChAdOx1-S
(AstraZeneca) are adenovirus vectored vaccines, NVX-CoV2373
(Novavax) is a recombinant SARS-CoV-2 nanoparticle vaccine
and VLA2001 (Valneva) is an inactivated virus vaccine.

The very rapid replacement of Omicron BA.1 by BA.2
during the period February-March 2022 suggests that
Omicron BA.2 is inherently more transmissible than BA.1
and capable of vaccine breakthrough.®’

Furthermore, approved antibodies with neutralizing activity
against Omicron BA.1 are ineffective against a subset of
Omicron subvariants containing a R346K substitution, BA.1.1
and BA.2, demonstrating the continued need to discover and
characterize candidate therapeutic antibodies with the breadth
and potency of neutralizing activity required to treat future
SARS-CoV-2 variants.®

The purpose of this study was to compare the neutralizing
antibody response toward the two Omicron sub-lineages BA.1
and BA.2 by analyzing COVID-19 patients, subjects who had
received two doses of mRNA vaccine, subjects naturally
infected with SARS-CoV-2 who had received two doses of
mRNA, who had received three doses of mRNA vaccine, and
who had received two doses of an adenovirus vectored vaccine
plus a booster dose of mRNA vaccine. Neutralizing titers were
determined by live virus microneutralization (MN) assay.
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Serum samples were grouped into five different cohorts.

Thirty-seven (37) serum samples from COVID-19 patients
hospitalized at Humanitas Gavazzeni (Italy) during the first
pandemic wave (March-May 2020) were included in the pre-
sent study. Subjects’ characteristics and study procedures have
been described in detail elsewhere.” This study was approved
by the Ethics Committee of the University of Siena (approval
number 17373) and by the Ethics Committee of Humanitas
Gavazzeni (approval number 236).

Fifty (50) serum samples were collected at the Bari correc-
tional facility (Italy) approximately 20 days after the second
vaccination with mRNA vaccine (mRNA-273 and BNT162b2).
These samples were negative to antibodies against the NP
protein (IDScreenSARS-CoV-2 Double Antigen Multi-species
ELISA, ID.vet, France).

Twenty-three (23) serum samples were collected at the Bari
correctional facility (Italy) a mean of 20 days after the second
dose of mRNA vaccine (mRNA-1273 and BNT162b2). These
samples were positive to antibodies against the NP protein (as
described above).

Forty-four (44) serum samples were collected at the Bari
correctional facility (Italy), a mean of 21 days after the third
mRNA vaccine dose (mRNA-1273 and BNT162b2).

Thirty-five (35) serum samples were collected from employ-
ees of the University of Bari, a mean of 42 days after the third
dose of mRNA vaccine. These subjects received two doses of
adenovirus vectored vaccine and a booster dose with mRNA
vaccine (mRNA-1273 or BNT162b2).

The research protocol was approved by the Ethics
Committee of the University Hospital of Bari (n.6955, prot.
N.0067544-02082021) and subjects provided informed consent
to participate in the study.

African green monkey kidney Vero E6 cells ((ATCC] #CRL-
1586/Vero C1008) were cultivated in Dulbecco’s Modified
Eagle’s Medium (DMEM) high Glucose with 2mM L-
Glutamine, 100 U/mL of penicillin—100 ug/mL streptomycin
(complete DMEM), and 10% Fetal Bovine Serum (FBS). Cells
were maintained at 37°C in a humidified 5%CO, environment
and passaged every 3-4 days; 18-24 hours before execution of
the microneutralization (MN) assay, plates were seeded with
100 uL/well of cells (1.5 x 10°cell/mL) diluted in complete
DMEM with 2% FBS and incubated at 37°C, 5%CO,, until use.

