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ARTICLE INFO ABSTRACT

Keywords: Background: BA.2.12.1, BA.4 and BA.5 subvariants of SARS-CoV-2 variant-of-concern (VOC) Omicron (B.1.1.529)
COVID-19 are spreading globally. They demonstrate higher transmissibility and immune escape.

SARS-CoV-2

Objectives: Determine BA.2.12.1, BA.4 and BA.5 virus plaque reduction neutralization test (PRNT) antibody titres
in individuals recently vaccinated with BNT162b2 (n = 20) or CoronaVac (n = 20) vaccines or those convalescent
from ancestral wild- type (WT) SARS-CoV-2 (n = 20) or BA.2 infections with (n = 17) or without (n = 7) prior
vaccination.

Results: Relative to neutralization of the WT virus, those vaccinated with BNT162b2 had 4.8, 3.4, 4.6, 11.3 and
15.5-fold reductions of geometric mean antibody titres (GMT) to BA.1, BA.2, BA.2.12.1, BA.4 and BA.5 viruses,
respectively. Similarly, those vaccinated with CoronaVac had 8.0, 7.0, 11.8, 12.0 and 12.0 fold GMT reductions
and those with two doses of CoronaVac boosted by BNT162b2 had 6.1, 6.7, 6,3, 13.0 and 21.2 fold GMT re-
ductions to these viruses, respectively. Vaccinated individuals with BA.2 breakthrough infections had higher
GMT antibody levels vs. BA.4 (36.9) and BA.5 (36.9) than unvaccinated individuals with BA.2 infections (BA.4
GMT 8.2; BA.5 GMT 11.0).

Conclusions: BA.4 and BA.5 subvariants were less susceptible to BNT162b2 or CoronaVac vaccine elicited anti-
body neutralization than subvariants BA.1, BA.2 and BA.2.12.1. Nevertheless, three doses BNT162b2 or booster
of BNT162b2 following two doses of CoronaVac elicited detectable BA.4 and BA.5 neutralizing antibody re-
sponses while those vaccinated with three doses of CoronaVac largely fail to do so. BA.2 infections in vaccinated
individuals led to higher levels of BA.4 or BA.5 neutralizing antibody compared to those who were vaccine-naive.

Omicron, Neutralization
Vaccine

1. Introduction (SARS-CoV-2) within the Pango lineage B.1.1.529 lineage was first
recognised in countries in Southern Africa as a newly emerged variant
The new variant of severe acute respiratory syndrome coronavirus 2 and it was designated as a variant of concern (VOC) Omicron by the

Abbreviations: SARS-CoV-2, SARS coronavirus 2.
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WHO on 26th November 2021 [22]. Multiple sub-variants of Omicron
were quickly recognised, but BA.1 subvariant, followed by BA.2, were
the ones that spread globally, initially [20]. Compared to the wild-type
virus or other previously circulating VOCs, Omicron variants have over
35 amino acid changes in the spike protein in addition to other amino
acid substitutions elsewhere in the virus genome [20]. Some of these
amino acid substitutions in the spike protein resulted in these viruses
evading neutralizing immunity elicited by prior infections or vaccina-
tion [5-7], contributing to greater transmissibility and competitive
advantage to displace previously circulating virus variants [5].
BA.2.12.1 is a variant of BA.2 first recognised in the USA, now also seen
elsewhere, and contains identical spike receptor binding domain (RBD)
sequences to BA.2 but with the addition of amino acid substitutions
L452Q and S704L which may have capacity for immune evasion [16].
Early in 2022, two other sub-variants of Omicron, BA.4 and BA.5 were
recognised [18]. Both BA.4 and BA.5 had spike proteins similar to BA.2
with the exception of having a 69-70del (present in the Alpha variant
and the BA.1 lineage), L452R (present in the Delta variant), F486V and
the reversion to the wild-type amino acid at Q493 [18]. BA.4 and BA.5
have spike proteins identical to each other differ from each other else-
where in the genome. The amino acid substitutions in spike protein of
Omicron variants relative to the ancestral WT virus are summarised in
the Supplementary table.

