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Background SARS-CoV-2 Omicron variant evades immunity from past infection or vaccination and is associated
with a greater risk of reinfection among recovered COVID-19 patients. We assessed the serum neutralizing antibody
(NAb) activity against Omicron variant (Omicron NAb) among recovered COVID-19 patients with or without
vaccination.

Methods In this prospective cohort study with 135 recovered COVID-19 patients, we determined the serum NAb
titers against ancestral virus or variants using a live virus NAb assay. We used the receiver operating characteristic
analysis to determine the optimal cutoff for a commercially-available surrogate NAb assay.

Findings Among recovered COVID-19 patients, the serum live virus geometric mean Omicron NAb titer was statisti-
cally significantly higher among BNT162b2 recipients compared to non-vaccinated individuals (85.4 vs 5.6,
P < 0.0001). The Omicron seropositive rates in live virus NAb test (NAb titer �10) were statistically significantly
higher among BNT162b2 (90.6% [29/32];P < 0.0001) or CoronaVac (36.7% [11/30]; P = 0.0115) recipients when
compared with non-vaccinated individuals (12.3% [9/73]). Subgroup analysis of CoronaVac recipients showed that
the Omicron seropositive rates were higher among individuals with two doses than those with one dose (85.7% vs
21.7%; P = 0.0045). For the surrogate NAb assay, a cutoff of 109.1 AU/ml, which is 7.3-fold higher than the man-
ufacturer’s recommended cutoff, could achieve a sensitivity and specificity of 89.5% and 89.8%, respectively, in
detecting Omicron NAb.

Interpretation Among individuals with prior COVID-19, one dose of BNT162b2 or two doses of CoronaVac could
induce detectable serum Omicron NAb. Our result would be particularly important for guiding vaccine policies in
countries with COVID-19 vaccine shortage.
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Research in context

Evidence before this study

SARS-CoV-2 Omicron variant has become the dominant
variant circulating globally in late 2021/early 2022. The
main aim of this study is to assess the neutralizing antibody
against the Omicron variant among individuals with prior
COVID-19. We searched PubMed without language restric-
tions on 4th February 2022 for articles using the terms
“COVID-19” or “SARS-CoV-2”, and “Omicron variant”, and
“neutralizing antibody”. Several studies assessed the neu-
tralizing antibody response against the Omicron variant
among recovered COVID-19 patients, but most did not
include sera collected more than 1 year post-infection.
Two studies included CoronaVac recipients who had prior
COVID-19. However, none assessed the difference between
one or two doses of CoronaVac among these recovered
individuals.

Added value of this study

We found that among individuals with prior COVID-19,
BNT162b2 or CoronaVac recipients had a higher geometric
mean neutralizing antibody titer and seropositive rate
against the Omicron variant than those without vaccina-
tion. One dose of BNT162b2 achieved detectable live virus
NAb against the Omicron, Beta and Delta variant for most
individuals with prior COVID-19. In contrast, individuals
with two doses of CoronaVac had a significantly better
NAb response than those with a single dose. Surrogate
NAb level correlate with live virus NAb titers, but a higher
cutoff of surrogate NAb level is required to predict a sero-
positive result in the live virus NAb assay.

Implications of all the available evidence

Our results showed that one dose of BNT162b2 or two
doses of CoronaVac would be sufficient to induce neu-
tralizing antibody activity against the Omicron variant
in the majority of recovered COVID-19 patients,
although the protective titer for Omicron variant is yet
to be determined. Our findings would be especially
important in countries where there is a shortage of
COVID-19 vaccines. Furthermore, as CoronaVac is used
in over 50 countries worldwide, our study could help
guide vaccination policies in such countries.
Introduction
The Coronavirus Disease 2019 (COVID-19) pandemic
has led to over 5.6 million deaths globally since first
reported in late 2019. Severe cases have overwhelmed
the healthcare system. COVID-19 vaccines have been
proven to be highly effective in clinical trials and in
post-marketing surveillance, especially against severe
disease.2

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) continues to circulate across the globe
due to the high prevalence of reinfection and vaccine-
breakthrough infections, which in turn are associated
with waning neutralizing antibody (NAb) titers among
COVID-19 patients or vaccine recipients.3�7 The persis-
tence of SARS-CoV-2 in the human population is also
contributed by the appearance of variants, especially
those designated as Variants of Concern (VOCs) by the
World Health Organization (WHO). VOCs are known
to be highly transmissible and able to partially evade
immunity induced by natural infection or vaccination.8