Wuhan SARS CoV-2 2019 (2019-nCoV strain 2019-nCov/
Italy-INMI1) virus was purchased from EVAg. The live-virus
Omicron BA.1 SARS-CoV-2 and the Omicron BA.2 SARS-
CoV-2 sub-lineages were provided by Piet Maes from Rega
Institute (Belgium). Viral propagation was performed in 175
cm’ tissue-culture flasks pre-seeded with 50 mL of Vero E6
cells (1 x 10° cells/mL) diluted in DMEM 2% FBS. After a 18—
20-hour incubation at 37°C, 5%CO,, flasks were washed twice
with sterile Dulbecco’s phosphate buffered saline (DPBS) and
inoculated with SARS-CoV-2 virus at a multiplicity of infection
(MOI) of 0.001. The sub-confluent cell monolayer was incu-
bated with the virus for 1 hour at 37°C, 5%CO,, and then flasks
were filled with 50 mL of DMEM 2% FBS and incubated at
37°C, 5%CO,. Cells were monitored daily until they manifested
80-90% cytopathic effect (CPE). Supernatants of the infected
culture were harvested, centrifuged at 469 g for 5 minutes at
4°C to remove cell debris, aliquoted, and stored at —80°C. The

propagated viral stocks were titrated in 96-well plates. The viral
titer was calculated by using the 50% tissue culture infectious
dose per mL (TCID50/mL) as endpoint and defined as the
reciprocal of the highest virus dilution yielding at least 50%
CPE in the inoculated wells, according to the Reed and
Muench formula."

For the MN assay, 12 twofold serial dilutions of the samples
(starting dilution 1:20) were prepared in duplicate in DMEM
2% FBS and added to two different 96-well plates (final volume
in the first dilution well: 120 ul). Plates were incubated for 1
hour at 37°C with a concentration of live virus (100TCID50/50
ul, sample-virus ratio 1:1). Following incubation, the virus-
sample mixture was added to sub-confluent Vero E6 cells, to
allow their infection by the residual virus. After 72 hours
(Wuhan) or 96 hours (Omicron sub-lineages), cells were
inspected for signs of CPE. The highest sample dilution able
to inhibit at least 50% of viral growth, in terms of CPE, was
regarded as the neutralization titer.

A cell-only and a virus-only control were added to each row
of each plate in order to monitor the status of the cell mono-
layer and the virus itself within each plate. A negative control
sample (plasma cod. 20/142 from NIBSC panel 20/268) and a
positive control sample (high positive of anti-SARS-CoV-2
immunoglobulins, cod. 20/150 from NIBSC panel 20/268)
were added in one separate plate, in duplicates, as control of
the assay session. Parallel titrations of the viruses were per-
formed in 96-well plates containing sub-confluent Vero E6
cells as previously described to monitor the viral titer.

A descriptive analysis of antibody titers was made via a box
plot. Differences in titration of viral strains were tested by “Per-
Term Linear Model,” a nonparametric analysis of variance on
models with numeric response. For each group analyzed, an
aligned rank transformation of the factorial model was made.
The response variable of the model and the predictor variable
were represented as the logarithm (base2) of the geometric
mean titers and viral strains, respectively. A linear model for
aligned rank transformation data was applied, and a post-hoc
analysis using the estimated marginal means (EMMs) was
conducted. The family-wise significance level was set at p
<.05. Differences between viral strains were recorded, accord-
ing to Bonferroni’s adjusted p-value. Applying the Bonferroni
correction, the new significance level was set at p <.0167. All
statistical analyses were performed by means of R software.

Neutralizing antibodies against Wuhan strain, Omicron
BA.1 and BA.2 sub-lineages in the five cohorts of subjects are
reported in Figure 1.