BA.5 is now rapidly increasing in prevalence in many parts of the
world. It is important to assess the impact of these variants on further
immune evasion from immunity elicited by prior infection or vaccina-
tion. In individuals vaccinated with RNA vaccines, studies using pseu-
dovirus neutralization carrying the spike proteins of these respective
viruses showed that BA.4/BA.5, and to lesser extent BA.2.12.1 neutral-
izing antibody titers, were even lower than BA.1 and BA.2 neutralizing
antibody titers, suggesting that the SARS-CoV-2 BA.4/5 has continued to
evolve with increasing neutralization escape [9,21]. However, pseudo-
type neutralization assays are known to give varying conclusions,
depending upon the virus vector used. Pseudotype neutralization also
ignores impact of mutations outside of the spike protein which may have
impact on viral replication competence, immune innate evasion and
neutralizability. Plaque reduction neutralization assays are a “gold--
standard” method to define virus neutralization titres and we used this
approach to address the relative WT and Omicron subvariant neutrali-
zation titres cohorts who were vaccinated and those convalescent from
infection.

2. Materials and methods
2.1. Clinical specimens

Subsets of sera from those previously collected during 11 Aug 2020
to 29 Dec 2021 were randomly selected for a previous study comparing
neutralizing antibody to WT, BA.1 and BA.2 subvariants in vaccinated
and non-vaccinated individuals [7] and these sera are used in the pre-
sent study. These cohorts include individuals who had no previous
SARS-CoV-2 infection and received 3 doses BNT162b2, 3 doses Coro-
naVac or 2 doses CoronaVac boosted by a dose of BNT162b2, with blood
collected 3-5 weeks after the last vaccine dose. They also included un-
vaccinated individuals who were convalescent from WT SARS-CoV-2
(143-196 days post infection). In addition, paired acute and convales-
cent sera were collected from patients with presumed BA.2 subvariant
infection (n = 24) during the period 24 Jan 2022 and 29 Mar 2022, a
period of predominant BA.2 infection in Hong Kong. Among the 24
patients with BA.2 infection, 17 were vaccine-breakthrough infection
and 7 were previously unvaccinated. Of the 17 breakthrough infections,
three had received 1 dose BNT162b2, seven received 2 doses BNT162b2,
one received 1 dose CoronaVac, four received 2 doses CoronaVac and
two received 3 doses CoronaVac vaccines.
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2.2. Virus isolation

SARS-CoV-2 Omicron subvariants Pango lineage BA.2.12.1 (SARS-
CoV-2/human/USA/COR-22-062,161/2022 ) and BA.5 (SARS-CoV-2/
human/USA/COR-22-063,113/2022 ) were kindly provided by Dr
Richard Webby, St Jude Children’s Research Hospital, Memphis and
BA.4 (hCoV-19/USA/MD-HP30386,/2022) was kindly provided by Dr
Andy Pekosz, The Johns Hopkins Bloomberg School of Public Health,
Baltimore, MD. Ancestral (WT) SARS-CoV-2 (BetaCoV/Hong Kong/
VM20001061/2020), subvariant BA.1 (hCoV-19/Hong Kong/
VM21044713_WHP5047-S5/2021) and BA.2 (hCoV-19/Hong Kong/
VM22000135_HKUVOC0588P2/2022) were isolated in Hong Kong [6,
7, 171. Virus stocks were obtained by passage in Vero-E6 TMPRSS2 cell,
aliquoted, stored frozen at —80°C, virus titres obtained in plaque titra-
tions and used in the plaque reduction neutralization tests. Sequences of
the viruses used are available in GISAID as EPI_ISL. 412,028, EPI_ISL_6,
716,902, EPI ISL. 9,570,707 and EPI_ISL,_12,416,220.

2.3. Plaque reduction neutralization test (PRNT)

The live virus neutralization PRNT were performed in duplicate
using 24-well tissue culture plates (TPP Techno Plastic Products AG,
Trasadingen, Switzerland) in a biosafety level 3 facility using Vero E6
TMPRSS2 cells [14] as previously described [12]. Cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) medium supplemented
with 10% fetal bovine serum (FBS) and 100 U/mL of
penicillin-streptomycin. All sera were heat-inactivated at 56 °C for 30
min prior to testing. Serial two-fold dilutions from 1:10 to 1:320 of each
serum sample were incubated with 30-40 plaque-forming units of virus
for 1 h at 37 °C and the virus-serum mix was added onto pre-formed cell
monolayers and incubated for 1 at 37 °C in a 5% CO2 incubator. The
virus-antibody inoculum was then removed and the cell monolayer was
overlaid with 1% agarose in cell culture medium. After 3 days incuba-
tion, the plates were fixed with 10% formalin in PBS overnight and
stained with 1% crystal violet in ethanol. Antibody titres were defined as
the highest serum dilution that resulted in > 50% reduction in the
number of virus plaques (PRNTs5p). The average plaque numbers
observed in the duplicate dilution-series was used for this computation.
Virus back titrations, positive and negative control sera were included in
every experiment.