The Alpha and Delta variants have been associated with
more severe disease and higher transmissibility.9�11

The Beta variant can partially evade neutralizing anti-
bodies and poses a higher risk of reinfection,8,12,13 but is
outcompeted by the Alpha variant in competition
experiments.14 The combined effect of enhanced trans-
missibility and partial immune escape make it difficult
to control the pandemic even when the population is
immune to the previously circulating variants.15

The recently emerged Omicron variant, first found
in South Africa, Botswana, and Hong Kong in Novem-
ber 2021,16 has spread at an unprecedented speed, with
a doubling time of only 2�3 days.17 The household
transmission risk is higher for the Omicron variant
compared to the Delta variant,18 and the Omicron vari-
ant has been observed to be transmitted between travel-
ers in a quarantine hotel in Hong Kong without any
apparent direct contact.16 As the Omicron variant car-
ries numerous mutations at the spike protein receptor
binding domain (RBD) which is the main target of neu-
tralizing antibodies, there is a concern that this variant
can evade humoral immunity induced by natural SARS-
CoV-2 infection or COVID-19 vaccine. Recent studies
have shown that sera collected from vaccine recipients
of different platforms have poor NAb titers against the
Omicron variant.19�25 Preliminary analysis showed that
vaccine effectiveness against symptomatic diseases
caused by the Omicron variant is lower compared to
Delta variant.26,27 A retrospective analysis in South
Africa showed that the Omicron variant was associated
with an increased risk of reinfection.28

As there are already over 280 million confirmed
COVID-19 cases worldwide and seroprevalence studies
www.thelancet.com Vol 79 Month May, 2022
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suggest that the true number of infected individuals can
be much higher,29�31 there is an urgent need to assess
the risk of recovered COVID-19 patients from reinfec-
tion by the Omicron variant. Hence, in this study, we
assessed the serum neutralizing activity against Omi-
cron variant among recovered patients. In particular, we
compared the NAb titers against the Omicron variant
(Omicron NAb) between individuals without vaccina-
tion and those who received BNT162b2 (Pfizer-BioN-
tech) or CoronaVac (SinoVac) vaccines after recovery
from COVID-19. For CoronaVac recipients, we com-
pared the NAb titer after 1 and 2 doses. We also deter-
mined the utility of a commercially-available surrogate
NAb assay on the prediction of Omicron NAb.
Methods

Human subjects
This is a part of a prospective study conducted at Queen
Mary Hospital and Princess Margaret Hospital in Hong
Kong. We included patients who had RT-PCR con-
firmed SARS-CoV-2 infection. These patients were ini-
tially hospitalized for COVID-19 between January 2020
and February 2021. We excluded patients if they were
aged 17 years or younger, or if serial specimens were
not collected. Serial blood samples were collected dur-
ing follow-up visit at out-patient clinics. Some patients
in the vaccinated cohort were included in our previous
study.32 Under elimination strategy, all individuals with
laboratory-confirmed COVID-19 are isolated in hospi-
tals. For asymptomatic patients, the day of hospitaliza-
tion was used as the date of symptom onset.
Ethics statement
Written informed consent was obtained from all
recruited patients. The Institutional Review Board of
the University of Hong Kong/Hospital Authority Hong
Kong West Cluster (UW 13�265 and UW 21�214) and
the Kowloon West Cluster REC (KW/EX-20-038
[144�26]) have approved this study.
Viral culture
Viral culture was performed in a biosafety level 3 facility
as we described previously.19 Briefly, TMPRSS2-
expressing VeroE6 (VeroE6/TMPRSS2) cells (JCRB
Cat#JCRB1819; RRID:CVCL_YQ49) were seeded with
100 mL of minimum essential medium (MEM) (Gibco�,
Thermo Fisher Scientific; Cat#11095) with 10% fetal
bovine serum (FBS) and 5 mg/mL G418 (Gibco�,
Thermo Fisher Scientific; Cat# 10131027) at 4 £ 104

