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Abstract

Since the initial emergence of SARS-CoV-2 Omicron BA.1l, several Omicron
sublineages have emerged, leading to BA.5 as the current dominant sublineage. Here we
report the neutralization of different Omicron sublineages by human sera collected from
individuals who had distinct mRNA vaccination and/or BA.1 infection. Four-dose-vaccine
sera neutralize the original USA-WA1/2020, Omicron BA.1, BA.2, BA.212.1, BA.3, and
BA.4/5 viruses with geometric mean titers (GMTs) of 1554, 357, 236, 236, 165, and 95,
respectively; 2-dose-vaccine-plus-BA.1-infection sera exhibit GMTs of 2114, 1705, 730,
961, 813, and 274, respectively; and 3-dose-vaccine-plus-BA.1-infection sera show

GMTs of 2962, 2038, 983, 1190, 1019, and 297, respectively. Thus, 4-dose-vaccine elic-
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its the lowest neutralization against BA.5; 2-dose-vaccine-plus-BA.1-infection elicits sig-
nificantly higher GMTs against Omicron sublineages than 4-dose-vaccine; and 3-dose-
vaccine-plus-BA.1-infection elicits slightly higher GMTs (statistically insignificant) than
the 2-dose-vaccine-plus-BA.1-infection. Our results support the inclusion of the BA.5

spike for future vaccine booster doses.

Introduction

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
Omicron variant was first identified in South Africa in November 2021. Due to Omicron’s
improved viral transmission and immune evasion'?, the World Health Organization desig-
nated it as the fifth variant of concern (VOC) after the previous Alpha, Beta, Gamma, and
Delta VOCs. Since then, the Omicron variant has evolved to several sublineages, including
BA.1, BA.2, BA.2.12.1, BA.3, BA.4, and BA.5. Among these sublineages, only Omicron
BA.3 remained at a low frequency in circulation, most likely due to its low fithess; whereas
other sublineages sequentially increased their prevalence over time. As of July 16, 2022 in
the United States, sublineage BA.2.12.1, BA.4, and BA.5 accounted for 8.6%, 12.8%, and
77.9% of the total COVID-19 cases, respectively (https://covid.cdc.gov/covid-data-
tracker/#variant-proportions). It is thus important to determine the neutralization susceptibility
of the ongoing Omicron sublineages, particularly the most prevalent BA.5, to vaccination
and previous infections.

Immediately after the emergence of the Omicron variant, the first identified
sublineage BA.1 was found to evade vaccine-elicited neutralization more efficiently than any
previous VOCs?’. Two doses of mRNA vaccine did not elicit robust neutralization against
BA.1; 3 doses of vaccine were required to generate sufficient neutralization against BA.1°,

Non-Omicron infection did not elicit robust neutralization against BA.1 either’. Among all the
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Omicron sublineages, BA.5 exhibited the greatest evasion of vaccine-mediated neutraliza-
tion; 3 doses of BNT162b2 mRNA vaccine elicited weak neutralization against BA.5". The
latter result, together with the high prevalence of BA.5, underscores the urgency to examine
the neutralization of BA.5 after four doses of mMRNA vaccine. In addition, many people who
had previously received two or three doses of vaccine contracted BA.1 breakthrough infec-
tion during the initial Omicron wave; it would be important to evaluate their antibody neutrali-
zation against BA.5. To address these key questions, we have characterized the neutraliza-
tion profiles of sera, obtained from humans with distinct mMRNA vaccination and/or BA.1

infection, against different Omicron sublineages.

Results and discussions

Experimental approach and rationale. We used a set of previously established
chimeric SARS-CoV-2s to determine the serum neutralization against different Omicron
sublineages. Each chimeric SARS-CoV-2 contained a complete spike gene from BA.1,
BA.2, BA.2.12.1, BA.3, or BA.4/5 in the backbone of USA-WA1/2020 (a virus strain isolated
in January 2020), resulting in BA.1-, BA.2-, BA.2.12.1-, BA.3-, or BA.4/5-spike SARS-CoV-
2'°. BA.4 and BA.5 have an identical spike sequence and are denoted as BA.4/5. An
mNeonGreen (MNG) gene was engineered into the open-reading-frame-7 (ORF7) of the
viral genome to enable a fluorescent focus reduction neutralization test (FFRNT) in a high-
throughput format®. The FFRNT has been reliably used to measure antibody neutralization
for COVID-19 vaccine research and development®°.

