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Summary
Background Vaccination reduces COVID-19-related hospitalization among older adults. However, how SARS-CoV-2
infection and vaccine regimens affect vaccine-elicited immunity remain unclear.

Methods This is a cross-sectional study recruiting adults aged ≥70 years with comorbidities in Hong Kong.
Demographic and clinical information were collected using a questionnaire. Neutralizing antibody (nAb) titers
(against ancestral and Omicron strains) and SARS-CoV-2-specific T cell response were analyzed according to
infection and vaccination status. Multivariable regression analysis was performed to assess the associations of
BNT162b2 and booster doses with higher nAb titers, with adjustment for comorbidities.

Findings In July 2022, 101 patients were recruited, of whom 25 (24%) had previous infection. Overall, the geometric
mean titer (GMT) of BA.5 nAb was 2.8-fold lower than that against BA.2 (P < 0.0001). The ancestral strain and BA.2
titers were higher for the 3-4-dose-BNT162 group than the 2-dose-BNT162b2 group. Non-infected individuals in the
3-4-dose-CoronaVac group had a more robust T cell response than the 2-dose-CoronaVac group (P = 0.0181), but
there was no significant difference between the 2-dose-BNT162b2 and 3-4-dose-BNT162b groups. Patients who
had heterologous CoronaVac-BNT162b2 prime-boost regimen had 3.22-fold higher BA.5 nAb titers than those
who were primed/boosted with CoronaVac (P = 0.0207). Patients with hybrid immunity had higher Omicron nAb
titers than those with vaccine-only immunity. Multivariable analysis showed that BNT162b2 and booster doses
were independently associated with higher ancestral strain nAb titers.
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Interpretation Our data support the use of booster doses for older adults with or without prior infection. Non-infected
individuals primed with CoronaVac will benefit from heterologous mRNA vaccine booster.
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Research in context

Evidence before this study
Both mRNA and inactivated whole virion vaccine are effective
in preventing severe COVID-19 complications among older
adults. We searched PubMed without language restrictions on
15th August 2022 for articles using the terms “COVID-19” or
“SARS-CoV-2” and the terms “vaccine”, “booster”, “hybrid
immunity”, “mRNA vaccine”, or “inactivated whole virion
vaccine”. Booster doses could enhance neutralizing antibody
(nAb) titer and showed improve protection against
hospitalization. However, most of these studies did not
include patients receiving inactivated whole virion vaccine,
which is used widely worldwide. Furthermore, most of these
studies did not stratify their analysis based on infection
status. Another limitation of previous studies was that BA.5
strain was not included in their nAb assay.

Added value of this study
We have systematically compared the effect of vaccine
doses and vaccine types on humoral and cellular immunity,

and stratified the analysis based on infection status.
Furthermore, we compared the effect of hybrid immunity
with vaccine-only immunity with the same number of
exposures to SARS-CoV-2 antigens (S protein). We found
that among non-infected patients, booster doses of vaccine
was superior to 2 doses for nAb for Omicron variant,
including BA.5 sublineage. Patients primed with CoronaVac
and boosted with BNT162b2 had similar nAb titer as those
with 3 doses of BNT162b2. Hybrid immunity induced
higher nAb titers than vaccine only immunity for those
with same number of exposures.

Implications of all the available evidence
Our data support the use of booster doses of vaccine for
older adults. Patients who have completed the primary
series with inactivated whole virion vaccine can have high
nAb titers and T cell response after boosting with mRNA
vaccine.
Introduction
Coronavirus disease 2019 (COVID-19) was associated
with an estimated 18.2 million deaths between 2020 and
2021.1 Older adults, especially those with comorbidities,
are at particularly high risk of severe disease.2 In Hong
Kong, the case-fatality rate was 15.3-fold higher for the
age group 80 years or above, and 2.4-fold higher for the
70–79 year-old age group, than the overall rate during
the Omicron BA.2-dominant wave in early 2022.3

Vaccination, including mRNA and inactivated whole
virion vaccines, is highly effective in preventing severe
disease among older adults.4,5 However, several prob-
lems affect vaccine effectiveness among older adults.
First, the magnitude of nAb and T cell response elicited
by vaccination or infection are poorer among older
adults when compared with younger adults.6,7 Second,
waning of humoral immunity occurs after vaccination
or infection. The vaccine effectiveness of BNT162b2
(Pfizer) vaccine for individuals aged ≥65 years was
reduced from 80% at 1 month to 43% at 5 months after
full vaccination.8 Third, comorbidities are associated
with hyporesponsiveness and nondurable response to
COVID-19 vaccination.9 Furthermore, novel variants are
less susceptible to nAb induced by vaccination.3,10 The
Omicron sublineages BA.1 or BA.2 are >10-fold less
susceptible than ancestral strain to nAb elicited by
COVID-19 vaccines,10–13 while Omicron sublineage BA.5
is less susceptible than BA.2.13–16

