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Abstract 

Background: The emergence of SARS‑CoV‑2 Omicron subvariants has raised questions regarding resistance to 
immunity by natural infection or immunization. We examined the sensitivity of Delta and Omicron subvariants (BA.1, 
BA.1.1, BA.2, BA.2.12.1, BA.4/5, and BA.3) to neutralizing antibodies from BBIBP‑CorV‑vaccinated and BBIBP‑CorV‑ or 
ZF2001‑boosted individuals, as well as individuals with Delta and BA.1 breakthrough infections, and determined their 
fusogenicity and infectivity.

Methods: In this cross‑sectional study, serum samples from two doses of BBIBP‑CorV‑vaccinated individuals 1 (n = 
36), 3 (n = 36), and 7 (n = 37) months after the second dose; BBIBP‑CorV‑ (n = 25) or ZF2001‑boosted (n = 30) indi‑
viduals; and fully vaccinated individuals with Delta (n = 30) or BA.1 (n = 26) infection were collected. The serum‑neu‑
tralizing reactivity and potency of bebtelovimab were assessed against D614G, Delta, and Omicron subvariants (BA.1, 
BA.1.1, BA.2, BA.2.12.1, BA.4/5, and BA.3) through a pseudovirus neutralization assay. The fusogenicity and infectivity 
of D614G, Delta, and Omicron subvariants were determined by cell‑cell fusion assay and pseudovirus infection assay, 
respectively.

Results: Omicron subvariants markedly escaped vaccine‑elicited neutralizing antibodies after two doses of BBIBP‑
CorV with comparable efficiency. A third dose vaccination of BBIBP‑CorV or ZF2001 increased neutralizing antibody 
titers and breadth against Delta and three Omicron subvariants. Delta and BA.1 breakthrough infections induced 
comparable neutralizing antibody titers against D614G and Delta variants, whereas BA.1 breakthrough infections 
elicited a stronger and broader antibody response against three Omicron subvariants than Delta breakthrough infec‑
tions. BA.2.12.1 and BA.4/5 are more resistant to immunity induced by breakthrough infections. Bebtelovimab had 
no significant loss of potency against the Delta and Omicron subvariants. Cell culture experiments showed Omicron 
subvariants to be less fusogenic and have higher infectivity than D614G and Delta with comparable efficiency.

Conclusions: These findings have important public health implications and highlight the importance of repeated 
exposure to SARS‑CoV‑2 antigens to broaden the neutralizing antibody response against Omicron subvariants.
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Background
As of the end of 2021, five severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) variants of concern 
(VOCs) have emerged, including Alpha, Beta, Gamma, 
Delta, and Omicron [1]. Among these five VOCs, the 
SARS-CoV-2 Omicron variant (B.1.1.529 or BA.1) is 
highly divergent from the prototype virus (Wuhan-
Hu-1). Omicron comprises several subvariants, including 
BA.1, BA.2, BA.3, BA.4, and BA.5 [2, 3]. The original sub-
variant BA.1 and its derivative BA.1.1 with an extra spike 
(S) R346K substitution rapidly became dominant glob-
ally after its first detection in South Africa in November 
2021 [4]. After a surge of BA.1, subvariant BA.2 outcom-
peted BA.1 and has become the most dominant variant 
worldwide. Thereafter, BA.2 subvariants that harbor the 
substitution at the L452 residue of the S protein, such 
as BA.4 and BA.5 (BA.4/5, share an identical spike) that 
emerged from South Africa and BA.2.12.1 that emerged 
in the USA, were frequently detected [3, 5]. The new 
subvariants BA.2.12.1 and BA.4/5 show more infectious 
potential than BA.2 [6]. As of the beginning of Septem-
ber 2022, Omicron BA.5 is the most predominant SARS-
CoV-2 variant in the world. These Omicron subvariants 
share multiple mutations, but each also has unique muta-
tions [2], which are expected to be associated with differ-
ent antigenic properties.

Neutralizing antibodies are strongly predictive of 
the degree of immune protection against symptomatic 
SARS-CoV-2 infection [7]. Inactivated vaccines, such as 
BBIBP-CorV by Sinopharm, and protein subunit vac-
cines, such as ZF2001 (a tandem-repeat of the dimeric 
receptor-binding domain [RBD] of the SARS-CoV-2 
Wuhan-Hu-1 S protein-based protein subunit vaccine by 
Anhui Zhifei Longcom, China), have been widely used 
in China and several other countries [8], and boosting is 
available in China. Previous studies have reported that 
Omicron subvariants BA.1, BA.2, and BA.3 showed sub-
stantial resistance to neutralizing antibodies induced by 
vaccination, natural infection, and therapeutic monoclo-
nal antibodies [9–22]. However, the susceptibility of the 
Omicron subvariants BA.2.12.1, BA.4, and BA.5 to neu-
tralizing antibodies elicited by prime and booster vacci-
nation with BBIBP-CorV and ZF2001 and breakthrough 
infections and their fusogenicity and infectivity remain 
largely unexplored. Here, we measured pseudovirus-neu-
tralizing antibodies against D614G, Delta, and Omicron 
subvariants (BA.1, BA.1.1, BA.2, BA.2.12.1, BA.4/5, and 
BA.3) in fully vaccinated individuals with two doses of 

BBIBP-CorV, individuals with a third-dose booster vac-
cination of BBIBP-CorV or ZF2001, and fully vaccinated 
individuals with Delta or BA.1 breakthrough infection. In 
addition, we investigated the fusogenicity and infectiv-
ity of Omicron subvariants in  vitro compared with the 
SARS-CoV-2 ancestral D614G and Delta variants.