Using FFRNT, we measured the neutralization of three panels of human sera
against the chimeric Omicron sublineage-spike SARS-CoV-2s. The first panel consisted of

25 pairs of sera collected from individuals before and after dose 4 of Pfizer or Moderna

vaccine (Table S1). Those specimens were tested negative against viral nucleocapsid
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protein, suggesting those individuals had not been infected by SARS-CoV-2. The second
and third serum panels were collected from individuals who had received 2 (n=29; Table
S2) or 3 (n=38; Table S3) doses of MRNA vaccine and subsequently contracted Omicron
BA.1 breakthrough infection. The BA.1 breakthrough infection was confirmed for each pa-
tient by sequencing viral RNA collected from nasopharyngeal swab samples. Tables S1-3
summarize (i) the serum information and (ii) the 50% fluorescent focus-reduction neutrali-
zation titers (FFRNTsp) against USA-WA1/2020, BA.1-, BA.2-, BA.2.12.1-, BA.3-, and
BA.4/5-spike SARS-CoV-2s.

Low neutralization of Omicron BA.5 after 4 doses of mRNA vaccine. To
measure 4 doses of vaccine-elicited neutralization, we collected 25 pairs of sera from indi-
viduals before and after dose 4 of Pfizer or Moderna mRNA vaccine. For each serum pair,
one sample was collected 3-8 months after dose 3 vaccine; the other sample was ob-
tained from the same individual 1-3 months after dose 4 vaccine (Table S1). Before the 4™
dose vaccine, the 3-dose-vaccine sera neutralized USA-WA1/2020, BA.1-, BA.2-,
BA.2.12.1-, BA.3-, and BA.4/5-spike mNG viruses with low geometric mean titers (GMTSs)
of 144, 32, 24, 25, 20, and 17, respectively (Fig. 1A); after the 4™ dose vaccine, the GMTs
increased significantly to 1554, 357, 236, 236, 165, and 95, respectively (Fig. 1B); so, the
4™ dose vaccine increased the neutralization against the corresponding viruses by 10.8-,
11.2-, 9.8-, 9.4-, 8.3-, and 5.6-fold, respectively (Fig. 1C). Despite the neutralization in-
crease after the 4" dose vaccine, the GMTs against BA.1-, BA.2-, BA.2.12.1-, BA.3-, and
BA.4/5-spike viruses were 4.4-, 6.6-, 6.6-, 9.4-, and 16.4-fold lower than the GMT against
the USA-WA1/2020, respectively (Fig. 1B). These results support three conclusions. First,
among the tested Omicron sublineages, BA.5 possesses the greatest evasion of vaccine-
elicited neutralization. Second, the 4™ dose of MRNA vaccine does not elicit robust neu-

tralization against BA.5, with a GMT of 95. A recent study reported a neutralizing titer of 70
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as the threshold to prevent breakthrough infections of Delta variant'!. Although the mini-
mal neutralizing titer required to prevent BA.5 infection has not been determined, the low
neutralization against BA.5 after dose 3 vaccine (GMT of 103 at 1-month post dose 3, re-

ported by Kurhade et al.’

) and dose 4 vaccine (GMT of 95 at 1- to 3-month post dose 4,
reported here), together with the increased viral transmissibility, could account for the on-
going surge of BA.5 around the world. Third, an updated vaccine that matches the highly
immune-evasive and prevalent BA.5 spike is needed to mitigate the current and future
Omicron surges. Our results support the U.S. Food and Drug Administration’s recommen-
dation to include BA.5 spike for future COVID-19 vaccine booster doses.