Vaccine booster doses have been recommended to
compensate for poorer immune response among the
older adults.17 Patients with a single booster had a lower
risk of severe infection than those without any
boosters.18 Several studies focusing on older adults
found that a second booster dose reduce the risk of se-
vere disease.19–21 In a study by Munro et al., the anti-
spike IgG was significantly higher among patients
with two boosters than those with one booster, while
there was only a slight increase in T cell response.22

Apart from homologous booster in which patients
received the same vaccine for both priming and boost-
ing, studies have also assessed the effectiveness of het-
erologous booster, especially for patients who have been
primed with inactivated whole virion vaccine, such as
CoronaVac, which are known to induce lower levels of
www.thelancet.com Vol 88 February, 2023
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nAb. Patients with heterologous 3-dose regimen (2
doses of CoronaVac plus 1 dose BNT162b2) had better
response than 3 doses of CoronaVac against ancestral
virus and Omicron variant,23 and has similar protective
effectiveness against symptomatic infection as the ho-
mologous 3 dose BNT162b2 regimen among adults
aged over 60 years.24

Although studies have found that patients with
hybrid immunity (vaccination plus infection) can elicit
more potent and broader nAb than those with vaccine-
only immunity,14 most vaccine booster studies did not
differentiate patients with previous infection from those
who are infection naïve, and some excluded patients
with previous SARS-CoV-2 infection.18,22 To address
these limitations, this study determined the nAb titers
against ancestral virus and Omicron sublineages BA.2
and BA.5, and stratified our analysis to determine the
effect of booster doses, vaccine type, and hybrid
immunity.
Methods
Study design and participants
We did a cross-sectional study to investigate the hu-
moral and cellular immunity against SARS-CoV-2 in
older adults with comorbidities in Hong Kong. We
recruited patients who attended the medical out-patient
clinic of Queen Mary Hospital in Hong Kong for follow-
up of their chronic medical conditions from 12 to 27
July 2022. The research nurses randomly approached
patients at the clinic for recruitment. Patients were
eligible for inclusion if they were aged 70 years or above,
and had at least one chronic comorbid condition.
Exclusion criteria included refusal to provide written
informed consent, mental incapacity to provide written
informed consent, or unable to collect sufficient volume
of blood. We did not apply any selection criteria based
on the gender of the patient. The gender of the patient
was self-reported by the patient. On the day of recruit-
ment, we collected blood specimens for antibody and T
cell assays. We collected data on demographic, under-
lying comorbidities, vaccination history and COVID-19
infection history using a questionnaire or from the
electronic medical records. Data on body mass index
were not available. The primary endpoint was the pro-
portion of patients with detectable neutralizing anti-
bodies, while the secondary endpoints were neutralizing
antibody titer, and the effect of vaccine doses, vaccine
types and hybrid immunity on the neutralising antibody
titers.

Ethics
This study was approved by the Institutional Review
Board of the University of Hong Kong/Hospital Au-
thority of Hong Kong West Cluster (HKU/HA HKW
IRB) (Reference number: UW 22–328). Written
www.thelancet.com Vol 88 February, 2023
informed consent was obtained from all study
participants.

Definitions
Based on the definition from the World Health Orga-
nization, a patient was considered to have completed the
primary series of COVID-19 vaccine if they had received
at least 2 doses of BNT162b2 or CoronaVac.17 Patients
were classified as being previously infected with SARS-
CoV-2 if they had known positive RT-PCR or rapid an-
tigen test results; or tested positive for IgG against
SARS-CoV-2 nucleocapsid (N) protein in this study if
they had not received inactivated whole virion COVID-
19 vaccine previously. A patient is considered to have
received a dose if the blood specimen was collected at
least 7 days after the dose.