cells in 96-well plate (TPPTM 96-Well, Cell Culture-
Treated, Flat-Bottom Microplate; Cat#92096). The
plates were incubated at 37 °C in a carbon dioxide incu-
bator until confluence for inoculation. Each well was
inoculated with 30 mL of clinical specimen. One hour
www.thelancet.com Vol 79 Month May, 2022
after incubation, the clinical specimen was removed
and cells were replenished with 100 mL of MEM
medium with 1% FBS, 100 U/ml penicillin-streptomy-
cin (Gibco�, ThermoFisher Scientific; Cat# 15140122),
100 U/ml of nystatin (Gibco�, ThermoFisher Scientific;
Cat# 15340029), and 25 mM HEPES (Gibco�, Thermo-
Fisher Scientific; Cat# 15630080). The cells were incu-
bated at 37 °C with 5% CO2 and observed 2,3 times per
day for virus-induced cytopathic effect (CPE). Cultures
with more than 50% virus-induced cytopathic effect
were expanded to large volume in VeroE6/TMPRSS2
cells with the same culture condition. The 50% tissue
culture infective doses (TCID50) were determined in
VeroE6/TMPRSS2 cells.

The whole genome sequence of the culture isolates
was determined using nanopore sequencing (Oxford
Nanopore Technologies) in our previous studies.12,19

The SARS-CoV-2 ancestral virus isolate belong to a line-
age A virus (GISAID accession number: EPI_-
ISL_434571). The three variants included a Beta variant
isolate (GISAID accession number: EPI_ISL_2423556),
a Delta variant isolate (GISAID accession number:
EPI_ISL_3221329), and an Omicron variant BA.1 isolate
(GISAID accession number EPI_ISL_7138045).
Live virus neutralization antibody assays
Live virus NAb assay was performed on VeroE6/
TMPRSS2 cells and the live virus NAb titer was deter-
mined as we described previously.19 Briefly, serum sam-
ples were heat inactivated at 56 °C for 30 min and were
serially diluted in 2-folds with MEM containing 1%
FBS. Duplicates of each diluted serum were mixed with
a SARS-CoV-2 virus isolate to reach final concentration
of 100 TCID50 per 100 µl of serum-virus mixture and
were incubated at 37 °C for 1 h. After incubation, the
100 mL of the serum-virus mixture was then added to
VeroE6/TMPRSS2 cells that were seeded in 96-well
plates 24 h before infection. The cells were incubated
with the mixture at 37 °C. After incubation for 3 days,
CPE was examined (Supplementary Fig. S1). The live
virus NAb titer was determined as the highest dilution
with 50% inhibition of CPE. A live virus neutralizing
antibody titer of �10 was considered positive. For statis-
tical analysis, a value of 5 was assigned if the live virus
neutralizing antibody titer is <10.
Surrogate neutralizing antibody and binding antibody
assays
Commercially available RBD IgG, spike IgM, N IgG, N
IgM and surrogate NAb assay used in this study are
listed in Supplementary Table S1.33
Statistical analysis
All statistical analysis was performed using SPSS 26.0
(IBM SPSS Statistics; RRID:SCR_019096) or
3



Figure 1. Long term antibody kinetics in 73 non-vaccinated recovered COVID-19 patients.
(a) Each black dot represents a serum sample from a recovered patient. The thick blue line represents the best fit curve whereas

the surrounding blue area represents the 95% confidence interval. Horizontal green dotted line represents either the limit of detec-
tion or the cutoff recommended by the manufacturer. For the purpose of calculating the trend, we have excluded one outlier for
spike IgM, and 4 outliers for RBD IgG. The p-values for selecting the best fit curves for each dataset are given in Supplementary Table
S2. Abbreviations: N, nucleoprotein; NAb. Neutralizing antibody; PSO, post-symptom onset; RBD, receptor binding domain; S/C: sig-
nal-to-cutoff ratio.

(b) Antibody titers at different periods. For x-axis, the median interval between symptom onset and sample collection of the 2
months, 6 months and 12 months time points are 61 days, 184 days and 376 days. The thick black horizontal line indicates the geo-
metric mean. Statistical analysis was performed using Kruskal-Wallis test. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001.

(c) Comparison of seropositive rate between live virus neutralizing antibody, surrogate neutralizing antibody, and binding anti-
body assays. For live virus neutralizing antibody assay, a serum specimen is considered to be seropositive if the neutralizing anti-
body titer was �10.

Articles

4

GraphPad Prism 9.3.1.471 for Windows (GraphPad
Software, San Diego CA, USA. RRID:SCR_002798).
For the longitudinal analysis of antibody results in
Figure 1, a best fit curve was computed and overlaid on
each plot. We tested whether the data fit a linear model,
a one phase decay model, a two phase decay model, or a
second order polynomial model, and chose the best
model via an extra sum-of-squares F test as described.34

We performed pairwise comparisons of all models, with
the assumption that the data followed either a model
specified by the null hypothesis or one specified by an
alternate hypothesis. When the P value could be explic-
itly computed, we picked the null hypothesis when
P � 0.05, or the alternate hypothesis when P < 0.05.
For scenarios when it was not possible to compute the P
value, we retained the simpler model. The results are
summarized in Supplementary Table S2.