High neutralization against BA.5 and other Omicron sublineages after 2 or 3
doses of vaccine and BA.1 infection. To compare with 4-dose-vaccine sera, we meas-
ured the neutralization against Omicron sublineages using sera collected from individuals
who had received 2 or 3 doses of MRNA vaccine and subsequently contracted BA.1 infec-
tion (Fig. 2). Tables S2 and S3 summarize the FFRNTSs, results for 2-dose-vaccine-plus-
BA.l-infection sera and 3-dose-vaccine-plus-BA.l-infection sera, respectively. The 2-
dose-vaccine-plus-BA.1-infection sera neutralized BA.1, BA.2, BA.212.1, BA.3, and
BA.4/5 with GMTs of 2114, 1705, 730, 961, 813, and 274, respectively (Fig. 2A); the 3-
dose-vaccine-plus-BA.1-infection sera showed slightly higher GMTs of 2962, 2038, 983,
1190, 1019, and 297, respectively (Fig. 2B). So, the GMT ratios between the 3-dose-
vaccine-plus-BA.1-infection sera and 2-dose-vaccine-plus-BA.l-infection sera were 1.4,
1.2, 1.3, 1.2, 1.3, and 1.1 when neutralizing USA-WA1/2020, BA.1-, BA.2-, BA.212.1-,
BA.3-, and BA.4/5-spike viruses, respectively; these GMT differences between the two
serum groups were statistically insignificant, suggesting the extra dose of vaccine does not
significantly boost neutralization for the 3-dose-vaccine-plus-BA.1-infection sera.

In contrast, the GMT ratios between the 2-dose-vaccine-plus-BA.1-infection and 4-
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dose-vaccine sera were 1.4, 4.8, 3.1, 4.1, 4.9, and 3.9 when neutralizing USA-WA1/2020,
BA.1-, BA.2-, BA.212.1-, BA.3-, and BA.4/5-spike viruses, respectively. The result sug-
gests that, compared with the two extra doses of vaccine in the 4-dose-vaccine sera, the
BA.1 infection in the 2-dose-vaccine-plus-BA.1-infection sera is more efficient in boosting
both the magnitude and breadth of neutralization against all Omicron sublineages; howev-
er, the neutralization against BA.5 was still the lowest among all tested sublineages.

For the 2-dose-vaccine-plus-BA.1-infection sera, the GMTs against BA.1-, BA.2-,
BA.2.12.1-, BA.3-, and BA.4/5-spike viruses were 1.2-, 2.9-, 2.2-, 2.6-, and 7.7-fold lower
than the GMT against the USA-WA1/2020, respectively (Fig. 2A); similar results were ob-
served for the 3-dose-vaccine-plus-BA.1-infection sera, with GMTs against BA.1-, BA.2-,
BA.2.12.1-, BA.3-, and BA.4/5-spike viruses that were 1.5-, 3.0-, 2.5-, 2.9-, and 10-fold low-
er than the GMT against the USA-WA1/2020, respectively (Fig. 2B). The GMT decreases
against Omicron sublineages for the 2-dose-vaccine-plus-BA.1-infection sera and those for
the 3-dose-vaccine-plus-BA.1-infection sera are significantly less than those observed for
the 4-dose-vaccine sera (Compare Figs. 2A and 2B with Fig. 1B). The results again indi-
cate that BA.1 infection of vaccinated people efficiently boosts the breadth of neutralization
against all tested Omicron sublineages. However, such BA.1 infection-mediated boost of
neutralizing magnitude/breadth is dependent on previous vaccination. This is because
BA.1 infection of unvaccinated people did not elicit greater neutralizing magnitude/breadth
against Omicron sublineages than 3 doses of MRNA vaccine®®.

Study limitations. Our study has several limitations. First, this study lacks analysis
of sera from vaccinated people who were infected with Omicron sublineages other than
BA.1. It would be particularly important to study vaccinated individuals who contracted BA.5
infection. Second, we have not analyzed T cells and non-neutralizing antibodies that have

Fc-mediated effector functions. These two immune arms, together with neutralizing antibod-
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ies, protect patients from severe disease. Many T cell epitopes after vaccination or natural
infection are preserved in Omicron spikes'. Third, the relatively small sample size and
heterogeneity in vaccination/infection time have weakened our ability to compare the re-
sults among the three distinct serum panels. Regardless of these limitations, our results
consistently showed that (i) 4 doses of the current mMRNA vaccine elicit low neutralization
against BA.5 spike, rationalizing the need to update the vaccine sequence to match the
highly immune-evasive and prevalent BA.5; (ii) vaccinated individuals with BA.1 break-
through infection develop greater neutralizing magnitude/breadth against Omicron
sublineages than those who have received 4 doses of mMRNA vaccine. These laboratory
investigations, together with real-world vaccine effectiveness data, will continue to guide

vaccine strategy and public health policy.

Methods
Ethical statement

All virus work was performed in a biosafety level 3 (BSL-3) laboratory with redundant
fans in the biosafety cabinets at The University of Texas Medical Branch at Galveston.
All personnel wore powered air-purifying respirators (Breathe Easy, 3M) with Tyvek
suits, aprons, booties, and double gloves.