SARS-CoV-2-specific antibody and T cell assays
Conventional live virus neutralization test (cVNT)
was performed as described previously.3,11 The virus
strains tested included an ancestral virus (GISAID
accession number: EPI_ISL_434,571), an Omicron
sublineage BA.2.2 virus (GISAID accession number:
EPI_ISL_11,413,802) and sublineage BA.5.2 virus
(GISAID accession number: EPI_ISL_13,777,658). For
statistical analysis, a value of 5 was assigned if the cVNT
is < 10. A serum specimen was considered to be sero-
negative if cytopathic effect was seen at a dilution of
1:10.

IgG against SARS-CoV-2 spike protein receptor
binding domain (anti-RBD IgG) was performed using
the SARS-CoV-2 IgG II Quant assay (Abbott Di-
agnostics, Chicago, USA). Anti-N IgG was performed
using the iFlash-SARS-CoV-2 IgG assay (Shenzhen
YHLO Biotech Co. Ltd., Shenzhen, China). The manu-
facturer’s cutoff values for anti-RBD IgG and anti-N IgG
were 50.0 AU/ml and 10 AU/ml, respectively.

SARS-CoV-2-specific T cell response was measured
using a SARS-CoV-2 specific quantitative IFN-γ release
assay (IGRA) with whole blood following the manufac-
turer’s instructions (Wantai SARS-CoV-2 IGRA, Wantai
Biopharm, Beijing, China). The results were interpreted
according to the manufacturer’s recommendation.

Details of the antibody and T cell assays are provided
in the supplementary appendix.

Statistical analysis
Statistical analysis was performed using SPSS version
28.01.0 or GraphPad Prism 9.4.0. Fisher’s exact test and
Mann Whitney U test were used to compare categorical
and continuous variables, respectively, between infected
and non-infected groups. Chi-square for trend test was
used in determining the relationship between vaccine
doses and infection status. Multivariate analysis was
performed to control for confounding factors in the
comparison between infected and non-infected groups,
3
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and included all variables with a p value of <0.1 in the
univariate analysis. Sample size was based on feasibility.

Statistical analysis involving nAb titers were per-
formed using log-transformed nAb titers. One-way
ANOVA with Dunn’s multiple comparisons test was
used in assessing the difference in neutralizing titers
among ancestral strain and Omicron variants. We
assessed the distribution of log-transformed nAb titers
using the Shapiro–Wilk test, of which most were not
normally distributed, and thus applied the non-
parametric statistics for consistency of statistical tests
conducted and reporting. Multivariable regression
analysis was performed to assess the association of
BNT162b2 and booster doses with higher nAb titers
against ancestral strain, omicron variants, adjusting for
age, sex, hypertension, diabetes mellitus, heart disease,
malignancy, other endocrine disease, lung, liver disease,
neurological disease, kidney disease, autoimmune
disease, solid organ transplant, and haematological dis-
ease. Backward selection was used as the covariant
elimination strategy. A P value of <0.05 was considered
as statistically significant.

Role of the funding source
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.
Results
Patient characteristics
Between 12 and 27 July, 2022, 130 patients were
screened for inclusion, of whom 101 were recruited
(Table 1 and Supplementary Table S1). The median age
was 74 years, and 26.7% (27/101) were 80 years old or
above. 49.5% (50/101) were female. All patients were
ethnic Chinese. The most common comorbidities were
hypertension (69.3% [70/101]), diabetes mellitus (38.6%
[39/101]), and chronic heart disease (35.6% [36/101]).
97% (98/101) have received at least one dose of COVID-
19 vaccine, 94.1% (95/101) completed the primary vac-
cine series, and 69.3% (70/101) received at least 1
booster dose (≥3 doses). Among the 70 patients who
have received booster doses, 8 have received heterolo-
gous prime-boost regimen (7 primed with CoronaVac
and boosted with BNT162b2 [CoronaVac/BNT16b2]; 1
primed with BNT162b2 and boosted with CoronaVac
[BNT162b2/CoronaVac]).