For the purpose of statistical analysis, a live virus
NAb titer of <10 was considered as 5, and log-trans-
formed titers were used for the calculation of statistical
www.thelancet.com Vol 79 Month May, 2022
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differences. Fisher’s exact test was used in assessing
proportions and Mann Whitney U test was used to com-
pare continuous variables between two groups. The
non-parametric ANOVA Kruskal Wallis test or
Friedman’s test were used in comparing the three
patient groups (non-vaccinated, BNT162b2 recipient,
CoronaVac recipient) or the four viruses (ancestral
virus, Beta variant, Delta variant, Omicron variant). Cor-
relation of antibody titers were determined using Spear-
man rho. Receiver operating characteristic (ROC) curve
analysis was performed to determine the optimal cutoff
for the surrogate NAb assay. We chose the cutoff which
maximized the summation of sensitivity and specific-
ity.35 Multivariate analysis was performed using back-
ward stepwise multivariate regression analysis, and
included variables with a P value of <0.1 in the univari-
ate analysis. A P value of <0.05 was considered to be
statistically significant.
Role of funding source
The funding source had no role in the study design,
data collection, data analysis, interpretation, or writing
of the manuscript.
Results

Antibody kinetics of recovered COVID-19 patients prior
to vaccination
First, we assessed the antibody kinetics of 73 recovered
COVID-19 adult patients without SARS-CoV-2 vaccina-
tion during the time of serum sample collection (Sup-
plementary Table S3). Serial samples were collected
from each patient at about 2 months (median: 61 days;
interquartile range [IQR]: 50�70 days), 6 months
(median: 184 days, IQR: 176�199 days) and 12 months
(median: 376 days, IQR: 369�433 days) post symptom
onset (PSO). For all antibody assays, there was a general
trend in decreasing antibody titers except for live virus
NAb against the Beta variant (Figure 1a). The decline of
live virus NAb titers against the ancestral virus and the
Delta variant, the surrogate NAb titer and the levels of
IgG against RBD occurred mainly during the first few
months after symptom onset. There was a statistically
significant decrease in live virus NAb titers against the
ancestral virus at 6 or 12 months when compared with
2 months (Figure 1b). However, there was no significant
difference in the live virus NAb titer against the Beta or
Delta variants among the 3 times periods, likely because
many of the samples had NAb titer below the detection
threshold. There was a significant decrease in the levels
of surrogate NAb and all IgM or IgG when compared
with previous time periods.

For live virus NAb assay, 94.5% (69/73) of serum
specimens at 2 months PSO had a detectable NAb
against the ancestral virus, but has decreased to 80.8%
www.thelancet.com Vol 79 Month May, 2022
(59/73) at 12 months PSO (Figure 1c). However, the per-
centage of serum specimens with detectable NAb
against the Beta and Delta variants were similar for all 3
periods. Notably, the seropositive rate of RBD IgG
remained >90% throughout all time periods, but the
seropositive rate of IgM against spike and N protein
were particularly low.
BNT162b2 and CoronaVac enhanced the neutralizing
antibody response against the Omicron variant in
recovered COVID-19 patients
Next, we determined the serum live virus NAb titers
against ancestral virus and different variants among
non-vaccinated individuals and those who have received
BNT162b2 or CoronaVac after recovery from COVID-
19. The vaccinated group consisted of a total of 62
patients, including 32 who received BNT162b2 and 30
who received CoronaVac (Supplementary Table S3).
The serum specimens in the vaccinated group were col-
lected at a median of 386 days PSO (IQR 368�458
days), which was not statistically significantly different
from the collection date for the “12-month” sample for
the non-vaccinated group (P = 0.1456; Mann Whitney U
test). There was no statistically significant differences in
the age, sex, disease severity and comorbidities between
the 62 vaccinated and the 73 non-vaccinated individuals.
There was no statistically significant difference in the
median days after the first dose of vaccine between
BNT162b2 and CoronaVac (34 days [IQR: 26-57] vs
42.5 days [IQR: 29-56], P = 0.3602, Mann Whitney U
test).