Methods
Human subjects
We conducted a cross-sectional study to investigate the 
effect of vaccination and breakthrough infection on the 
cross-variant neutralization capacity of human sera after 
vaccination or infection. We enrolled SARS-CoV-2 naïve 
individuals with two or three doses of BBIBP-CorV and 
two doses of BBIBP-CorV boosted by ZF2001, as well 
as previously vaccinated individuals with Delta or BA.1 
breakthrough infection. Vaccine sera of 36 (22 females/14 
males with a median age of 44.5 years; interquartile range 
[IQR], 36.3–49.8), 36 (19 females/17 males with a median 
age of 42.0 years; IQR, 31.5–52.8), and 31 (20 females/11 
males with a median age of 45.0 years; IQR, 39.0–50.0) 
individuals who had two doses of BBIBP-CorV were col-
lected a median of 20.5 (one month), 91.0 (three months), 
and 221.0 (seven months) days after the second dose, 
respectively. Vaccine sera of 25 (12 females/13 males with 
a median age of 46.0 years; IQR, 38.5–52.0) and 30 (19 
females/11 males with a median age of 39.0 years; IQR, 
34.3–47.3) individuals who were boosted with the third 
dose of BBIBP-CorV or ZF2001 were collected a median 
of 21.0 and 28.0 days after the third dose vaccination, 
respectively.

Sera of 30 individuals (15 females/15 males with a 
median age of 39.0 years; IQR, 34.0–48.8) with Delta 
breakthrough infections were collected when they were 
discharged from the Fifth Hospital of Shijiazhuang, 
Hebei Medical University (Shijiazhuang, China), with a 
median of 41.0 days post-symptom onset or PCR posi-
tive result. Sera of 26 individuals (7 females/19 males 
with a median age of 32.5 years; IQR, 16.0–36.8) with 
BA.1 breakthrough infections were collected when they 
were discharged from the hospital, with a median of 
15.5 days post-symptom onset or PCR positive result. 
Sera were separated by centrifugation at 2000 rpm for 10 
min, aliquoted into three cryovials, and cryopreserved 
at − 80 °C until use. Sera were heat inactivated at 56 °C 
for 60 min prior to use in neutralization assays. Serum-
neutralizing capability was characterized using pseudovi-
rus neutralization assays. The details of the demographic 
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information (e.g., age and sex) and sample collection time 
points of different cohorts are summarized in Additional 
file 1: Tables S1 and S2.

Breakthrough infection was defined as fully vaccinated 
individuals being diagnosed with SARS-CoV-2 infection 
[23, 24]. Full vaccination was defined as when the second 
shot of the BBIBP-CorV vaccination was administered 
at least 14 days before symptom onset or a positive PCR 
test for SARS-CoV-2 [23, 24]. All individuals with break-
through infection had sequence-confirmed Delta and 
BA.1 infection or PCR-confirmed symptomatic disease 
occurring while in isolation and direct contact with Delta 
or BA.1 sequence-confirmed cases.

Cell lines
Human embryonic kidney 293T (HEK-293T, CRL-3216, 
ATCC) cells were cultured at 37 °C and 5%  CO2 in Dul-
becco’s modified Eagle’s medium (DMEM, Gibco) con-
taining 10% (v/v) heat-inactivated fetal bovine serum 
(FBS, Gibco) and supplemented with 1% penicillin–
streptomycin (Gibco). Cells were disrupted at the con-
fluence with 0.25% trypsin in 1 mM EDTA (Solarbio) 
every 48–72 h. HEK-293T cells over-expressing human 
angiotensin-converting enzyme 2 (293T-ACE2) and 
HeLa-ACE2 cells kindly provided by Dr. Lin-Qi Zhang 
at Tsinghua University were cultured under the same 
conditions.

Monoclonal antibody
Bebtelovimab (LY-CoV1404) was purchased from AtaGe-
nix (Wuhan, China).

Spike plasmid pseudovirus production
Codon-optimized cDNA encoding the SARS-CoV-2 
S glycoprotein of D614G, Delta, BA.1, BA.1.1, BA.2, 
BA.2.12.1, BA.4/5, or BA.3 was synthesized by GenScript 
and cloned into pCDNA3.1. Compared to the Wuhan-
Hu-1 strain S protein amino acid sequence, the following 
changes were included in the respective expression plas-
mids: D614G (D614G), Delta (T19R, G142D, Δ156–157, 
R158G, L452R, T478K, D614G, P681R and D950N), BA.1 
(A67V, Δ69–70, T95I, G142D, Δ143-145, Δ211, L212I, 
214EPE, 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), BA.1.1 
(A67V, Δ69–70, T95I, G142D, Δ143-145, Δ211, L212I, 
214EPE, G339D, R346K, 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), 
BA.2 (T19I, Δ24–26, 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), BA.2.12.1 (BA.2+L452Q+S704L), 
BA.4/5 (T19I, Δ24–26, A27S, Δ69–70, 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), and BA.3 (A67V, Δ69–
70, T95I, G142D, Δ143–145, Δ211, L212I, G339D, S371F, 
S373P, S375F, D405N, K417N, N440K, G446S, S477N, 
T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G, 
H655Y, N679K, P681H, N764K, D796Y, Q954H, N969K). 
All plasmid spike sequences were verified by Sanger 
sequencing.