Nineteen patients (18.8%) had a history of SARS-
CoV-2 infection that was confirmed with either
RT-PCR or rapid antigen test, and all were diagnosed
between February and May 2022. In addition, 6 of 82
patients (7.3%) who did not have a history of SARS-CoV-
2 infection or CoronaVac vaccination tested positive for
anti-N IgG. As anti-N IgG wanes rapidly within 3
months,25 these patients with anti-N IgG likely had
recent SARS-CoV-2 infection in 2022. In this study, we
classified all 25 of these patients as having previous
SARS-CoV-2 infection. These 25 patients were likely
infected with the Omicron variant because Omicron
variant, especially the BA.2, was the dominant SARS-
CoV-2 strain circulating in Hong Kong between
January and June 2022.3

When compared with previously infected patients,
non-infected patients were more likely to be younger
than 80 years old (67.1% [51/76] vs 92% [23/25];
P = 0.018; Fisher’s exact test), vaccinated (100% [76/
76] vs 88% [22/25], P = 0.0138; Fisher’s exact test),
completed the primary series of COVID-19 vaccine
(97.4% [74/76] vs 76% [19/25]; P=<0.003; Fisher’s
exact test) and more likely to have received more
doses of COVID-19 vaccines (P < 0.001; Chi square
for trend test) (Table 1). The proportion of female was
lower in the infected than the non-infected group, but
did not reach statistical significance (32% [8/25] vs
55.3% [42/76], P = 0.064; Fisher’s exact test]. Multi-
variate analysis showed that aged <80 years old
(P = 0.016) and higher number of vaccine doses
(P < 0.001) were independently associated with non-
infection.

Overall humoral and cellular immune response
NAb against BA.5 was detectable in 50.5% (51/101) of
the patients, which was significantly lower than that
against ancestral strain (85.1% [86/101]; P < 0.0001;
Fisher’s exact test) or BA.2 (81.2% [82/101]; P < 0.0001;
Fisher’s exact test) (Fig. 1A). Anti-RBD IgG was positive
in 94.1% (95/101) of patients (Supplementary Fig. S1).
SARS-CoV-2-specific T cell response, as determined by
IGRA, was positive in 84.2% (85/101) of patients
(Supplementary Fig. S1). Overall, 95.0% (96/101) had
detectable nAb against at least one of SARS-CoV-2
strains or a positive SARS-CoV-2 IGRA result.

The nAb titer against BA.5 was also the lowest
among the 3 SARS-CoV-2 strains tested. When all 101
patients were analyzed together, the nAb geometric
mean titer (GMT) against BA.5 was 6.23-fold and 2.80-
fold lower than those against ancestral strain and
BA.2, respectively (P < 0.0001; one-way ANOVA with
Dunn’s multiple comparisons test) (Fig. 1B). The nAb
GMT against BA.2 was 2.22-fold lower than that against
the ancestral strain (P = 0.0005; one-way ANOVA with
Dunn’s multiple comparisons test).

Effect of infection status on humoral and cellular
immune response
When stratified according to infection status, the nAb
GMT against BA.5 was also significantly lower than
those of BA.2 and ancestral strain for both non-
infected and previously infected patients (Fig. 1C
and 1D). However, there was a difference between
non-infected and previously infected patients for the
relative neutralization activity against BA.2 and
ancestral strain. While the nAb GMT against BA.2
www.thelancet.com Vol 88 February, 2023
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Total (n = 101) Non-infected (n = 76) Infecteda (n = 25) P value (infected vs
non-infected)

Demographics

Median age in years (interquartile range) 74 (72–80) 75 (72–81) 74 (72–77) 0.272

Aged 80 years or above 27 (26.7) 25 (32.9) 2 (8) 0.018

Sex 0.064

Male 51 (50.5) 34 (44.7) 17 (68)

Female 50 (49.5) 42 (55.3) 8 (32)

Chronic comorbidities

Hypertension 70 (69.3) 52 (68.4) 18 (72) 0.807

Diabetes mellitus 39 (38.6) 26 (34.2) 13 (52) 0.155

Cardiovascular disease 36 (35.6) 27 (35.5) 9 (36) 1.000

Malignancy 32 (31.7) 26 (34.2) 6 (24) 0.459

Other endocrine disease 29 (28.7) 21 (27.6) 8 (32) 0.799

Lung disease 24 (23.8) 16 (21.1) 8 (32) 0.286

Liver disease 21 (20.8) 15 (19.7) 6 (24) 0.777

Neurological disease 13 (12.9) 9 (11.8) 4 (16) 0.731

Kidney disease 12 (11.9) 10 (13.2) 2 (8) 0.725

Autoimmune disease 7 (6.9) 5 (6.6) 2 (8) 1.000

Solid organ transplant 4 (4.0) 2 (2.6) 2 (8) 0.255

Haematological disease 3 (3.0) 2 (2.6) 1 (4) 1.000

On immunosuppressive therapyb 8 (7.9) 5 (6.6)c 3 (12)d 0.405

COVID-19 vaccine history

Received at least 1 dose of COVID-19 vaccine 98 (97.0) 76 (100) 22 (88) 0.0138

Completed primary seriese 93 (92.1) 74 (97.4) 19 (76) 0.003

Received at least 1 booster dose 70 (69.3) 60 (78.9) 10 (40) 0.001

Number of vaccine doses

0 3 (3) 0 (0) 3 (12) <0.001i

1 5 (5) 2 (2.6) 3 (12)f

2 23 (22.8) 14 (18.4) 9 (36)g

3 62 (61.4) 53 (69.7) 9 (36)h

4 8 (7.9) 7 (9.2) 1 (4)