Looking at the five groups analyzed, Wuhan strain turns out
to have the highest values of neutralizing titers (median of
neutralizing titers being 9.82 in patients, 7.32 after two doses,
10.32 after natural infection plus two doses, 8.82 after three
homologous doses, 9.32 after three heterologous doses). The
BA.1 sub-lineage shows the lowest values, particularly in
patients (3.32) and subjects with two doses of vaccine (2,32).
Natural exposure to SARS-CoV-2 coupled with two mRNA
vaccine doses resulted in a substantial increase in the response
against BA.1 (6.82), reaching a similar GMT to those elicited by
administration of three doses of homologous (6.82), or hetero-
logous (6.32) vaccine. Higher titers were elicited against the
BA.2 sub-lineage compared to the BA.1 in all groups (patients:
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Figure 1. Distribution of logarithm of titers geometric mean to base 2 (log2(gm)) for each group of subjects and for each viral strain (Wuhan, BA.1, BA.2). Patients:
COVID-19 patients; T2: subjects receiving two doses of mRNA vaccine; Naturally_infected_T2: naturally infected subjects receiving two doses of mRNA vaccine; T3:
individuals administered three doses of homologous vaccine (mRNA), T3_HETERO: individuals administered two doses of mRNA and one dose of adenoviral vaccine.

6.65, naturally infected and two doses 7.32, three doses homo-
logous 7.32 and heterologous 7.32), except the one receiving
two vaccine doses (2.32).

To assess whether the differences among the neutralizing
titers obtained for Wuhan strain, BA.1 and BA.2 sub-lineages
were statistically significant, the post-hoc analysis using the
EMMs test was performed (Figure 2).

Comparison of neutralizing titers obtained for BA.1 and
BA.2 sub-lineages per each cohort shows no significant differ-
ences in subjects who received two doses of vaccine (p value
.0480), naturally infected receiving two vaccine doses (p value
1.000), and subjects receiving three doses of homologous vac-
cines (0.4297). In contrast, statistically significant differences
between the two sub-lineages were observed when antibody
responses elicited in COVID-19 patients (p value <.0001) and
subjects who received three doses of heterologous vaccines (p
value <.0001) were examined.

In this study, we compared the neutralizing antibody response
toward Omicron BA.1 and BA.2 sub-lineages in serum samples
collected from different cohorts of subjects: COVID-19 patients,
subjects who received two doses of mRNA vaccine, SARS-CoV-2
naturally infected subjects who received two doses of mRNA
vaccine, individuals administered three doses of homologous vac-
cine, and individuals receiving two doses of an adenovirus-based
vaccine followed by a booster dose of mRNA vaccine. The neu-
tralizing activity against the three strains analyzed (Wuhan,
Omicron BA.1 and BA.2) shows a similar trend for all five groups

examined, as also reported by Evans et al.'"' The neutralizing
immune response against the Wuhan strain resulted to be the
highest, whereas titers raised against the Omicron BA.1 sub-line-
age were substantially lower. Although inferior to that elicited
against the ancestral virus, the BA.2 cross-reactive response was
higher than BA.1 in all subjects analyzed, particularly when look-
ing at patients and subjects vaccinated with 3 heterologous doses.

In our study, natural SARS-CoV-2 infection induces an
almost absent neutralizing response against Omicron BA.1,
whereas BA.2 titers markedly rise; the functional antibody
response toward the Omicron BA.2 sub-lineage shows similarity
to that raised against the Wuhan strain, as natural infection
alone triggers high neutralizing titers in both cases. Conversely,
Omicron BA.1 cross-neutralizing titers in infected unvaccinated
SARS-CoV-2 patients are remarkably low.

Two (2) vaccine doses are not sufficient to give a good antibody
coverage against the two Omicron sub-lineages, inducing low-to-
negligible neutralizing activity versus BA.2 and BA.1, respectively.
These results are in agreement with data published by Ai et al.'*
that underline that two doses of vaccine are insufficient to provide
complete protection against the Omicron sub-lineages.

In summary, our data show a marked improvement in
serum neutralization in subjects who received a booster dose
compared to those who did not and highlight the importance
of vaccine boosters in eliciting neutralizing antibody responses
against Omicron sub-lineages. Most vaccine formulations
based on protein antigens require indeed repeated vaccinations
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Figure 2. Post-Hoc analysis results for each group (Patients: COVID-19 patients; T2: subjects receiving two doses of mRNA vaccine; Naturally_infected_T2: naturally
infected subjects receiving two doses of mRNA vaccine; T3: individuals administered three doses of homologous (mRNA) vaccine; T3_HETERO: individuals administered
two doses of mRNA and one dose of adenoviral vaccine) for each viral strain (WT, BA.1, BA.2). Differences between viral strains are shown per each group.

in order to generate immunological memory and to maintain
antibody responses above protective levels. The level of anti-
gen-antibody binding avidity, a qualitative response index, can
also correlate with protection and can potentially be enhanced
by repeated immunization or natural infection. Conversely,
inadequate levels of avidity maturation can heighten suscept-
ibility to viral infection."?