2.4. Statistical analysis

2.4.1. Sample size calculations

The maximum standard deviation (SD) of log PRNTsy titers for the
uninfected vaccinated groups was previously observed to be 1.37.
Assuming a 3-fold difference in GMT, a sample size of 10 in each group
would have statistical power of >0.99 for detecting a difference between
groups using the two-tailed Mann-Whitney U test. Comparisons between
groups with larger sample size or smaller within-group variation would
have larger statistical power.

2.4.2. Statistical methods

Categorical variables were summarized as proportions or percentage
and continuous variables were summarized as geometric mean with
standard deviation (SD). Sera with undetectable (<1:10) antibody titres
were assigned an antibody titre of 1:5, for purposes of geometric mean
titre calculations or statistical comparisons. Comparison of antibody
titres to different viruses was done using the Wilcoxon signed-rank test
when comparing paired antibody titres to different viruses in the same
serum and the two tailed Mann-Whitney U test when comparisons were
made between different groups of individuals. Absolute P values were
provided. P values < 0.05 were considered statistically significant.
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2.5. Ethical statement

This study was approved by the Joint Chinese University of Hong
Kong-New Territories East Cluster Clinical Research Ethics Committee
(Ref no: 2020.229) and Hong Kong West Cluster HKU/HA HKW IRB UW
20-169.

3. Results

The demographics of the vaccine or infection-convalescent groups
investigated are shown in Table 1. The mean ages of all the groups were
comparable with the exception of the unvaccinated BA.2 infections who
were older (median age 68.1).

Omicron neutralization in individuals vaccinated with BNT162b2 or
CoronaVac vaccines or unvaccinated individuals infected with ancestral
WT SARS-CoV-2.

All individuals in the three vaccine groups (three doses of BNT162b2
or CoronaVac, or two doses of CoronaVac followed by a third dose of
BNT162b2)(n = 20 in each group) had detectable (>1:10) PRNT5,
antibody to WT virus. While all or most (>90%) individuals in the
BNT162b2 or BNT162b2 boosted vaccine-groups had detectable PRNTsq
antibody to all the viruses tested, only 55-75% of those vaccinated with
CoronaVac had detectable PRNT5( antibody to BA.1 or BA.2 and <15%
to BA.2.12.1, BA.4 or BA.5 (Table 2, Fig. 1A). While unvaccinated in-
dividuals naturally infected with the WT virus had detectable titres to
the infecting virus, they had poor cross-reactive neutralization to Omi-
cron subvariants (Table 1, Fig. 1). There was one 56-year-old woman in
the group convalescent from WT virus infection who was an outlier
having high PRNTs titres to multiple subvariants of Omicron. Her
infection occurred in late 2020 and she had illness of moderate severity
(as did the majority of others in this group). The convalescent blood
sample was collected in Jan 2021, before the COVID-19 vaccination
program commenced in Hong Kong and she has no record of vaccination
or of known reinfection. An unsuspected re-infection cannot be
excluded.

It has been previously reported that the neutralizing antibody titer
associated with protection from symptomatic infection in 50% of a
group of individuals corresponded to 20% of the mean neutralizing titre
observed in SARS-CoV-2 convalescent individuals [11]. Using conva-
lescent sera from our previous cohort of RT-PCR confirmed SARS-CoV-2
infections, using the same PRNTs5o methods used here, we previously
estimated that this 20% convalescent antibody titer, and thus the
threshold for 50% protection from symptomatic infection in our PRNTsq
assay to be a titre of 1:25.6 (95% CI 18.3-36.0) [12]. For those with
three doses of BNT162b2, the relative percentage of individuals
achieving or exceeding this protective PRNT5, threshold of 1:25.6 to
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WT, BA.1, BA.2, BA.2.12.1, BA.4 and BA.5, were 100%, 85%, 100%,
90%, 60% and 20%, respectively (Table 2). However, none of those
vaccinated with three doses of Coronavac had PRNTs5, antibody titres of
>1:25.6 for any of the Omicron subvariants. Of those vaccinated with
two doses of CoronaVac and boosted with BNT162b2, >70% had BA.1,
BA.2 or BA.2.12.1 titres above the protective threshold, while only 35%
and 20% met this threshold for BA.4 and BA.5, respectively (Table 2).