Type of vaccine

CoronaVac only 30 (29.7) 23 (30.3) 7 (28) 1.000

BNT162b2 only 60 (59.4) 47 (61.8) 13 (52) 0.618

At least one dose of BNT162b2 68 (67.3) 53 (69.7) 15 (60) 0.462

Both CoronaVac and BNT162b2j,k 8 (7.9) 6 (7.9) 2 (8) 1.000

a19 patients previously tested positive for SARS-CoV-2 with RT-PCR or rapid antigen test between February and May 2022; 6 patients did not have SARS-CoV-2 positive test
and did not receive CoronaVac but tested positive for anti-N IgG. bIncluded patients who were receiving the immunosuppressive therapy within 1 month before blood
collection. The immunosuppressive therapy included chemotherapy, tyrosine kinase inhibitor, janus kinase inhibitor, cyclosporine, mycophenolate mofetil, myophenolic acid,
tacrolimus. c1 transplant patient on immunosuppressants; 3 patients on chemotherapy or tyrosine kinase inhibitor for malignancy; 1 patient on Janus kinase inhibitor for
haematological disorder. d2 transplant patients on immunosuppressants; 1 patient is on chemotherapy for malignancy. eReceived at least 2 doses of BNT162b2 or
CoronaVac. fAll patients received COVID-19 vaccine before infection. gAmong 7 patients with known date of diagnosis, 6 received 2nd dose before infection. hAmong 8
patients with known date of diagnosis, all received 3rd dose after infection. iChi-square for trend test. jAmong seven patients who received CoronaVac for the first two
doses, six received one booster dose of BNT162b2, and one received two booster doses of BNT162b2. kOne patient received BNT162b2 for the first two doses, and then
one booster dose of CoronaVac.

Table 1: Characteristics of patients in this study.

Articles
was statistically significantly lower than that against
ancestral strain for non-infected patients (3.22-fold
reduction; P < 0.001; one-way ANOVA with Dunn’s
multiple comparisons test) (Fig. 1C), there was no
statistically significant difference between nAb titer
against BA.2 and ancestral strain for previously
infected patients (Fig. 1D).
www.thelancet.com Vol 88 February, 2023
Effect of booster vaccine on nAb and T cell response
Next, we assessed the effect of the number of vaccine
doses on antibody and T cell response (Fig. 2). Since
BNT162b2 is known to elicit higher titers of nAb than
CoronaVac and infection status can affect the nAb and T
cell response, we separated the analysis for the different
vaccine types. As there were very few patients who have
5
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Fig. 1: Comparison of neutralizing antibody seropositive rates (A) and titers (B–D) among different SARS-CoV-2 ancestral strain and
Omicron sublineages; stratified by infection status. All 101 study participants in this study were included in this figure. (A) Error bar indicates
95% confidence interval. P values were calculated using Fisher’s exact test. (B–D) Horizontal bars represent the geometric mean neutralizing
antibody titer, and the error bars indicate the geometric mean standard deviation. Horizontal dotted line indicates the limit of detection. P
values were calculated using Wilcoxon matched-pairs signed rank test. Fold-difference between the neutralization titer against different virus
strains are shown in bold.
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received only 1 dose of vaccine, we have excluded this
group from further analysis.

For non-infected individuals, the 3–4 dose-BNT16b2
group had significantly higher nAb titers against
ancestral strain (P = 0.0323; Mann–Whitney U test)
and BA.2 (P = 0.005; Mann–Whitney U test) than the
2-dose-BNT162b2 group. Furthermore, the 3-4-dose
CoronaVac group had significantly higher nAb titers
against ancestral strain (P = 0.0305; Mann–Whitney U
test) and more robust T cell activity (P = 0.0181; Mann–
Whitney U test) than 2-dose-CoronaVac group.