BNT162b2 and CoronaVac recipients had signifi-
cantly higher geometric mean NAb titer against ances-
tral virus, Beta variant and Delta variant than those of
non-vaccinated individuals (Figure 2a�c). BNT162b2
recipients also had significantly higher geometric mean
Omicron NAb titer than those of non-vaccinated indi-
viduals (85.4 vs 5.6, P < 0.0001; Kruskal-Wallis test)
(Figure 2d). CoronaVac recipients had a higher geomet-
ric mean NAb titer against Omicron variant than the
non-vaccinated individuals, though not reaching statisti-
cal significance (8.5 vs 5.6, P = 0.1171; Kruskal-Wallis
test) (Figure 2d). The seropositive rates for live virus
NAb against ancestral virus and all variants were signifi-
cantly higher for either BNT162b2 or CoronaVac recipi-
ents than those for non-vaccinated individuals (Table 1).
In particular, there was a large difference in the seropos-
itive rate for live virus Omicron NAb between the vacci-
nated (BNT162b2, 90.6% [29/32]; CoronaVac, 36.7%
[11/30]) and non-vaccinated individuals (12.3% [9/73])
(BNT162b2 vs non-vaccinated, P < 0.0001; CoronaVac
vs non-vaccinated, P = 0.0115; Fisher’s exact test). Uni-
variate analysis showed that receiving BNT162b2 is sta-
tistically significantly associated with detectable NAb
(P < 0.001; Fisher’s exact test), and multivariate analy-
sis confirmed that receiving BNT162b2 was the only
5



Figure 2. Comparison of live virus neutralizing antibody titer against ancestral virus and variants between recovered COVID-19
patients who are non-vaccinated (n = 73) and those who have received BNT162b2 (n = 32) or CoronaVac (n = 30). (a) Ancestral virus;
(b) Beta variant; (c) Delta variant; (d) Omicron variant. The serum specimens were for all groups were collected at a median of 12
months post-symptom onset. Thick black horizontal bars indicate the geometric mean neutralizing antibody titer. Horizontal dotted
line represents the limit of detection for the live virus neutralizing antibody assay. Statistical analysis was performed using Kruskal-
Wallis test. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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factor that is independently associated with NAb sero-
positivity against the Omicron variant (P < 0.001; mul-
tivariate logistic regression) (Table 2).

For non-vaccinated individuals, there were statisti-
cally significant reduction in live virus NAb against Beta
(2.7-fold reduction, P < 0.0001, Friedman test), Delta
(1.7-fold reduction, P = 0.0063, Friedman test) or Omi-
cron variant (4.7-fold reduction, P < 0.0001, Friedman
test) when compared with those against the ancestral
virus (Figure 3a). For both BNT162b2 and CoronaVac
recipients, there was also a statistically significant reduc-
tion in the geometric mean NAb titer between ancestral
virus and Omicron variant (BNT162b2: 9.7-fold reduc-
tion, P < 0.0001; CoronaVac: 9.4-fold reduction;
P < 0.0001, Friedman test) (Figure 3b and c). However,
there was no statistically significant difference in the
www.thelancet.com Vol 79 Month May, 2022



Non-vaccinated
(n = 73)

BNT162b2
recipient (n = 32)a

P valueb

(BNT162b2 vs
non-vaccinated)

CoronaVac
recipient (n = 30)c

P valueb (CoronaVac vs
non-vaccinated)

Ancestral virus 59 (80.8) 32 (100) 0.0049 30 (100) 0.0090

Beta variant 36 (49.3) 31 (96.9) <0.0001 29 (96.7) <0.0001

Delta variant 48 (65.8) 31 (96.9) 0.0004 30 (100) <0.0001

Omicron variant 9 (12.3) 29 (90.6) <0.0001 11 (36.7) 0.0115

Table 1: Seropositive rate of live virus neutralization antibody assay against ancestral virus and different variants Data expressed as no.
(%).

a Overall, serum specimens were collected at a median of 34 days (Interquartile range [IQR]: 26�57 days) after the 1st dose of BNT162b2. Among the 30

patients who received only 1 dose of BNT162b2, the serum specimens were collected at a median of 33 days (IQR: 26�51 days) after the 1st dose of BNT162b2.
b Fisher’s exact test
c Overall, serum specimens were collected at a median of 42.5 days (IQR]: 29-56 days) after the 1st dose of CoronaVac. Among the 23 patients who received

only 1 dose of CoronaVac, the serum specimens were collected at a median of 38 days (IQR: 27�51 days) after the 1st dose of CoronaVac. Among the 7 patients

who received 2 doses of CoronaVac, the serum specimens were collected at a median of 55 days (IQR: 53�68 days) after the 1st dose of CoronaVac.