In our work, previous SARS-CoV-2 exposure coupled with
administration of two doses of vaccine resulted in a substantial
increase in BA.2 and BA.1 neutralizing responses, reaching a
titer level similar to that triggered by a triple homologous or
heterologous vaccination regimen. This strengthens the impor-
tance of hybrid immunity and could be associated with the
antibody avidity index of the different groups analyzed: it is
plausible that natural infection plus two doses of vaccine, as
well as the administration of the third dose (despite containing
a heterologous spike compared with BA.1 and BA.2) similarly
increase antigen-antibody binding avidity.'*"”

Vaccination or natural infection seems to play a major role
in proper avidity maturation by prolonging the availability of
antigens. As the post-vaccination antibody concentration
wanes over time, higher avidity may sustain immunity and
maintain the ability to fight future viral infection at reduced
antibody levels.

This study has some limitations. Serum samples from
COVID-19 patients have been collected during the first pan-
demic wave and may not be completely representative of the
currently infected population. The number of enrolled subjects
is relatively small (n = 189); however, all the considered cohorts
reflect the common immunological situation in the general
population. The timing of post-vaccination blood draws was
not perfectly matched between subjects receiving the hetero-
logous vaccination and the other cohorts. Furthermore, we did
not evaluate other branches of immunity such as T cell
responses that could contribute to protection even in the
absence of or reduced neutralizing antibodies. Lastly, we did
evaluate the neutralizing antibody response toward SARS-
CoV-2 variants BA.1 and BA.2, which are no longer dominant.

Although this report analyzes SARS-CoV-2 variants that are
no longer circulating, the results may be of relevance to the
current circulating VOC. From the analyses performed in this
study, it emerges that it is extremely important to keep admin-
istering vaccine doses in order to increase antibody coverage,
which, despite the vaccine being formed from the “ancestral”
protein, is maintained (although reduced) against BA.1 and
BA.2 variants. BA.1 and BA.2 are found to be antigenically
distinct,'® but our results show that both are neutralized to
some extent by antibodies yielded by pre-VOC SARS-CoV-2 or



by repeated exposure with the ancestral spike. It is hence
speculated that prior encounter of a different pre-Omicron
variant (as in the case of COVID-19 patients), or repeated
immunization with the ancestral spike (as in the case of vacci-
nees) could boost immunity toward conserved spike epitopes
shared by different Omicron sub-lineages, potentially also
those of newly emerged VOC such as BA.4 and BA.5 (which
share most of the BA.2 spike sequence).'” Indeed, circulating
VOC BA.4 and BA.5 have shown to have additional antibody-
escaping mutations (e.g. F486 V and L452 R) compared to
BA.2.'”'® Variants-adapted vaccines are currently being devel-
oped and will likely be administered in the context of either
homologous or heterologous vaccination regimens, which
might help overcome this issue.

Opverall, the aim of this brief report was to compare different
groups of infected and vaccinated subjects with different regimens
(representative of the general population), in order to verify the
neutralizing response elicited toward the two sub-lineages BA.1
and BA.2 as compared to the wt virus. Although this should be
further investigated, results of our study led us to conclude that
the repeated exposure to the antigen, whether by natural infection
or booster dose, can boost immunity toward more conserved
antigens, generating cross-neutralizing antibodies that might
retain their neutralizing power also against distinct (future)
Omicron sub-lineages; and that this increased exposure allows
maturity of antibody avidity and thus a prolonged antigen avail-
ability, supporting the idea that antibodies with high avidity and
high neutralizing potential can increase cross-protection against
variants that carry several mutations on the RBD.
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