For previously infected individuals, the 3-4-dose-
BNT162b2 group had significantly higher nAb titers
against ancestral strain (P = 0.0079; Mann–Whitney U
test), BA.2 (P = 0.00317; Mann–Whitney U test), and
BA.5 (P = 0.00159; Mann–Whitney U test) than the 2-
dose-BNT162b group. Since there were only 2
previously-individuals with 3 doses of CoronaVac, we
did not perform a statistical analysis comparing 2 or 3
doses of CoronaVac.

Effect of vaccine type, including heterologous
regimen, on nAb and T cell response
Next, we assessed the effect of vaccine type on the nAb
and T cell response (Fig. 3). To avoid bias due to the
number of vaccine doses, we compared the immune
response between patients with the same number of
vaccine doses and with the same infection status.
www.thelancet.com Vol 88 February, 2023
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Fig. 2: Effect of increasing number of vaccine doses on neutralizing antibody and T cell response; stratified by infection status and
vaccine type. A–D) Non-infected patients; E–H) infected patients. Horizontal bars represent geometric mean titer, and the error bars indicate
the geometric mean standard deviation. Horizontal dotted line indicates the limit of detection for neutralizing antibody. P values were
calculated using Mann Whitney U test. Fold-difference between the neutralization titer against different virus strains are shown in bold. The
number of patients in each group is shown in Supplementary Table S2.
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Among non-infected patients, the 3-4-dose-CoronaVac
group had significantly lower nAb titer against ancestral,
BA.2 and BA.5 strains than the 3-4-dose BNT162b2
group. The 3-4-dose-CoronaVac group also had signifi-
cantly lower nAb titer against ancestral and BA.2 strain
those the 3-4-dose-heterologous group. Notably, there
was no statistically significant difference in the nAb ti-
ters between the 3–4 dose-BNT162 group than the 3-4-
dose-heterologous group. The 2-dose BNT162b2 group
also had higher nAb titer against all 3 strains for the
non-infected group and against ancestral strain for the
infected group, but was only statistically significant for
the nAb titer against the ancestral strain. There was no
statistically significant difference in the T cell response
between the different vaccine types.

Effect of hybrid immunity on antibody and T cell
response
Next, we determined the effect of hybrid immunity
(vaccination plus infection) on nAb and T cell response.
Here, we defined one exposure to SARS-CoV-2 spike
protein as either one episode of infection or one dose of
vaccination. For example, a patient who have received 2
www.thelancet.com Vol 88 February, 2023
vaccine doses and one episode of infection would be
considered to have 3 exposures. Sixty two patients had 3
exposures and 16 patients had 4 exposures. Among
patients with the same number of exposures, patients
with hybrid immunity had statistically significantly
higher nAb titers against BA.2 (3 exposures: P < 0.001; 4
exposures: P = 0.0404; Mann Whitney U test) and BA.5
(3 exposures: P < 0.0001; 4 exposures: P = 0.0413; Mann
Whitney U test) than those with vaccination only
(Fig. 4). However, hybrid immunity was not signifi-
cantly associated with higher nAb titers against ancestral
strain or T cell response.

Effect of booster vaccine doses and vaccine type on
nAb and T cell response after adjustment for
comorbidities
Since comorbidities have been shown to affect nAb
response, we used multivariable regression analysis to
control for these factors (Table 2). For the analysis
comparing BNT162b2 and CoronaVac recipients, we
only included non-infected patients who have received 3
doses of vaccines and excluded patients with heterolo-
gous boosters (n = 48). BNT162b2 remained to be an
7
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Fig. 3: Comparison of neutralization antibody titer and T cell response among patients with different vaccine regimens; stratified by
infection status and number of vaccine doses. A–D) Non-infected patients; E–H) infected patients. Horizontal bars represent geometric mean
titer, and the error bars indicate the geometric mean standard deviation. Horizontal dotted line indicates the limit of detection for neutralizing
antibody. Mann Whitney U test was used for the comparison between the 2-dose-BNT162b2 and 2-dose-CoronaVac groups. For non-infected
individuals, one-way ANOVA with Dunn’s multiple comparisons test was performed for the comparison of the groups with 3–4 doses of
vaccines. The number of patients in each group and the interval between vaccine doses are shown in Supplementary Table S2.
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independent factor associated with higher nAb titers
against ancestral strain (P < 0.001), BA.2 (P = 0.002) and
BA.5 (P = 0.018), For the analysis comparing individuals
who have received 3 or 4 doses of vaccines with those
who have received 2 doses, we only included non-
infected patients who have received BNT162b2 only
(n = 45). Having received 3 or 4 doses of vaccines
remained to be an independent factor associated with
higher nAb titers against ancestral strain (P = 0.001),
BA.2 (P < 0.001) and BA.5 (P = 0.013).
Discussion
Among older adults with comorbidities, we found that
booster doses (3–4 doses) could significantly improve
the nAb titers against the currently circulating Omicron
BA.2 and BA.5 sublineages. Patients primed with
CoronaVac and boosted with BNT162b2 (heterologous
booster) had high nAb titers at a level comparable to
those with homologous BNT162b2 booster. Previously-
infected patients (those with hybrid immunity)
induced higher nAb titers than those with vaccine-only
induced immunity against Omicron sublineages. T cell
response was not significantly affected by booster doses,
vaccine types and previous infection. As both nAb and T
cells play important roles in protection from severe
disease,26,27 our results may predict the effectiveness of
COVID-19 vaccines.