In the three vaccine groups, BA.1 and BA.2 had 3.4 to 8-fold
reduction in titres relative to WT virus, while BA.2.12.1 had 4.6-11.8
fold, and BA.4 and BA.5 viruses had 11.3-21.2 fold-reduction in PRNTsq
titres relative to WT virus (Table 3). Relative to BA.2 PRNT5 titres in the
BNT162b2 vaccinated and boosted group, BA.5 virus had a further
3.2-4.6 fold reduction in PRNTs5 titres (Table 3). The BA.2 PRNTs titres
in the three-dose CoronaVac vaccinated group or those infected with WT
SARS-CoV-2 were too low to allow assessment of further reduction with
BA.5. It was of interest that BA.5 PRNT5y GMT was modestly but
significantly lower than BA.4 in sera from those vaccinated with three
doses of BNT162b2 or two doses of CoronaVac boosted with BNT162b2.
The BA.2 antibody titres in the three-dose CoronaVac vaccinated and
WT convalescent groups were too low to demonstrate any further
reduction with BA.4 and BA.5 viruses.

Omicron neutralization in unvaccinated or vaccinated individuals
with Omicron BA.2 infections.

We investigated 17 vaccinated individuals with BA.2 breakthrough
infections and 7 unvaccinated individuals with BA.2 infection (Fig. 1B).
The demographics and information on type and numbers of vaccine
doses received by these individuals are shown in Tables 1 and 4. Eleven
of them had two doses of vaccine, 4 had one dose of vaccine and 2 had
three doses of vaccine. In the vaccinated cohort, 15 of 17 had detectable
PRNT5g to WT in the acute serum (GMT 22.6, 95% CI 12.8-39.8) but
only 4 had cross-reactive antibody to BA.2 (GMT 6.1, 95% CI 5.0-7.6).
As expected, BA.2 infection led to increase in antibody to BA.2 in all
individuals in the convalescent serum (GMT 98.1, 95% CI 52.4-183.6).
Interestingly, there was also an increase in antibody to WT (convalescent
GMT 166.7, 95% CI 91.7-302.8) as well as to other subvariants of
Omicron, with convalescent GMTs to Omicron subvariants ranging from
36.8 to 98.1 (Fig. 1B, Table 1).

None of the previously unvaccinated individuals with BA.2 infection
had detectable antibody to WT or to any subvariants of Omicron in the
acute serum collected early after BA.2 infection (Fig. 1B). The conva-
lescent serum collected after BA.2 infection had GMT of 6.7, 9.1, 24.4,
32.8,8.2and 11.0 to WT, BA.1, BA.2, BA.2.12.1, BA.4 and BA.5 viruses
(Table 1, Fig. 1B).

Table 1
Demographics of the study cohorts and geometric mean PRNT50 antibody titres to SARS-CoV-2 Omicron subvariants.
Exposure group n Mean Age Male: WT GMT (95% BA.1 GMT BA.2 GMT BA.2.12.1 GMT BA.4 GMT BA.5 GMT
Age range female CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
(SD)
BNT162b2 (3 doses) 20 49.5 22-72 11:9 320 67.3 95.1 69.6 28.3 20.7
(14.8) (320-320) (45.5-99.6) (73.7-122.8) (52.1-93.1) (21.2-37.7) (17.0-25.2)
CoronaVac (3 doses) 20 49.8 36-68 4:16 65.0 (1.0) 8.1 (8.0) 9.3(7.0) 5.3(12.3) 5.4 (12.0) 5.4 (12.0)
(7.9)