The research protocol regarding the use of human serum specimens was reviewed and
approved by the University of Texas Medical Branch (UTMB) Institutional Review Board
(IRB number 20-0070). No informed consent was required since these deidentified sera
were leftover specimens before being discarded. No diagnosis or treatment was involved
either.

Cells

Vero E6 (ATCC® CRL-1586) was purchased from the American Type Culture Collection
(ATCC, Bethesda, MD), and maintained in a high-glucose Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS; HyClone Laboratories, South
Logan, UT) and 1% penicillin/streptomycin at 37°C with 5% CO,. Culture media and an-
tibiotics were purchased from ThermoFisher Scientific (Waltham, MA). The cell line was
tested negative for mycoplasma.

Human Serum
Three panels of human sera were used in the study. The first panel consisted of 25 pairs of
sera collected from individuals 3-8 months after vaccine dose 3, and no more than 3
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months after dose 4 of Pfizer or Moderna vaccine. This panel had been tested negative for
SARS-CoV-2 nucleocapsid protein expression using Bio-Plex Pro Human IgG SARS-CoV-2
N/RBD/S1/S2 4-Plex Panel (Bio-rad). The second serum panel (n=29) was collected from
individuals who had received 2 doses of mMRNA vaccine and subsequently contracted Omi-
cron BA.1. The third serum panel (n=38) was collected from individuals who had received 3
doses of mMRNA vaccine and subsequently contracted Omicron BA.1. The genotype of in-
fecting virus was verified by the molecular tests with FDA’s Emergency Use Authorization
and Sanger sequencing. The de-identified human sera were heat-inactivated at 56°C for
30 min before the neutralization test. The serum information is presented in Table S1-3.

Recombinant Omicron sublineage spike mMNG SARS-CoV-2.

Recombinant Omicron sublineage BA.1-, BA.2-, BA.2.12.1-, BA.3-, BA.4/5-spike mNG
SARS-CoV-2s that was constructed by engineering the complete spike gene from the indi-
cated variants into an infectious cDNA clone of mMNG USA-WA1/2020 were reported previ-

ously'®*3,

Fluorescent focus reduction neutralization test.

A fluorescent focus reduction neutralization test (FFRNT) was performed to measure the
neutralization titers of sera against USA-WA1/2020, BA.1-, BA.2-, BA.2.12.1-, BA.3-, and
BA4/5-spike mNG SARS-CoV-2. The FFRNT protocol was reported previously.® Vero E6
cells were seeded onto 96-well plates with 2.5x10* cells per well (Greiner Bio-one™) and
incubated overnight. On the next day, each serum was 2-fold serially diluted in a culture
medium and mixed with 100-150 focus-forming units of MNG SARS-CoV-2. The final serum
dilution ranged from 1:20 to 1:20,480. After incubation at 37°C for 1 h, the serum-virus mix-
tures were loaded onto the pre-seeded Vero E6 cell monolayer in 96-well plates. After 1 h
infection, the inoculum was removed and 100 ul of overlay medium containing 0.8%
methylcellulose was added to each well. After incubating the plates at 37°C for 16 h, raw
images of mNG foci were acquired using Cytation™ 7 (BioTek) armed with 2.5x FL Zeiss
objective with a wide field of view and processed using the software settings (GFP
[469,525] threshold 4000, object selection size 50-1000 um). The fluorescent mNG foci
were counted in each well and normalized to the non-serum-treated controls to calculate
the relative infectivities. The FFRNT5, value was defined as the minimal serum dilution to
suppress >50% of fluorescent foci. The neutralization titer of each serum was determined in
duplicate assays, and the geometric mean was taken. Tables S1-3 summarize the
FFRNTs results.

Statistics
The nonparametric Wilcoxon matched-pairs signed rank test was used to analyze the sta-
tistical significance in Figures 1-2.