The improvement in nAb titers by booster doses was
observed for both non-infected and infected individuals.
Our data support the recommendation for older adults
to receive booster doses of vaccines which may reduce
the risk of symptomatic infection.17 However, there was
no significant improvement in T cell immunity after
booster doses for previously infected individuals. As T
cell immunity correlates with the protection from severe
disease,28 booster doses may not provide additional
benefit of the protection against severe disease among
previously infected individuals.

Previous studies showed that CoronaVac had poorer
immunogenicity than BNT162b2,10 and a single
BNT162b2 booster could significantly improve nAb ti-
ters.23 In the current study, we found that among non-
www.thelancet.com Vol 88 February, 2023
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Fig. 4: Comparison of neutralization antibody titer and T cell response between patients with hybrid immunity (vaccination plus
infection) and those with vaccine-only immunity, stratified according to number of exposures to SARS-CoV-2 spike protein. One dose of
COVID-19 vaccine and an episode of SARS-CoV-2 infection is considered as one exposure. A–D) 3 exposures; E–H) 4 exposures. Horizontal bars
represent the geometric mean neutralizing antibody titer, and the error bars indicate the geometric mean standard deviation. Horizontal dotted
line indicates the limit of detection for neutralizing antibody. P values were calculated using Mann Whitney U test. Fold-difference between the
neutralization titer against different virus strains are shown in bold. The number of patients in each group is shown in Supplementary Table S2.
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infected patients with 3–4 doses of vaccines, those with
heterologous prime-boost regimen (primed with Coro-
naVac, then boosted with BNT162b2) had comparable
nAbs than those with 3–4 doses of BNT162b2. There-
fore, non-infected patients who have been primed with
inactivated whole virion vaccine may benefit from het-
erologous booster with mRNA vaccine.

We did not observe a significant difference in the T
cell response after booster doses, except for a significant
increase in T cell response after boosting with Corona-
Vac. Previous study suggest that the CD8+ T cell
response after booster doses was transient and lasted for
less than 2 months.29 Since the blood specimens were
collected at a median of over 120 days after the booster
dose in our study, we would have missed the phase with
the transient increase in T cell response. Since T cell is
crucial for limiting disease severity, future research on
vaccine boosters should explore strategies which can
improve T cell response.30

Prior studies showed that BA.5, which has become
the dominant SARS-CoV-2 lineage circulating world-
wide since July 2022, was less susceptible to nAb elicited
from prior infection or vaccination.13,15,31 Our results
concur with previous findings, with BA.5 being 2.61-
fold less susceptible than BA.2 for non-infected in-
dividuals. In our study, the serum specimens were
www.thelancet.com Vol 88 February, 2023
collected 4 months of the peak of the 2022 Omicron-
dominant fifth wave. Infection during the Omicron
BA.2-dominant period have likely boosted the nAb titer
against BA.5, but there was still a 3.46-fold difference
between in the GMT against BA.2 and BA.5 for in-
dividuals infected during the BA.2-dominant period.
The sublineage BA.5 differs from BA.2 in having the
L452R and F486V mutation in the spike protein, and
studies have shown that the spike mutations L452R and
F486V confer immune escape.15,32 Our results have
significant implication for second generation Omicron
vaccines. Second generation vaccines based on Omicron
BA.1 or BA.2 may induce only modest increase in nAb
titers against BA.5. With waning of immunity, the
effectiveness may not be as potent as the first generation
vaccine against the ancestral strain.