CoronaVac (2 dose + 20 48.4 31-66 10:10 309.1 51.0 46.0 49.3 23.8 14.6
BNT162b2 third 9.2) (287.5-332.4) (32.9-79.0) (29.2-72.3) (31.9-76.1) (15.9-35.7) (10.1-21.2)
dose)

SARS-CoV-2 (ancestral) 20 48.7 20-70 7:13 82.8 8.1 9.0 7.8 6.8 5.9
Convalescent (15.0) (58.0-118.3) (5.5-12.1) (6.7-12.2) (5.9-10.4) (5.0-9.3) (5.0-7.1)

BA.2 breakthrough 17 47.1 24-73 9:8 166.7 70.8 98.1 98.1 36.9 36.9
infection (17.8) (91.7-302.8) (32.2-155.9) (52.4-183.6) (49.9-192.8) (18.3-74.3) (19.7-69.1)
(convalescent)

Unvaccinated + BA.2 7 68.1 56-82 4:3 6.7 9.1 24.4 32.8 8.2 11.0
infection (7.9) (4.8-9.5) (4.2-19.7) (9.3-63.6) (16.1-67.0) (5.1-13.3) (6.2-19.7)
(convalescent)
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Table 2
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PRNT50 antibody titres to wild type virus and Omicron subvariants in COVID-19 vaccinated or infected cohorts.

Exposure group Number (%) with PRNTS50 titre >1:10

Number (%) with PRNT50 titre >1:25.6

WT BAl BA2 BA2.12.1 BA4 BAS WT BAl BA2 BA2.12.1 BA4 BAS
BNT162b2 (3 doses) 20 20 20 20 19 20 20 17 20 18 12 4
(100%) (100%) (100%) (100%) (95%) (100%) (100%) (85%) (100%)  (90%) (60%) (20%)
CoronaVac (3 doses) 20 11 15 3 2 2 17 0 0 0 0 0
(100%) (55%) (75%) (15%) (10%) (10%) (85%) (0%) (0%) (0%) (0%) (0%)
CoronaVac (2 dose + 20 20 19 20 20 18 20 14 16 16 7 4
BNT162b2 third (100%) (100%) (95%) (100%) (100%) (90%) (100%) (70%) (80%) (80%) (35%) (20%)
dose)
SARS-CoV-2 20 8 11 9 6 4 19 1 1 1 1 0
(ancestral) (100%) (40%) (55%) (45%) (30%) (20%) (95%) (5%) (5%) (5%) (5%) (0%)
Convalescent

4. Discussion

It has been previously shown that Omicron variants BA.1 and BA.2
were less well neutralized by sera from individuals vaccinated with first
generation vaccines based on the ancestral WT virus spike protein or
from those naturally infected with WT SARS-CoV-2 [5-7]. The extent of
evasion of neutralization was reduced with a third vaccine-dose but still
remained substantial. We now find that Omicron subvariants BA.4 and
BA.5 are even less well neutralized by three-dose vaccine sera than were
the BA.1 or BA.2 variants. In BNT162b2 vaccinated and boosted in-
dividuals, PRNT5 titres to BA.2.12.1, BA.4 and BA.5 were reduced by
4.6, 11.3 and 15.5-fold relative to WT virus titres, respectively. PRNTsq
titres to BA.2.12.1, BA.4 and BA.5 were 1.4, 3.4 and 4.6-fold reduced
relative to BA.2 titres. Our assays were based on live virus neutralization
which remains the reference methodology for quantitative assessment of
neutralizing competence of a serum to different viruses. A study using
fluorescence-focus neutralization in vaccinated (but not boosted) in-
dividuals found 19.8-fold, 19.6-fold and 20.9-fold reduction in
neutralization of BA.1, BA.4 and BA.5 viruses relative to neutralization
of WT virus in a cohort of vaccinated by not boosted individuals [10]. A
number of previous studies of RNA (mRNA-1273 or BNT162b2) vacci-
nated individuals using virus pseudotype neutralization tests showed a
similar trend, that BA.4/BA.5 virus spike demonstrate further evasion of
neutralization compared with Omicron subvariants BA.1. and BA.2 [3,4,
8,9,19,21].