Pseudovirus particles were generated by co-trans-
fecting HEK-293T cells (ATCC) with human immuno-
deficiency virus backbones expressing firefly luciferase 
(pNL4-3-R-E-luciferase) and the pcDNA3.1 vector 
encoding either D614G or mutated S protein (Delta and 
Omicron subvariants) plasmids. The medium was 
replaced with fresh medium at 24 h, and the supernatants 
were harvested at 48 h post-transfection and clarified 
by centrifugation at 300×g for 10 min before being ali-
quoted and stored at − 80 °C until use.

Pseudovirus neutralization assay
A SARS-CoV-2 pseudovirus neutralization assay (pVNT) 
was performed as described [25], with the target cell line 
HeLa over-expressing hACE2 orthologs. All viruses were 
first titrated to normalize the viral input between assays. 
Duplicate 3-fold 8-point serial dilutions of heat-inacti-
vated sera (starting at 1:30) or LY-CoV1404 (1.0 μg  ml−1) 
were incubated with 500–1000  TCID50 of SARS-CoV-2 
pseudotyped virus for 1 h at 37 °C and 5%  CO2. Subse-
quently, 1 ×  104 HeLa-ACE2 cells per well were added 
and incubated at 37 °C and 5%  CO2 for 48 h. Afterward, 
the supernatant was removed, and the cells were lysed 
using passive lysis buffer (Vazyme) for 3 min at room 
temperature. The lysates were transferred to an opaque 
white 96-well plate, and reconstituted luciferase assay 
buffer (Vazyme) was added and mixed with each lysate. 
Luminescence was measured immediately after mixing 
using a GloMax 96 Microplate Luminometer (Promega). 
The neutralization titer  (NT50) was determined by lucif-
erase activity with a four-parameter non-linear regres-
sion inhibitor curve in GraphPad Prism 8.4.2 (GraphPad 
Software).  NT50 was defined as the highest reciprocal 
serum dilution causing a 50% reduction in relative light 
units. A sample with  NT50 values no more than 30 (the 
detectable limit) was considered negative for neutral-
izing antibodies and was assigned a nominal value of 10 
in geometric mean titer (GMT) calculations, which is 
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the lowest serum dilution factor used in the pseudovirus 
neutralization assay.

Cell–cell fusion assay
The cell-fusion activity of SARS-CoV-2 S variants was 
evaluated with a cell–cell fusion reporting assay based on 
split mNeonGreen and NanoLuc proteins. Briefly, HEK-
293T cells at 80% confluence were co-transfected with 
pNGJS (NG-bJun-SmBiT expression) and pLVX-hACE2-
IRES-tdTomato plasmids at a 1:1 ratio for 24 h at 37 °C 
and 5%  CO2, for preparing target cells. HEK-293T cells 
co-transfected with pCGFL (CG-bFos-LgBiT expression) 
and S plasmids at a 1:1 ratio for 24 h at 37 °C and 5%  CO2 
to prepare effector cells, and a no-S expression plasmid 
was co-transfected as the negative control. Following 24 h 
of transfection, the cells were detached and resuspended 
in fresh DMEM containing 5% FBS. Subsequently, 1.0 × 
 104 target cells per well were added to a 96-well plate, and 
1.0 ×  104 effector cells per well were added to the 96-well 
plate with target cells. The mNeonGreen and tdTomato 
fluorescent proteins were confirmed by an IX71 fluores-
cence microscope (Olympus), and the luciferase activity 
was measured 6 h after co-culturing using the Nano-
Light Luciferase Assay Kit (Meilunbio, Dalian, China).

Western blot analysis
Western blotting was performed as previously described. 
HEK-293T cells co-transfected with the S variant plas-
mids and pCGFL were used. Briefly, cells were lysed in 
RIPA buffer containing protease inhibitors (Solarbio, 
Beijing, China). The protein concentration was meas-
ured using a BCA Protein Assay Kit (Beyotime, Shanghai, 
China). Polyacrylamide gel electrophoresis and protein 
transfer to nitrocellulose membranes (EMD Millipore, 
Billerica, MA, USA) were carried out following stand-
ard protocols. Rabbit anti-SARS-CoV-2 S IgG antibody 
(Sino Biological, Beijing, China) or mouse anti-β-actin 
monoclonal antibody (Solarbio, Beijing, China) was 
used for immunodetection according to the manufac-
turer’s instructions. Protein bands were visualized using a 
Novex™ ECL substrate reagent kit (Thermo Fisher Scien-
tific, Inc.) with the ECL imaging system (Tanon, Shang-
hai, China).

Pseudovirus infection assay
For analysis of pseudovirus infection ability, 293T-hACE2 
cells were added to 96-well plates and infected with the 
indicated pseudoviruses collected between 36 and 48 h 
post-transfection. The medium was replaced with fresh 
medium at 12 h post-infection. Luciferase activity was 
detected at 60 h post-infection with a Steady-Lumi™ II 
Firefly Luciferase Assay Kit (Beyotime, Shanghai, China). 
The pseudovirus infection ability was calculated based 

on the relative luciferase activity and normalized to the 
pseudovirus RNA genome copy numbers determined by 
real-time reverse transcription-polymerase chain reac-
tion (RT–PCR).