Neutralization Ab titer P valuea

<10 (n = 22) �10 (n = 40) Univariate analysis Multivariate analysis

Demographics

Age in years, median (range) 53 (21-85) 57 (23-76) 0.073 0.083

Female sex, no. (%) 11 (50.0) 22 (55.0) 0.793 N/A

Disease severities

Require oxygen supplementation 3 (13.6) 3 (7.5) 0.657 N/A

Admitted to intensive care unit 1 (4.5) 1 (2.5) 1.000 N/A

Comorbidities

Hypertension 2 (9.1) 7 (17.5) 0.471 N/A

Chronic heart disease 0 (0) 2 (5.0) 0.535 N/A

Chronic lung disease 0 (0) 2 (5.0) 0.535 N/A

Chronic liver disease 0 (0) 3 (7.5) 0.546 N/A

Chronic kidney disease 0 (0) 0 (0) N/A N/A

Neurological disorders 2 (9.1) 2 (5.0) 0.610 N/A

Diabetes mellitus 4 (18.2) 2 (5.0) 0.174 N/A

Malignancy 2 (9.1) 1 (2.5) 0.285 N/A

Connective tissue disease 0 (0) 1 (2.5) 1.000 N/A

None 14 (63.6) 22 (55.0) 0.596 N/A

Vaccination type

CoronaVac 19 (86.4) 11 (27.5) <0.001 <0.001

BNT162b2 3 (13.6) 29 (72.5)

Table 2: Factors associated with detectable neutralizing antibody activity against the Omicron variant among the 62 vaccinated
individuals.
N.A, not applicable

a Mann Whitney U test was used for continuous variables. Fisher’s exact test was used for categorical variables.

Articles
geometric mean NAb titer between the ancestral virus
and Beta or Delta variants for either BNT162b2 or Coro-
naVac recipients.
Comparison of neutralizing antibody activity against
Omicron variant between one and two doses of
vaccine
Among the 30 CoronaVac recipients, 23 received one
dose while 7 received two doses. The geometric mean
www.thelancet.com Vol 79 Month May, 2022
NAb titer was significantly higher among individuals
with 2 doses than those with 1 dose (18.1 vs 6.8;
P = 0.0018; Mann Whitney U test) (Figure 4a). The
seropositive rate for Omicron NAb was significantly
higher for patients who had received two doses com-
pared to patients who had received one dose (85.7% [6/
7] vs 21.7% [5/23], P = 0.0045; Fisher’s exact test)
(Figure 4b). For BNT162b2, 90.6% (29/32) recipients
had detectable NAb against Omicron variant. However,
due to the small number of patients who received two
7
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doses of BNT162b2 vaccines (n = 2), we could not deter-
mine whether two doses of BNT162b2 vaccine was
superior to one dose.
Correlation between surrogate neutralizing antibody
and live virus neutralizing antibody assays
Surrogate NAb assay is a commonly used commercially
available antibody assay for the determination of NAb
levels since it has better correlation with live virus NAb
titer than that for other binding antibody assays.36 How-
ever, currently available commercial surrogate NAb
assays were designed based on the ancestral SARS-CoV-
2 RBD, and therefore may not be suitable for variants
with RBD mutations. Here, we compared the surrogate
NAb levels with the live virus NAb titers against the
ancestral virus or the Omicron variant among the 135
recovered patients with or without COVID-19 vaccine.
Surrogate NAb level positively correlated with live virus
NAb titer against ancestral virus (Spearman rho=0.908;
95% confidence interval [95% CI], 0.871�0.934;
P < 0.0001) (Figure 5a) or Omicron variant (Spearman
rho=0.797 [95% CI, 0.724�0.853]; P < 0.0001)
(Figure 5b). Using the surrogate NAb manufacturer’s
cutoff of 15 AU/ml, the sensitivity of surrogate NAb for
live virus NAb assay was 86.0% (95% CI, 78.7�91.0)
and 100% (95% CI, 92.7�100) for ancestral virus and
Omicron variant, respectively; while the specificity was
92.9% (95% CI, 68.5�99.6) and 34.9% (95% CI,
25.7�45.4) for the corresponding viruses.