Although subvariant BA.2.12.1 had substantial immune escape in
comparison to the wild-type virus, PRNT5 titres were comparable with
those observed with BA.2 and these was less immune evasion relative to
BA.4 and BA.5. Omicron subvariants BA.4 and BA.5 have del69-70,
L452R and F486V amino acid substitutions and Q493 reversion in spike
protein compared to BA.2. BA.2.12.1 has L452Q and S704L that differs
from BA.2. The greater evasion of neutralizing antibody shown by BA.4
and BA.5, in comparison with BA.2.12.1, may therefore largely be
attributable to F486V which is an amino acid substitution not found in
any of the other Omicron subvariants, as well as to L452R which differs
from L452Q possessed by BA.2.12.1. While amino acid L has a hydro-
phobic side chain, Q is an uncharged amino acid while R is an amphi-
pathic amino acid and these are likely to have a greater impact on
interfering with antibody binding.

Although both BA.4 and BA.5 have identical spike protein sequences,
it appears that BA.5 has modestly, but significantly, lower neutralization
titres than does BA.4. Changes elsewhere in the genome may affect viral
replication or innate immune evasion and may explain these differences
in neutralizability. In comparison with BA.4, BA.5 has additional D3N
substitution in the M protein, reversion of D61 in ORF6 protein and
nt26858 and nt27259. It is relevant to note that Omicron subvariant
BA.5 is outcompeting BA.4 and other Omicron subvariants globally,
perhaps due to these differences between virus genomes. A direct
comparison of BA.4 and BA.5 titres was not possible with the previously
reported pseudotype virus neutralization assays, which only assess the
role of antibody in blocking spike protein mediated viral entry.

As previously observed with BA.1 and BA.2 subvariants, three doses
of BNT162b2 or two doses of CoronaVac followed by a BNT162b2
booster vaccine dose provided markedly better neutralizing antibody
titres against BA.4, BA.5 and BA.2.12.1 than did three doses of Coro-
naVac vaccine. The percentages of individuals with detectable PRNT5,
titres or meeting the estimated threshold titres for 50% protection from
symptomatic infection for BA.2 and BA.2.12.1 were comparable. Of
those vaccinated with three doses of BNT162b2 or two doses of Coro-
naVac followed by a booster with BNT162b2, 90-100% had detectable
antibody titres to BA.5 but only 20% met the 50% protective threshold
titre of 1:25.6. In those vaccinated with three doses of CoronaVac, only
10% had detectable PRNT5( antibody to BA.5 and none met the pro-
tective threshold. It should be noted that the sera tested were collected
approximately three-five weeks after the last vaccine dose and it is
known that antibody titres wane over time [13,23]. Thus, our neutral-
izing antibody findings may suggest that three doses of CoronaVac
vaccine may not offer significant protection against symptomatic
re-infection with Omicron variants. It is notable however, that three
doses of either CoronaVac or BNT162b2 vaccines proved highly effec-
tive in reducing severe disease and mortality from a large Omicron BA.2
wave of infection in Hong Kong, even though neutralizing antibody
responses following CoronaVac against BA.2 subvariant was very poor
[15]. Thus, mechanisms other than neutralizing antibody, such as T-cell
immunity, may have contributed to protection from severe disease
against BA.2. CoronaVac vaccine may therefore still provide significant
protection from severe disease against BA.4 and BA.5 but direct evi-
dence is awaited.

In unvaccinated individuals with past infection with the wild-type
virus, few (20%) had detectable PRNT5( antibody to BA.5 and none of
these reached the threshold for protection from symptomatic infection
with BA.5. Similar findings were reported by others [8]. While unvac-
cinated individuals with past BA.2 infection had detectable PRNTs
antibodies to BA.5, none of them reached the protective threshold. Thus,
past infection with BA.2 in unvaccinated people may not be anticipated
to provide much protection from reinfection with BA.5. However, 16 of
17 previously vaccinated (even two doses) individuals who had BA.2
breakthrough infection had detectable BA.5 antibodies and 9 attained
protective threshold. Similar results were reported by others for BA.1
breakthrough infection [10]. Thus, vaccinated individuals with BA.1 or
BA.2 breakthrough infections are likely to be protected from BA.4 or
BA.5 re-infection at least for a period of time. These results may explain
the recent vaccine efficacy data from a well vaccinated population in
Qatar which suggested that prior infection with pre-Omicron viruses
provided minimal protection against symptomatic re-infection with
BA.4/BA.5 while prior infection with previous Omicron infection did
provide good protection [1].