Quantitation of pseudovirus by RT–PCR
To determine the genome copy numbers of pseudovi-
ruses, lentiviral RNA was extracted with the TaKaRa 
MiniBEST Viral RNA/DNA Extraction Kit Ver.5.0 
(TaKaRa, Beijing, China). After DNase I digestion, the 
relative genome RNA copy numbers of pseudoviruses 
were analyzed with RT–PCR using the One-Step TB 
Green PrimeScript PLUS RT–PCR kit (Takara, Beijing, 
China) according to the manufacturer’s instructions. The 
primers were as follows: LV-F 5′-TAG TAG GAG GCT 
TGG TAG GT-3′ and LV-R 5′-GTG GGT CTG AAA CGA 
TAA TGG-3′. The following cycling conditions were used: 
42 °C for 5 min, 95 °C for 10 s followed by 40 cycles of 95 
°C for 5 s and 60 °C for 34 s, 95 °C for 15 s and 60°C for 1 
min, and 95°C for 15 s.

Statistical analysis
Data and statistical analyses were performed using 
GraphPad Prism 8.4.2 (La Jolla, CA, USA) and R v4.0.5. 
Fold changes in serum-neutralizing activity were meas-
ured by comparing GMT. Fold changes in monoclonal 
antibodies were determined by comparing individual 
 IC50 or  IC90 values and then averaging the individual 
fold changes for reporting. Categorical and continuous 
variables in supplementary tables were analyzed using 
the chi-square test, Fisher’s exact test, or Kruskal–Wal-
lis test. The Friedman test with the false discovery rate 
method was used for multiple comparisons for paired 
groups, while the Kruskal–Wallis test with the false dis-
covery rate method was used for multiple comparisons 
for unpaired groups. The Wilcoxon rank-sum test was 
used for unpaired comparisons between the two groups. 
All statistical tests were 2-sided with a significance level 
of 0.05.

Results
Two doses of the BBIBP‑CorV vaccine induced limited 
neutralization activity against Delta and Omicron 
subvariants
We first examined the neutralizing activity of sera collected 
from SARS-CoV-2-naïve individuals who were fully vacci-
nated with two doses of BBIBP-CorV. Serum samples were 
collected from 36, 36, and 31 individuals for approximately 
3 weeks (median 20.5 days, interquartile range [IQR] 19.0–
26.5 days, referred to M1), 3 months (median 91 days, IQR 
85.5–92.8 days, referred to M3), and 7 months (median 221 
days, IQR 182–249.08 days, referred to M7) after the sec-
ond dose, respectively (Additional file 1: Table S1). Serum 
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samples were tested for neutralization against D614G, 
Delta, and Omicron subvariants (BA.1, BA.1.1, BA.2, 
BA.2.12.1, BA.4/5, and BA.3). Approximately M1 after 
the initial two doses of BBIBP-CorV, we observed that 28 
(77.8%) of 36 vaccinees had neutralizing antibody titers 

above the limit of detection (LOD, 30) against D614G, 
with a GMT of 63 (Fig. 1a). However, a substantial loss in 
neutralizing potency was observed against Delta and the 
tested Omicron subvariants (Fig. 1a). Only a few samples 
(8 for Delta, 3 for BA.1, 4 for BA.2, 5 for BA.1.1, and 1 for 

Fig. 1 Neutralizing antibody levels in vaccinated individuals with or without booster vaccination. a–c Box‑violin plots showing the median 
neutralizing antibody titers against the SARS‑CoV‑2 D614G, Delta, and Omicron subvariants in vaccinated, unboosted individuals approximately 1 
month (M1) (a), 3 months (M3) (b), and 7 months (M7) (c) after the second dose vaccination of BBIBP‑CoV (left), along with cumulative distribution 
function plots of titers against D614G, Delta, and Omicron subvariant (right), showing the proportion of samples at or above a given titer. d, e 
Box‑violin plots of titers against the SARS‑CoV‑2 D614G, Delta, and Omicron subvariants in BBIBP‑CoV booster vaccinated (d) and ZF2001 booster 
vaccinated (e) individuals (left), along with cumulative distribution function plots of titers against D614G, Delta, and Omicron subvariant (right), 
showing the proportion of samples at or above a given titer. For the box‑violin plots, the median is represented by the thick black line inside the 
box. The geomatic mean titers (GMTs) are shown above each column. The fold change in GMT is displayed in a–e. The horizontal dotted line 
represents the limit of detection of 30. A two‑tailed Friedman test with a false discovery rate for multiple comparisons was performed to compare 
Delta and Omicron subvariants to D614G in a–e. p values are represented as *p < 0.05, ***p < 0.001, and ****p < 0.0001. No asterisk indicates no 
statistical significance.
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BA.2.12.1 and BA.4/5) showed titers above the LOD, and 
all samples showed titers below the LOD for BA.3 (Fig. 1a). 
For the 36 serum samples collected at M3 after the initial 
vaccination, only 8 (22.2%) of these samples had neutraliz-
ing antibody titers above the LOD against D614G. In con-
trast, the neutralizing antibody titers of all samples were 
below the LOD against the Delta and the tested Omicron 
subvariants, except for three samples that had neutralizing 
antibody titers above the LOD against BA.1.1 (Fig. 1b). For 
the 31 serum samples collected at M7 after the initial vac-
cination, only one of these samples had detectable pseu-
dovirus-neutralizing antibodies against D614G. None of 
the serum samples had detectable neutralizing antibodies 
against Delta or Omicron subvariants (Fig. 1c). Collectively, 
these results suggest that two doses of BBIBP-CorV pro-
duced a minimal and short-term persistence of neutraliz-
ing antibody levels against VOCs.