Data availability

The raw data that support the findings of this study are shown in the Source data file.
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Figure 1. Neutralization of Omicron sublineages before and after 4 doses of mRNA vac-
cine. Twenty-five pairs of human sera were collected 3-8 month after dose 3 and 1-3 month after
dose 4 mRNA vaccine. The FFRNTses for mNeoGreen BA.1-, BA.2-, BA.2.12.1, BA.3-, and
BA.4/5-spike  SARS-CoV-2s were determined in duplicate assays; the FFRNTs, for USA-
WA1/2020 SARS-CoV-2 was determined in two independent experiments, each with duplicate
assays. (A) FFRNTs of sera collected before dose 4 vaccine. The bar heights and the numbers
above indicate neutralizing GMTs. The whiskers indicate 95% CI. The fold of GMT reduction
against each Omicron sublineage, compared with the GMT against USA-WA1/2020, is shown in
italic font. The dotted line indicates the limit of detection of FFRNTse. The p values (Wilcoxon
matched-pairs signed-rank test) for group comparison of GMTs are the following. USA-WA1/2020
versus all Omicron sublineage-spike: <0.0001; BA.l-spike versus BA.2-, BA.2.12.1-, BA.3-,
BA.4/5-spike: 0.004, 0.0336, <0.0001, < 0.0001, respectively; BA.2-spike versus BA.2.12.1-,
BA.3-, BA.4/5-spike: 0.5, 0.065, 0.0083, respectively. BA.2.12.1-spike versus BA.3-, BA.4/5-
spike: 0.0098, 0.0002, respectively; BA.3-spike versus BA.4/5-spike: 0.156. (B) FFRNTs, of sera
collected after dose 4 vaccine. The p values (Wilcoxon matched-pairs signed-rank test) for group
comparison of GMTs are the following. USA-WA1/2020 versus all Omicron sublineage-spike:
<0.0001; BA.1-spike versus BA.2-, BA.2.12.1-, BA.3-, BA.4/5-spike: 0.008, 0.033, <0.0001, <
0.0001, respectively; BA.2-spike versus BA.2.12.1-, BA.3-, BA.4/5-spike: 0.12, <0.0001, <
0.0001, respectively; BA.2.12.1-spike versus BA.3-, BA.4/5-spike: 0.0002, <0.0001, respectively;
BA.3-spike versus BA.4/5-spike: 0.0009. (C) FFRNTSso values with connected lines for each se-
rum pair before and after dose 4 vaccine. The GMT fold increase before and after dose 4 is
shown in italic font. The p values of GMT (Wilcoxon matched-pairs signed-rank test) before and
after dose 4 vaccines are all <0.0001.
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Figure 2. Neutralization of Omicron sublineages after 2 or 3 doses of mRNA vaccine and
BA.1l infection. (A) FFRNTSso of 2-dose-vaccine-plus-BA.1-infection sera. Twenty-nine sera were
collected from individuals who received 3 doses of vaccine and subsequently contracted BA.1
breakthrough infection. The GMT reduction fold against each Omicron sublineage and USA-
WA1/2020 is shown in italic font. The dotted line indicates the limit of detection of FFRNTso. The p
values (Wilcoxon matched-pairs signed-rank test) for group comparison of GMTs are indicated
below. USA-WA1/2020 versus BA.1-spike, other sublineage-spikes: 0.053, <0.0001, respectively;
BA.1-spike versus other sublineage-spike: <0.0001; BA.2-spike versus BA.2.12.1-, BA.3-, BA.4/5-
spike: 0.0006, 0.0215, <0.0001, respectively; BA.2.12.1-spike versus BA.3- and BA.4/5-spike:
0.0309, <0.0001, respectively; BA.3-spike versus BA.4/5-spike SARS-CoV-2: <0.0001. (B)
FFRNTso of 2-dose-vaccine-plus-BA.1-infection sera. Thirty-eight sera were collected from indi-
viduals who received 3 doses of vaccine and subsequently contracted BA.1 infection. The p val-
ues (Wilcoxon matched-pairs signed-rank test) for group comparison of GMTs are indicated be-
low. USA-WA1/2020 versus all Omicron sublineage-spike: <0.0001; BA.1-spike versus other
sublineage-spike: <0.0001; BA.2-spike versus Omicron BA.2.12.1-, BA.3-, and BA.4/5-spike:
0.0082, 0.9095, <0.0001, respectively. BA.2.12.1-spike versus Omicron BA.3- and BA.4/5-spike:
0.0018, <0.0001, respectively; BA.3-spike versus BA.4/5-spike: <0.0001.

12


https://doi.org/10.1101/2022.07.29.502055
http://creativecommons.org/licenses/by-nc-nd/4.0/