We had previously reported that BA.2 breakthrough infections led to
high titres of neutralizing antibody to multiple VOCs [6]. We now
observe that this extends to BA.2.12.1, BA.4 and BA.5, although the
PRNTs5 titres to BA.4 and BA.5 are lower than to variants BA.1 and BA.2.
In general, our cohort of individuals with BA.2 breakthrough infections
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A Fig. 1. PRNT5, antibody titres to wild-type
P,<°_|'0001 P<0.0001 ,i\ ns (WT) SARS-CoV-2 and Omicron subvariants
Pe 0% Pe 000G e Poom2 o008 ns nst hs BA.1, BA.2, BA.2.12.1, BA4 and BA5. A:
— e O — — 1 Uninfected BNT162b2 individuals or Coro-
P <0.0001 P <0.0001 P<0.0001 P<0.0001 naVac vaccinated and non-vaccinated
convalescent individuals from WT SARS-
P <0.0001 P <0.0001 ! P <0.0001 P=00001 P <0.0001 P=0001
P <0001 - - P <0000 : CoV-2 infection. GMTs to each virus in the
P <0.0001 P <0.0001 P <0.0001 P <0.0001 same cohort are connected by lines. B: BA.2
1:320m |A 1 ’|‘ I infections in vaccinated (n = 17) and un-
= vaccinated individuals (n = 7). GMTs in
acute and convalescent stages were con-
1:160+ L e nected by lines. Comparison of antibody ti-
tres to different viruses was done using the
1:80 * Wilcoxon signed-rank test when comparing
g paired antibody titres to different viruses in
= 1:40- L the same serum and the two tailed Mann-
§ \ \ 1055  Whitney U test when comparisons were
Z  1:20- S\ SEE (e s . made between different groups of in-
E dividuals. The horizontal dotted line at a
1:10 . . sad aa aa [T titre 1:25.6 represents the 50% protective
titre against symptomatic infection and the
<1:104 . . . — & o shaded area represents the 95% confidence
interval of this protective threshold (see re-
0 sults and reference [11] for details).
r rrr 1o rrrrrrrr rrrr rrrrr o r1rr11
N DN D NN EO A& ND NI OLEND NSO
AR Sof PP F T CF T o Q,; R
8 X X Q
L ] L ] L ] L ]
BNT162b2 CoronaVac CoronaVac SARS-CoV-2
3 doses 2doses + 3 doses Convalescent
BNT162b2
1 dose
B
P <0.0001 P= 00039 P=0.0202 ns P=0.0142 P =0.0329
[ 1 [ ] [ ] [ 1 [ ] [ 1
P<00001 ns P<00001 ns  P<00001P=00047 P<0000f P=00006 P<00001 ns  P<00001P=00210
>1_320_l'_| .3 ror1 raor 1 s 1
1:160- D e : - -
1:80 o . . " . .e
‘l’ : T T
= . —t— . :
= 1:40=] oo/ oo : . / : e ode oo
B / / / : / i o= 1:25.6
2 1:204 ofe o R B e Aln m i i b
74 : H 1 1
o : : L
1:10- e o ssiomf ooo eep o Y N eiefee o [ osee
<1104 .- _/{_.— . u . oo . ./.
O r—T—TTT1T T T ' T 1 1 1 ' 1 1rrrrr.1 - | B |
AN A AN A AY AY AN AN A A A
S S T S o T T N T T T
YO VPR VPR VR VP T Ve Ve T T Ve vee
L J L J | J L J L J L J
WT BA.1 BA.2 BA.2.12.1 BA .4 BA.5

»  BA.2 Breakthroughinfection
Unvaccinated + BA.2 infection

(most receiving two doses of vaccine prior to infection) and those with
three doses of BNT162b2 vaccine without breakthrough infection had
comparable PRNTs titres to the different Omicron subvariants tested.
However, three dose vaccinees had higher GMT to the wild-type virus.
These findings are in concordance with vaccine effectiveness studies to
BA.1 and BA.2 infections where three doses of BNT16b2 or mRNA-1273

vaccine provided comparable vaccine efficacy to two vaccine doses and
previous infection in protection from symptomatic infection [2]. In
those with three vaccine doses and infection, higher levels of protection
were observed.