A third vaccination boosts the neutralizing antibody 
response against Delta and Omicron subvariants
Since booster vaccinations are routinely administered 
worldwide 6 months after full vaccination, we also meas-
ured the serum-neutralizing activity in individuals who 
received three homologous BBIBP-CorV or three heterolo-
gous ZF2001. After the third dose (booster) of BBIBP-CorV 
(n = 25; median 21 days, IQR 18.5–28 days after third dose 
vaccination), a significantly increased GMT was 274 for 
D614G and 103 for Delta. However, samples with neu-
tralizing antibody titers above the LOD against Omicron 
subvariants showed lower activity in neutralizing Omi-
cron subvariants, with a GMT decrease of 7.8–17.1-fold 
compared with D614G (Fig. 1d, left panel). The proportion 
of individuals with pseudovirus-neutralizing antibodies 
against Omicron subvariants above the LOD was ~ 40%, 
compared to 76.0% and 96% for Delta and D614G, respec-
tively (Fig. 1d, right). A similar pattern was observed for the 
ZF2001 booster vaccination (n = 30; median 28 days, IQR 
28–28 days after the third dose vaccination) (Fig. 1e), and 
there was no significant difference in GMT of 255 against 
D614G compared to the BBIBP-CorV booster vaccina-
tion (Additional file  1: Fig. S1). In addition, the GMT of 
the booster vaccination was significantly higher than that 
of the two doses of fully vaccinated individuals (Additional 
file  1: Fig. S1). Together, BBIBP-CorV or ZF2001 booster 
vaccination elicits an enhanced antibody response against 
D614G and Delta but a substantial loss in neutralizing 
activity against Omicron subvariants.

Delta and BA.1 breakthrough infection increases 
neutralizing antibody levels against D614G 
and variant‑specific immunity
Due to the enhanced neutralizing capacity of three 
separate exposures to SARS-CoV-2 by vaccination, we 

investigated neutralizing antibody responses and the 
extent of cross-neutralizing immunity in a cohort of 56 
individuals with 30 Delta and 26 BA.1 breakthrough 
infections (Additional file  1: Table  S2). Of the 30 Delta 
breakthrough individuals, 19 (63%) were moderate, and 
the other 11 (37%) were mild. Among 30 Delta break-
through individuals, 19 (63.5%) were attributed to house-
hold transmission, two originated from each of eight 
households, and three originated from one household. 
Of the 26 BA.1 breakthrough individuals, 12 (46%) and 
14 (54%) were classified as asymptomatic infection and 
mild-moderate disease, respectively (Additional file  1: 
Table S2). Among the 26 BA.1 breakthrough individuals, 
17 (65.4%) were attributed to household transmission; 
two originated from each of five households, three origi-
nated from one household, and four originated from one 
household. The median age of BA.1 breakthrough infec-
tions was significantly higher than that of Delta break-
through infections. They all had received two doses of 
BBIBP-CorV on average 6 months earlier. Serum samples 
from these individuals with breakthrough infections were 
collected when they were discharged from the hospital. 
The sampling date relative to the time of symptom onset 
or PCR test positivity for Delta breakthrough infection 
was later (median day of 41, IQR 30.0–48.0) than that for 
BA.1 breakthrough infection (median day of 15.5, IQR 
13.0–17.0) (Additional file 1: Table S2).

We first determined the breakthrough infection-neu-
tralization antibody titer in serum samples. We observed 
that Delta breakthrough infections elicited 41-fold (2584 
versus 63), 9.4-fold (2584 versus 274), and 10.1-fold (2584 
versus 255) higher GMTs against D614G than naïve 
unboosted individuals and homologous BBIBP-CorV- or 
heterologous ZF2001-boosted individuals (Fig.  1a, d, e, 
left; Fig. 2a, left). Cross-neutralizing activity against Omi-
cron subvariants was comparable (Additional file 1: Fig. 
S2a) but was limited as the 7.0-, 6.7-, 4.0-, 10.1-, 10.3-, 
and 7.3-fold reductions in BA.1 (371), BA.1.1 (386), BA.2 
(642), BA.2.12.1 (256), BA.4/5 (252), and BA.3 (355) neu-
tralization relative to D614G (2584) (Fig. 2a, left), respec-
tively. However, neutralizing antibody titers against 
Omicron subvariants were significantly higher than those 
in naïve unboosted individuals or booster individuals 
(Fig.  1a–e, left panel; Fig.  2a). The proportion of serum 
samples with neutralizing antibodies against Omicron 
subvariants above the LOD of 30 was calculated at over 
75% (Fig. 2a, right).