In the ROC curve analysis, the surrogate NAb had
similar area under the ROC curve (AUC) for ancestral
virus (0.959 [95% CI, 0.916�1.000]) and Omicron vari-
ant (0.961 [95% CI, 0.931�0.990]) (Figure 5c and d).
For ancestral virus, a surrogate NAb of 11.73 AU/ml
have a sensitivity of 92.9% (95% CI, 68.5�99.6) and a
specificity of 93.4% (95% CI, 87.5�96.6), which is sim-
ilar to the manufacturer’s cutoff of 15 AU/ml. For Omi-
cron variant, a surrogate NAb cutoff of 109.1 AU/ml,
which is 7.3 times higher than the manufacturer’s rec-
ommended cutoff, could achieve a sensitivity of 89.5%
(95% CI, 81.3�94.4) and a specificity of 89.8% (95%
CI, 78.2�95.6).
Discussion
In this study that included patients previously infected
in 2020 or early 2021, only 12.3% of 73 non-vaccinated
recovered COVID-19 patients had detectable NAb
against the Omicron variant. In contrast, at a median of
33 days after just one dose of BNT162b2, Omicron NAb
could be detected in 92.3% of recovered COVID-19
patients. For CoronaVac, Omicron NAb could be
detected in 21.7% and 85.7% of individuals after 1 (at a
median of 38 days after 1st dose) and 2 doses (median
55 days after 1st dose), respectively. As we have included
patients from different adult age groups and disease
www.thelancet.com Vol 79 Month May, 2022



Figure 4. Comparison of live virus neutralizing antibody activity against the Omicron variant between one (n = 23) and two doses
(n = 7) of CoronaVac. (a) Comparison of live virus neutralizing antibody titer against the Omicron variant. Horizontal bars indicate
the geometric mean neutralizing antibody titer. Horizontal dotted line represents the limit of detection for the live virus neutralizing
antibody assay. Mann Whitney U test was used for the statistical analysis. (b) Comparison of seropositive rate for Omicron variant. A
neutralizing antibody titer of �10 was considered as seropositive. Fisher’s exact test was used for the statistical analysis.
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severity, our data are representative of the wider popula-
tion. Our study concurs with previous studies which
showed that boosting with vaccination greatly enhanced
Omicron NAb titers among recovered COVID-19
patients.23,25,37�40 However, these studies mainly
assessed 2 doses of vaccines among the recover COVID-
19 patients, and only few have assessed the NAb titer
with CoronaVac.39,40 Since NAb titers have a positive
correlation with protection from reinfection or vaccine
breakthrough infection in both human and animal stud-
ies,41�44 vaccination in recovered COVID-19 patients
will likely reduce the risk of reinfection by the Omicron
variant or other variants.

BNT162b2 and CoronaVac are two of the most com-
monly administered COVID-19 vaccine worldwide.45,46

We showed that recovered patients developed much bet-
ter NAb response after boosting with BNT162b2 com-
pared to boosting with CoronaVac. This is consistent
with previous studies which showed a weaker NAb
response among recipients of inactivated vaccines com-
pared to mRNA vaccines.19,24,32,39,40,47 However, we did
not assess the T cell response, which may be important
for the prevention of severe disease. Gilbert et al. has
shown that COVID-19 vaccine efficacy of an mRNA vac-
cine was 51% even when NAb titer was undetectable,
and estimated that NAb mediated only two-thirds of the
vaccine efficacy.41 Previous studies have shown that
CoronaVac can induce a broad T cell response against
both ancestral virus and VOCs, but there is conflicting
data on whether CoronaVac or BNT162b2 can induce
www.thelancet.com Vol 79 Month May, 2022
higher CD4+ and CD8+ T cell responses to structural
proteins.48,49,54 Despite the relatively lower NAb titers
against the Omicron variant, the inactivated vaccines
may still offer protection against the Omicron variant,
especially against severe disease.