Interestingly, in the vaccinated individuals with breakthrough in-
fections, all had PRNTS5y titres below the protective threshold of 1:25.6
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Fold reduction in PRNT50 titres in comparison to wild type virus or to Omicron BA.2 virus in vaccine or infection cohorts.

Exposure group

fold reduction vs WT

fold reduction vs BA.2

WT BA1l BA2 BA2.12.1 BA4 BAS5 WT BA1 BA2 BA2.12.1 BA4 BAS
BNT162b2 (3 doses) 1.0 4.8 3.4 4.6 11.3 15.5 0.3 1.4 1.0 1.4 3.4 4.6
CoronaVac (3 doses) 1.0 8.0 7.0 11.8 12.0 12.0 0.1 1.1 1.0 1.7 1.7 1.7
CoronaVac (2 dose + 1.0 6.1 6.7 6.3 13.0 21.2 0.1 0.9 1.0 0.9 1.9 3.2
BNT162b2 third dose)
SARS-CoV-2 (ancestral) 1.0 10.2 9.2 10.6 12.2 14.0 0.1 1.1 1.0 1.2 1.3 1.5
Convalescent
Table 4
Demographic and other relevant clinical details of previously vaccinated or unvaccinated individuals with BA.2 infections, Hong Kong, January 24th 2022- March 29th
2022, (n = 24).
Case Age (yrs), sex Severity of illness Vaccine Doses Days ill at collection of 1st serum* Days ill at collection of 2nd serum*
BA.2 breakthrough infections in vaccinated
1 3LF Mild BNT162b2 2 3 32
2 62,M Mild CoronaVac 3 3 39
3 53,M Mild BNT162b2 2 3 32
4 24,F Mild CoronaVac 2 1 29
5 45,M Mild BNT162b2 1 3 29
6 32,F Mild BNT162b2 2 2 35
7 32,F Mild BNT162b2 2 4 9
8 65,M Mild CoronaVac 2 3 46
9 34,M Mild BNT162b2 2 2 52
10 26,F Mild BNT162b2 2 1 37
11 25,F Mild BNT162b2 2 2 38
12 66,M Asymptomatic CoronaVac 1 1 51
13 48,F Mild CoronaVac 3 3 46
14 70,F Mild CoronaVac 2 5 48
15 73,M Mild BNT162b2 1 5 10
16 71,M Asymptomatic CoronaVac 2 5 30
17 44,M Mild BNT162b2 1 5 48
BA.2 infections in unvaccinated
18 56,M Mild Unvaccinated 0 5 18
19 67,M Asymptomatic Unvaccinated 0 0 32
20 82,M Mild Unvaccinated 0 2 45
21 66,F Mild Unvaccinated 0 4 7
23 67,F Mild Unvaccinated 0 2 52
24 66,M Asymptomatic Unvaccinated 0 3 44
25 73,F Mild Unvaccinated 0 3 23

*Days after onset of symptoms (or days after first RT-PCR positive in asymptomatic infections) at which first and second serum was collected.

to BA.2 in the “acute” serum sample, although many had titres above the
protective threshold to the WT virus in the acute serum. If we assume
that the “acute” serum sample taken within a few days after onset of
illness or first RT-PCR diagnosis reflects the pre-infection antibody titres,
the presumed pre-infection titres explain why they were susceptible to
infection with the BA.2 variant and is compatible with the concept of a
protective threshold of antibody.

Limitations of the study included the lack of longitudinal follow-up
to compare antibody waning in the vaccinated, infected and break-
through groups. It will be important to investigate whether the duration
of cross-reactive antibody in breakthrough infections is more prolonged
than following booster vaccination. Only two vaccines were compared
and other Omicron variants of recent interest such as BA.2.75 were not
included.

In summary, we find that Omicron subvariants BA.4 and BA.5 have
significantly greater capacity for evasion from neutralizing antibody
compared to previous Omicron variants and to other variants of concern.
Therefore, they are likely to continue to circulate even in populations
that have been well vaccinated and populations that have both vacci-
nation and high rates of prior natural infection. It is important to
monitor vaccine effectiveness during these BA.4 and BA.5 outbreaks to
establish whether these well vaccinated and infected populations are
well protected from severe disease and death.
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