BA.1 breakthrough individuals, in contrast to Delta 
breakthrough individuals, exhibited relatively small 
increases in neutralizing titers against D614G, 30.4-
fold (1914 versus 63) compared to unboosted individu-
als approximately 1 month after the second dose as 
well as 7.0-fold and 7.5-fold compared to homologous 
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BBIBP-CorV-boosted individuals (1914 versus 274) and 
heterologous ZF2001-boosted individuals (1914 versus 
255), respectively (Fig.  1a, d, e, left; Fig.  2b, left). Neu-
tralizing antibody titers against Delta, BA.1, BA.1.1, and 
BA.2 were comparable with D614G, but neutralizing 
titers against BA.3 (1.5-fold), BA.2.12.1 (4.0-fold), and 
BA.4/5 (3.0-fold) were significantly decreased (Fig.  2b, 
left). BA.1 breakthrough infection resulted in 100%, 

~ 92%, ~ 96%, 96%, 85%, and 96% of individuals hav-
ing neutralizing antibodies against BA.1, BA.1.1, BA.2, 
BA.2.12.1, BA.4/5, and BA.3 above a LOD of 30 (Fig. 2b, 
right panel), respectively. However, the GMT of BA.4/5 
was significantly lower than that of BA.1, BA.1.1, and 
BA.2 (Additional file  1: Fig. S2b). In addition, cross-
neutralization titers against Delta were comparable to 
those observed for Omicron subvariants but significantly 

Fig. 2 Neutralizing antibody levels in Delta and Omicron BA.1 breakthrough infections. a Box‑violin plots of neutralizing antibody titers against 
Delta and Omicron subvariants compared to D614G, along with cumulative distribution function plots of titers against D614G, Delta, and Omicron 
subvariant (right), showing the proportion of samples at or above a given titer, in patients with Delta breakthrough infection. b Corresponding 
plots in patients with Omicron breakthrough infection using a pseudovirus neutralization assay. c Kernel density plot shows the distribution of 
collection days for samples from Delta and Omicron BA.1 breakthrough infections. All individuals with breakthrough infection in the study and 
available samples were collected 9–57 days after symptom onset or SARS‑CoV‑2 PCR test positivity when discharged from the hospital. d Box‑violin 
plot showing pseudovirus‑neutralizing antibody titers against D614G between Delta and Omicron BA.1 breakthrough infections. e Box‑violin plot 
of pseudovirus‑neutralizing antibody titers against D614G between asymptomatic or mild and moderate‑severe breakthrough infections. For the 
box‑violin plots, the median is represented by the thick black line inside the box. The geomatic mean titers (GMTs) are shown above each column 
for a, b, d, and e. The fold change of GMT is displayed in a and b. The horizontal dotted line represents the limit of detection of 30. A two‑tailed 
Friedman test with a false discovery rate for multiple comparisons was performed to compare Delta and Omicron subvariants to D614G in a and 
b, and a two‑tailed Wilcoxon rank‑sum test was performed in c–e. p values are represented as ****p < 0.0001. No asterisk indicates no statistical 
significance
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increased compared to boosting vaccinated individuals 
(18-fold for BBIBP-CorV and 12-fold for ZF2001).

We further compared neutralization antibody titers 
between Delta and BA.1 breakthrough infections, age, 
and disease severity. Kernel density plots showed that 
samples from BA.1 breakthrough infections were col-
lected a median of 25.2 days earlier than Delta when 
they were discharged from the hospital, and the dis-
tribution of Delta cases was skewed toward later time 
points (Fig. 2c). Delta breakthrough infections resulted 
in equivalent neutralizing antibody titers (1.4-fold, 
2584 versus 1914) against D614G but higher neutraliz-
ing antibody titers against Delta (2.0-fold, 3621 versus 
1839) than BA.1 breakthrough infections, but the dif-
ference was insignificant (Fig. 2d, Additional file 1: Fig. 
S2c). In contrast, BA.1 breakthrough infections led to a 
significantly higher neutralizing antibody titer against 
BA.1, BA.1.1, and BA.3 subvariants (Additional file 1: 
Fig. S2c).

Further analysis of neutralizing antibody titers 
between disease severity of Delta or BA.1 infection 
(Fig.  2e) and age in BA.1 breakthrough individuals 
showed that there were no significant differences in 
neutralizing antibody titers between mild and mod-
erate in Delta breakthrough individuals or asympto-
matic and mild in BA.1 breakthrough individuals and 
between age > 18 years and < 18 years in BA.1 break-
through individuals (Additional file 1: Fig. S3a-c), indi-
cating that disease severity and age did not affect the 
antibody response in the present study. However, mild 
BA.1 breakthrough infection also induced a higher 
neutralizing antibody titer against Omicron subvari-
ants than Delta infection (Additional file  1: Fig. S3d). 

Altogether, BA.1 breakthrough infections led to supe-
rior infection-neutralization capacity against Omicron 
subvariants and Delta.

Potent neutralization of bebtelovimab against Delta 
and Omicron subvariants
Bebtelovimab (also known as LY-CoV1404), a recently 
authorized monoclonal therapy, showed potent neu-
tralizing activity against BA.1, BA.1.1, and BA.2, while 
most mAbs have been shown to completely or partially 
lose neutralizing activity against BA.1 and BA.27,15. Con-
sidering the decreased resistance of vaccines to BA.3, 
BA.2.12.1, and BA.4/5, we assessed the neutralization 
activity of LY-CoV1404 against BA.3, BA.2.12.1, and 
BA.4/5 (Fig. 3). We observed that the LY-CoV1404 mono-
clonal antibody effectively neutralized all tested variants, 
including BA.4/5 (Fig.  3a), and a similar 50% and 90% 
inhibition concentration  (IC50/IC90) for D614G (2.4/5.1), 
Delta (2.8/5.4), and BA.1 (2.3/6.9) variants, between 
BA.1.1 (1.5/4.5), BA.2 (1.4/2.3), BA.2.12.1 (1.2/2.1), and 
BA.4/5 (1.7/3.9), and the highest  IC50/IC90 for the BA.3 
(4.3/15.4) variant were observed (Fig.  3b). The fold 
changes in  IC50/IC90 of LY-CoV1404 against Delta and 
Omicron subvariants relative to D614G showed no sig-
nificant decrease in neutralizing Delta and Omicron sub-
variants (Fig. 3c). This finding suggests that LY-CoV1404 
might be a promising therapeutic mAb against Omicron 
subvariants.

