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Thus, our estimate of VE against BA.2 infection elicited by three doses of 
CoronaVac appears greater than would be expected from neutralizing 
antibody titers. Indeed, a recent VE study of CoronaVac vaccine using 
a test-negative design during this same BA.2 epidemic in Hong Kong 
also observed robust protection from severe disease and death33. It is 
possible that neutralizing antibody titers underestimate protection 
conferred by whole-virus inactivated vaccines such as CoronaVac, 
which present multiple viral proteins to the host immune system that 
may protect via multiple pathways other than neutralizing antibodies, 
such as T cell immunity and antibody-dependent cytotoxicity6.

Nonetheless, we note that the rapid waning of VE over time from 
even four doses of intramuscular vaccination by monovalent mRNA or 
inactivated vaccines based on the original Wuhan strain demonstrates 
the limits of such vaccines in preventing SARS-CoV-2 infection and 
transmission in the long run. Further, although boosting by BNT162b2 
or CoronaVac restores strong protection against hospitalization and 
death33–35, the incremental effectiveness of BNT162b2 boosters against 
such outcomes waned over the course of 4–6 months34 for both adults 
and the elderly36. There are limited data on CoronaVac waning in the 
Omicron era, though VE against intensive care admission in Malaysia 
waned considerably among the elderly 3–5 months after the primary 
series during a period of Delta dominance37. If this finding is confirmed 
in other studies, surge booster vaccination to top-up protection against 
severe disease and death, particularly among the elderly, remains a key 
tool in reducing COVID-19’s burden on healthcare systems and mortal-
ity before anticipated waves of infections.

Since September 2022, bivalent mRNA vaccines encoding the 
BA.5 spike protein have become widely available. Early observational 
evidence on their real-world VE are emerging38. Further investigations 
are necessary to ascertain the VE and waning over time in the midst of 
our complex SARS-CoV-2 variant and immunity landscape.

Despite the potential of reformulated bivalent boosters in increas-
ing population immunity before upcoming waves of infections, vaccine 
hesitancy has resulted in very slow uptake of the bivalent boosters 
since their introduction39. The quadruple threat of potentially rapid 
VE waning, poor vaccine uptake, the possibility for immune imprinting 
and increasing complex SARS-CoV-2 evolution with the potential for 
multiple antigenically distant lineages cocirculating simultaneously40 
may also create formidable challenges in the formulation and rapid 
deployment of updated bivalent or multivalent vaccines in the near 
future. There is thus substantial impetus to accelerate the develop-
ment of mucosal vaccines41 and/or universal sarbecovirus vaccines42 
capable of inducing broad, durable immunity against different variants 
of SARS-CoV-2 (refs. 43,44) to break the chain of transmission and limit 
the absolute burden of severe disease and long-term sequelae (long 
covid)45 from high-levels of breakthrough COVID-19 infection.

Limitations
Our study has several important limitations. First, we assumed that 
the effect of vaccination history on contact patterns and mobility (that 
is, exposure to the virus), a potential confounder of VE estimates, was 
negligible. Second, we had no serum samples from individuals aged 
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Fig. 2 | SARS-CoV-2 N-CTD and ORF8 antibody responses among study 
subjects by vaccination history, age and self-reported infection history. 
a–c, Unvaccinated (n = 116 subjects) (a), BNT homologously vaccinated 
(n = 3,759 subjects) (b) and CoronaVac homologously vaccinated (n = 906 
subjects) (c). Panels on the left correspond to individuals with no self-reported 
infection history or who did not provide their infection history. Panels on the 
right correspond to individuals with self-reported infection history. The blue 

dotted line corresponds to the OD thresholds for seropositivity (N-CTD OD 
of 0.2583 for unvaccinated and BNT homologously vaccinated, and ORF8 OD 
of 0.33 for CoronaVac homologously vaccinated). Each dot represents one 
study subject. The center line of each box represents the median, box limits 
represent the interquartile range (IQR), and the whiskers represent the minimum 
and maximum observations greater and lesser than the IQR plus 1.5× IQR, 
respectively.
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12–17 years and only few samples from individuals aged >65 years. 
As such, our IAR estimates for these age groups were less robust 
compared with other age groups. We assumed the same IAR among 
those aged >65 because: (1) 18, 16 and 17% of those aged 60–69, 70–79 
and >80 years were confirmed to have COVID-19 during the period 
1 January to 31 July 2022 (ref. 1); and (2) testing was widely available 
during the fifth wave and hence the ascertainment ratio was likely to 
be similar among those aged >65 years. Given the dramatically higher 
incidence of severe disease and death among the elderly, booster 
vaccination schemes should continue to prioritize this age cohort, 
particularly in lower- and middle-income countries with limited  
vaccine supply.

Third, we were unable to provide estimates of VE against hos-
pitalization, severe disease and death owing to the wide introduc-
tion of oral antivirals in both ambulatory and hospital settings on 
26 February 2022 in Hong Kong. The antivirals were very effective in 
further reducing the risk of hospitalization and death among those 
aged >60 years, including those who were partially vaccinated46,47 or, 
in the case of Nirmatrelvir/Ritonavir (Paxlovid), also those who were 
fully vaccinated and boosted and had received their most recent dose 
>20 weeks previously48. Any estimate of VE against such outcomes, 
regardless of study methodology, must therefore account for the use 
of oral antivirals among its study subjects. Because we did not have 
access to comprehensive population-level data on oral antiviral usage 
in Hong Kong (particularly those prescribed in outpatient settings) 
or complete data matching cases of severe disease and death against 
their vaccination history and use of oral antivirals, we were unable to 

derive accurate estimates of VE, which must account for the significant 
protective effect of oral antivirals.