In the non-vaccinated cohort, there was a 2.7-fold
and 1.7-fold reduction in NAb against Beta and Delta
variants when compared with ancestral virus, respec-
tively. However, in the vaccinated cohort, there was no
statistically significant difference in the live virus NAb
titers between ancestral virus and the Delta variant, and
there was a <2-fold difference between the ancestral
virus and the Beta variant. This suggest that vaccination,
either by mRNA or inactivated whole-virion vaccine, can
increase the breadth of antibody response against heter-
ologous virus. This may be due to the somatic hypermu-
tation and affinity maturation in the memory B cell
population after natural infection. Dan et al. has shown
that spike-specific memory B cells were more abundant
at 6 months than at 1 month PSO.34 Upon vaccination,
high potency matured antibody targeting conserved
regions of the RBD are rapidly generated, similar to the
situation for COVID-19 naÿve subjects with 3 doses of
vaccines.50 However, it should be noted that there is still
a large difference between the ancestral virus and the
Omicron variant (11.6-fold for BNT162b2; 9.8-fold for
CoronaVac), which suggests that the memory B cell eli-
cited by prior infection may not cross react with the
Omicron variant as well as for Beta or Delta variant.
Unlike the Beta and Delta variant, the Omicron variant
9



Figure 5. Correlation between surrogate neutralizing antibody level and live virus neutralizing antibody titer. (a, b) Correlation
between surrogate neutralizing antibody titer and live virus neutralizing antibody titer against ancestral virus (a) and the Omicron
variant (b). (c, d) Receiver operating characteristic curve analysis for ancestral virus (c) and the Omicron variant (d). The data points
included the serum specimens collected at approximately 12 months post-symptom onset from the 135 recovered COVID-19
patients.
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contains many more mutations at the RBD which can
affect antibody binding.51

Since live virus NAb assay for SARS-CoV-2 can only
be conducted in biosafety level 3 laboratories, most labo-
ratories determine the antibody titer using commercial
binding antibody assays or surrogate NAb assay. Surro-
gate NAb assays are based on antibody-mediated block-
age of the interaction between the spike RBD and
human ACE2 receptor.36 Currently available commer-
cial surrogate NAb assays are based on the ancestral
virus spike RBD. Previous studies showed that surro-
gate NAb levels showed good correlation with live virus
NAb titers against the homologous ancestral virus.33,36

Here, we also showed a good correlation between the
surrogate NAb with the Omicron variant. Furthermore,
we demonstrated that the surrogate NAb assay can have
a high sensitivity and specificity for the detection of
NAb against the Omicron variant if we choose an appro-
priate cutoff.
RBD IgG has the highest seropositive rate at all time
points, while all other antibody assays have poor sensi-
tivity for determining past infection beyond 6 months.
Our results agree with those presented by Peluso et al.,
who showed that RBD IgG sensitivity remains very
high at 6 months post infection.52 Therefore, anti-RBD
IgG is a reliable assay to determine the burden of infec-
tion in non-vaccinated populations.

There are several limitations in this study. First, we
included only adult patients in this study. Children and
adolescents have a distinct humoral immune response
from adults,24,53 and the results obtained from adult
patients may not be applicable to pediatric patients. Sec-
ond, we have not assessed the waning of antibodies after
vaccination. Peng et al. showed that there is waning of
humoral and T cell immunity at three months after the
second dose of vaccination for both BNT162b2 and
CoronaVac among individuals without prior infection.54

Further studies are required to assess waning of
www.thelancet.com Vol 79 Month May, 2022
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immunity for vaccinees with prior infection. Third,
we do not know the virus lineage causing the infec-
tion in these recovered individuals. However, they
were unlikely infected with either the Beta or Delta
variant, as these variants were first detected in Hong
Kong after these patients were admitted. Fourth,
since the NAb titer against the Omicron variant fell
below the detection limit for many serum specimens,
the fold reduction between the ancestral virus and
the Omicron variant may be underestimated. Fifth,
due to the small sample size, we could not perform
subgroup analysis to determine the demographic or
clinical factors associated with NAb titers. Finally,
we were not able to perform a meaningful compari-
son between one and two doses of BNT162b2 among
recovered COVID-19 patients, as there were only two
patients in the BNT162b2 group who have received
two doses.

COVID-19 vaccination is critical in preventing rein-
fection by the Omicron variant, which is now dominant
in many parts of the world. Although high-income
countries are already recommending 3 doses of COVID-
19 vaccines, there is a shortage of COVID-19 vaccines
especially among developing countries. At the time of
writing, the percentage of population who received at
least 1 dose of COVID-19 vaccine is still below 20% in
most African countries.55,56 One possible strategy to
optimize vaccine usage in these countries is to use one
dose instead of two or three doses among recovered
patients. Our results suggest that although one dose of
BNT162b2 is sufficient to induce neutralizing antibody
against the Omicron variant, two doses of CoronaVac
are required.
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