Reduced fusogenicity of the S proteins of all Omicron 
subvariants
The fusogenicity of SARS-CoV-2 may be associated with 
the degree of virus transmission, immune evasion, and 

Fig. 3 Sensitivity of Omicron subvariants to therapeutic bebtelovimab. a Neutralization curves against D614G, Delta, and Omicron subvariants 
are shown for bebtelovimab. Data are the mean ± s.d. of 2 independent experiments, each with an intra‑assay duplicate. b Fifty percent and 90% 
inhibition concentration  (IC50 and  IC90) values against D614G, Delta, and Omicron subvariants are shown for bebtelovimab.  IC50 and  IC90 values 
were calculated from two independent experiments. c Fold change of  IC50 and  IC90 of the antibody against Delta and each Omicron subvariant 
compared to D614G. The horizontal dotted lines represent  IC50 and  IC90
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pathogenicity [26–29]. We, therefore, directly assessed 
the fusogenicity of the S proteins of these variants by a 
cell-based fusion assay (Fig. 4a). Our fusion assay showed 
that the S proteins of all Omicron subvariants were sig-
nificantly less fusogenic than Delta S (Fig. 4b, c). BA.1 S 
was significantly less fusogenic than the parental D614G 
S, and BA.1.1, BA.2, BA.2.12.1, BA.3, and BA.4/5 were 
comparable to D614G S (Fig. 4b, c). Next, we determined 
the effect of the variants and D614G on S protein cleav-
age by western blot assay. In line with the fusion assay, in 
the S-expressing cells, the level of the cleaved S2 subu-
nit was increased for Delta S compared with the D614G-
bearing parental S and S of all Omicron subvariants 
(Fig.  4d). Overall, these findings suggest that the S pro-
tein of all tested Omicron subvariants had comparable S 

cleavage and fusogenicity but was less efficient than the 
Delta S protein.

Enhanced infectivity of all Omicron subvariants
We next investigated the infectivity of Omicron sub-
variants compared with D614G. Remarkably, Omicron 
subvariant pseudovirus, except for BA.2.12.1, exhibited 
greater infection of target cells when compared with all 
other tested variants (Fig. 5a, b). We found that the Delta 
variant exhibited nearly 2-fold lower infection rates than 
D614G. Strikingly, the Omicron subvariants exhibited 
infection rates ~ 2- to 3.5-fold more efficient at infect-
ing target cells than D614G and Delta. BA.1, BA.1.1, 
BA.2, BA.2.12.1, and BA.4/5 showed similar infection 

Fig. 4 SARS‑CoV‑2 S‑based cell fusion assay. a Merged images of mNeonGreen fluorescence and tdTomato red fluorescence 6 h after co‑culturing. 
The number of nuclei (green) in a syncytium (red) represents how many cells fused to one. b, c The relative fusion levels of spike variants mediated 
cell fusion based on luciferase activity (b) and heatmap showing p values from pairwise comparisons of the relative fusion levels of two spike 
variants (c). d Representative western blots of spike variants expression. β‑Actin was used as an internal control. A two‑tailed Kruskal–Wallis test with 
a false discovery rate for multiple comparisons
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rates among the Omicron subvariants, whereas BA.3 dis-
played ~ 1.5-fold more efficient infection rates than the 
BA.1 and BA.2.12.1 subvariants. These findings strongly 
suggest distinct differences in infectivity according to 
the S sequence, with Omicron subvariants exhibiting 
more efficient ACE2-mediated infection than D614G and 
Delta.

Discussion
In this study, we examined the neutralizing activity 
of SARS-CoV-2 Omicron subvariants by primary and 
booster vaccination and Delta and BA.1 breakthrough 
infections. We found that while two doses of BBIBP-
CorV, achieved shortly or later after vaccination, elic-
ited minimal neutralization of the Delta and Omicron 
subvariants, a booster dose, either homologous BBIBP-
CorV or heterologous ZF2001, increased the neutral-
izing capacity against Delta and Omicron subvariants. 
However, an extent partial of boosting vaccinated indi-
viduals lost neutralizing activity against Omicron sub-
variants, which suggested that the immunogenicity of 
BBIBP-CorV or ZF2001 booster vaccination seems rela-
tively low compared to mRNA boosting vaccination [30, 
31]. In addition, we observed comparable antibody titers 
between homologous BBIBP-CorV and heterologous 
ZF2001 booster vaccination, which is in line with previ-
ous studies that used the same prime-boosting vaccines 
[22, 32] but inconsistent with previous studies that boost-
ing heterologous vaccines (e.g., mRNA and vector-based 
vaccines) generates a stronger antibody response than 

boosting homologous vaccines [33–36]. Altogether, our 
results highlight the importance of vaccine boosters in 
enhancing immunity. However, individuals with prime 
BBIBP-CorV or booster vaccination with BBIBP-CorV 
or ZF2001 remain at risk for infection with Omicron 
subvariants.