There are several limitations in this study. First, we
cannot completely rule out the possibility that some
patients classified as non-infected may have prior SARS-
CoV-2 infection. Previous study showed that anti-N IgG
wanes rapidly,25 and anti-N IgG may not be elicited
among vaccinated patients.33 The misclassification of
previously infected patients as non-infected patients
would have led to a falsely higher antibody titers among
the non-infected group with the same number of vac-
cine doses. Second, all previously infected patients in
9
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Model Univariable regression analysisa

Standardized coefficient 95% confidence interval P value

Lower bound Upper bound

BNT162b2 vs CoronaVacc

Ancestral strain 0.519 0.372 1.083 <0.001

BA.2 0.344 0.070 0.674 0.017

BA.5 0.276 −0.009 0.518 0.058

3 or 4 doses vs 2 dosesd

Ancestral strain 0.373 0.137 1.029 0.012

BA.2 0.397 0.154 0.911 0.007

BA.5 0.201 −0.116 0.578 0.186

Multivariable regression analysisa,b

Standardized coefficient 95% confidence interval P value

Lower bound Upper bound

BNT162b2 vs CoronaVacc

Ancestral strain Backward 0.581 0.495 1.133 <0.001

BA.2 Backward 0.427 0.181 0.742 0.002

BA.5 Backward 0.341 0.057 0.572 0.018

3 or 4 doses vs 2 dosesd

Ancestral strain Backward 0.409 0.219 1.062 0.001

BA.2 Backward 0.637 0.493 1.215 <0.001

BA.5 Backward 0.413 0.107 0.845 0.013

aLog-transformed nAb titer was used for the analysis. bMultivariable regression model adjusted for age (Age 80 years or above), sex, hypertension, diabetes mellitus, heart
disease, malignancy, other endocrine disease, lung, liver disease, neurological disease, kidney disease, autoimmune disease, solid organ transplant, haematological disease,
and immunosuppressive drugs. Backward selection was used as a covariant elimination strategy. cOnly included the 48 study participants who were non-infected, received 3
doses of vaccines and received only one type of vaccine. Number of patients: n = 16 for CoronaVac and n = 32 for BNT162b2. dOnly included the 45 study participants who
were non-infected, received at least 2 doses of vaccines, and received BNT162b2 only. Number of patients: n = 11 for 2 doses and n = 34 for 3 or 4 doses.

Table 2: Univariable and multivariable regression analysis assessing the association of the BNT162b2 with higher neutralizing antibody titers against
ancestral strain, Omicron BA.2 and BA.5.
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this study confirmed by RT-PCR or rapid antigen test
were infected during the Omicron BA.2 surge in Hong
Kong between February and May 2022. Due to the
stringent control measures in Hong Kong, <0.2% of
the population were infected before 2022. Hence, we
were not able to assess the immune response after
infection with ancestral strain or pre-Omicron variants.
Third, this study was not designed to assess the dura-
bility of booster doses. A previous study showed that the
durability of BNT162b2 booster among individuals
primed with CoronaVac were shorter for older adults
aged 80 year or above.34 Fourth, our analysis is limited
by the small sample size. Therefore, this study does not
have sufficient statistical power to determine the dif-
ference between some of the groups, especially among
the infected patients. Fifth, this is a single center study.
A multicenter study with patients of different back-
ground will make the results more generalizable.
Furthermore, some analyses were not preplanned
because some information was not available before the
study was started. For example, in the multivariable
regression analysis, we decided to analyze the effect of
vaccine type and vaccine doses separately only after we
collected the information about the vaccine types and
vaccine doses our participants have received.
The rapid surge of severe cases requiring hospitali-
zation, especially apparent during the emergence of
novel variants,35 overwhelms the healthcare system. In
order to formulate preparedness plans and vaccination
policies for older adults, it is important to have an ac-
curate and objective assessment for protective immunity
among that population, especially against novel variants.
This study included a geriatric cohort with the distri-
bution of comorbidities that are seen among the geri-
atric population in Hong Kong, and our data would be
relevant for this population. Continual surveillance of
immune protection against emerging variants are
required to better monitor the situation, which will help
guide allocation of healthcare resources. Although
booster doses or BNT16b2 were associated with better
neutralizing antibody response, there is a lack of
improvement in T cell immunity after boosting with
BNT162b2. Further research is required for strategies to
improve vaccine-induced T cell immunity.
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