Fourth, our analysis was primarily based on seroprevalence among 
blood donors and voluntary child participants recruited from the com-
munity in the polio seroepidemiology study who might be healthier 
and thus not be representative of the general population in terms of 
their infection history, potentially underestimating seroprevalence. 
Nonetheless, nations that have relied on blood donors to provide early 
estimates of seroprevalence have subsequently reported similar esti-
mates among random population samples49 or commercial laboratory 
specimen remnants50. In Hong Kong, a separate study of 873 hospital 
patient plasma specimens detected 43% were anti-N seropositive and 
23% were anti-ORF8 seropositive by May 2022 (ref. 51). Another sepa-
rate phylogenetic model of population IAR using GISAID sequences 
uploaded from multiple laboratories in Hong Kong as input also arrived 
at upper estimates between 33 and 49% (13–100%) by the week of  
16 April 2022, which was similar to our mean estimate of 40% in the 
same week52. These independent estimates provide confidence that 
our reliance on healthy blood donors and voluntary child participants 
did not result in a material underestimate of COVID-19 seroprevalence 
in the general population.

Fifth, the small number of CoronaVac vaccinees in our serosurvey 
together with the short duration of the fifth wave led to substantial 
uncertainty in our CoronaVac VE estimates.

Sixth, we were unable to estimate VE conferred by heterologous 
vaccinations (CoronaVac with BNT162b2 boosters or vice versa) 
because of the very small number of individuals with such vaccination 

BNT CoronaVac

Tw
o doses

Three doses
Four doses

0 50 100 150 200 0 50 100 150 200

0

0.25

0.50

0.75

1.00

0

0.25

0.50

0.75

1.00

0

0.25

0.50

0.75

1.00

Time since last dose (days)

Va
cc

in
e 

ef
fe

ct
iv

en
es

s

Delay to vaccine effectiveness taking effect 7 days 14 days 21 days

Fig. 3 | Estimated VE. VE at 0 to 200 days from receipt of last dose. VE is presented separately over time for two, three or four homologous doses of BNT162b2 (BNT) or 
CoronaVac. The lines indicate posterior medians and shaded bars indicate 95% credible intervals based on the fitted model.

http://www.nature.com/naturemedicine


Nature Medicine | Volume 29 | February 2023 | 348–357 354

Article https://doi.org/10.1038/s41591-023-02219-5

history (heterologous boosters were not available in Hong Kong until 
late 2021). When estimating IAR, we assumed that VE for each dose 
in heterogenous vaccinees equals that of the corresponding dose in 
homologous vaccinees.

Seventh, because our positive controls comprise only confirmed 
or self-reported infections, the corresponding seropositivity threshold 

may not be sufficiently sensitive to detect individuals with asympto-
matic or very mild infections, thereby underestimating IAR. Two large 
pre-Omicron seroepidemiological studies before the availability of vac-
cines have reported that 5% (ref. 53) or 20% (ref. 54) of confirmed cases 
may not seroconvert. We performed sensitivity analyses to estimate 
the increase in our IAR estimates assuming that 10% or 25% of infected 
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a, Cumulative IAR by 31 July 2022. b, Cumulative population immunity from 
infection and vaccination, assuming no waning of immunity from natural 
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intervals based on the fitted model. *Cumulative IAR, population immunity and 
ascertainment rate estimates among those aged 12–19 or 60 and above were less 
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wanes by 15% after 365 days (c) and immunity from infection wanes by 25% 

after 100 days (d). All analyses were stratified by assumptions on delay to VE 
taking effect. The lines indicate posterior medians and shaded bars indicate 95% 
credible intervals based on the fitted model.
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individuals did not seroconvert (that is, corresponding to seroconversion 
rates of 90 and 75%) (Extended Data Fig. 8). A 90% seroconversion rate 
would increase our IAR estimate to 50% (46–52%), whereas a 75% serocon-
version rate would increase our estimate to 59% (54–63%) by 31 July 2022.

Lastly, because most of our serum samples were collected dur-
ing and after a period of BA.2 dominance, we were unable to estimate 
further accelerated VE waning due to the emergence of later variants 
such as BA.4/BA.5 by late July 2022 in Hong Kong.

In conclusion, our results indicate the short-term effectiveness of 
booster vaccination using either the mRNA or inactivated vaccine in 
preventing SARS-CoV-2 Omicron BA.2 infection. As such, surge booster 
campaigns could be strategically used to rapidly boost population 
immunity before upcoming waves of infections. The comparatively 
lower IAR in Hong Kong also highlights the effect of supplementing 
vaccination campaigns with continued public health and social meas-
ures in disease transmission. Nonetheless, in light of the potential for 
waning of VE, antigenic imprinting and rapid viral evolution, frequently 
updated studies quantifying the protective effect of repeated booster 
vaccination, including with the new bivalent COVID-19 vaccines, are 
necessary for policymakers to develop effective booster vaccination 
strategies.

Online content
Any methods, additional references, Nature Portfolio reporting 
summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41591-023-02219-5.
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