We showed that the neutralizing antibody response 
and cross-neutralization of Omicron subvariants were 
substantially enhanced in Delta and BA.1 breakthrough 
infections [37–39]. However, in line with previous studies 
[37–39], sera from Delta breakthrough infections cross-
neutralized all tested Omicron subvariants less well, and 
the titers of cross-neutralizing antibodies against Omi-
cron subvariants were significantly lower than those 
against D614G. In addition, BA.2.12.1 and BA.4/5 were 
more resistant to humoral immunity induced by Delta 
breakthrough infections. Interestingly, breakthrough 
BA.1 infections resulted in a stronger antibody response 
against not only Omicron but also against a broad spec-
trum of D164G and Delta variants. This finding is con-
sistent with previous studies [5, 40–42]. However, we 
found a modest resistance of BA.2.12.1 and BA.4/5 to 
the antibody response by BA.1 breakthrough infections. 
Antibody titers against BA.4/5 in the sera of BA.1 break-
through infections were significantly lower than those 
against BA.1, BA.1.1, and BA.2. Collectively, our data 
suggest that Delta and BA.1 breakthrough infection pro-
vide a robust antibody response when considering the 
antibody levels and examining the results of the neutral-
izing activity to variants.

Fig. 5 SARS‑CoV‑2 Omicron pseudoviruses demonstrate a substantial increase in infectivity. a, b The relative infection ability of these spike variants 
packaged pseudoviruses (a) and heatmap showing p‑values from pairwise comparisons of the relative fusion levels between the two pseudoviruses 
(b). A two‑tailed Kruskal–Wallis test with a false discovery rate for multiple comparisons
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Previous studies have shown that the fusogenicity of 
the SARS-CoV-2 variant is closely associated with its 
pathogenicity and the efficiency of S1/S2 cleavage [26, 27, 
29]. We observed that all Omicron subvariants showed 
comparable fusogenicity and S cleavage efficiency, with 
less fusogenic and S cleavage efficiency than Delta. How-
ever, recent studies showed that both BA.4/5 exhibited 
higher fusogenicity and were more pathogenic than BA.2, 
and both displayed higher fusogenicity and pathogenicity 
than BA.1 [43, 44]. In contrast, other studies have shown 
that the pathogenicity of BA.2 is similar to that of BA.1 
[45, 46]. The different findings between our studies are 
likely attributed to the non-S substitutions between the 
genomes of the Omicron subvariants used. However, the 
clinical data from South Africa showed that the illnesses 
caused by BA.1 and BA.2 were similar [47]. Together, our 
data suggest that Omicron subvariants may lead to simi-
lar pathogenicity. However, because there are currently 
no indications that BA.4/5 subvariants are more clinically 
severe than previous Omicron lineages, it is necessary to 
re-evaluate the risk posed by subvariants BA.4 and BA.5.

Meanwhile, we observed comparable infectivity 
between Omicron subvariants S but increased infectivity 
compared to the D614G and Delta variants, which was 
also observed in mice and hamsters for BA.2 and BA.1 
[45, 46]. Unexpectedly, the previously globally domi-
nant Delta variant exhibited 2-fold decreased infectivity 
relative to the D614G and Omicron subvariants, which 
is inconsistent with previous studies reporting more 
efficient infectivity of the Delta variant that may have 
contributed to its rapid spread [26, 27, 48]. The high 
transmission rate may explain such inconsistency for the 
Delta variant appearing to be related to faster replica-
tion kinetics and improved replication in the nasophar-
ynx for these viruses [49], which would not be reflected 
in a pseudotyped virus system or more reduction of the 
S1 subunit of Delta S of pseudovirus particles compared 
to D614G due to proteolytic cleavage, showing reduced 
infectivity. Together, we demonstrated a small but con-
sistent difference between Omicron subvariants in fuso-
genicity and infectivity.

There are several limitations of this study. One limita-
tion is the use of pseudotyped virus assays rather than 
authentic viruses for determining neutralizing antibod-
ies, but a good correlation was established between the 
two assays [50]. Another limitation is that our cohort was 
cross-sectional based on a small sample size, which lim-
its our ability to determine the dynamics of neutralizing 
antibody titers to variants across single individuals and 
assess the potential confounding effect on neutralizing 
antibody titers. In addition, the times of sample collec-
tion for Delta and BA.1 breakthrough infections were not 
matched, and BA.1 breakthrough samples for analysis 

were collected a median of 25 days earlier than Delta 
breakthrough samples. As a result, neutralizing antibod-
ies to variants in BA.1 breakthrough infection did not 
peak antibody responses. In addition, approximately half 
of BA.1 breakthrough infections were less than 18 years 
old, although age did not affect the antibody response. 
Finally, this study focused on antibody responses, and 
vaccine- or infection-induced cellular immune responses, 
including memory B cells and T cells, were not assessed.

Conclusions
We demonstrate that Omicron subvariants drastically 
escape vaccine-induced immunity after primary vaccina-
tion with BBIBP-CorV and exhibit decreased fusogenicity 
and increased pseudovirus infection in  vitro. Nonethe-
less, receiving a third BBIBP-CorV or ZF2001 vaccine 
yields a relatively potent cross-neutralizing response 
against Delta and Omicron subvariants but is lower than 
Delta and BA.1 breakthrough infections. Moreover, indi-
viduals with BA.1 breakthrough infections elicited more 
robust neutralizing antibody titers against Omicron sub-
variants than Delta breakthrough, suggesting a substan-
tial degree of cross-reactive natural immunity. These 
findings have important public health implications for 
optimizing control measures of the ongoing pandemic.
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