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vaccines
Moe H. Kyaw a, Julia Spinardib, Ling Zhangc, Helen May Lin Ohd, and Amit Srivastava e*
aVaccine Medical Affairs, Emerging Markets, Pfizer Inc, Gaithersburg, MD, USA; bVaccine Medical Affairs, Emerging Markets, Pfizer Inc, Sao Paulo, 
Brazil; cReal World Evidence Analytics Center of Excellence, Boehringer Ingelheim, Ridgefield, CT, USA; dDepartment of Infectious Diseases, Changi 
General Hospital, Singapore; eOrbital Therapeutics, Cambridge, MA, USA

ABSTRACT
Introduction of primary COVID-19 vaccination has helped reduce severe disease and death caused by 
SARS-CoV-2 infection. Understanding the protection conferred by heterologous booster regimens 
informs alternative vaccination strategies that enable programmatic resilience and can catalyze vaccine 
confidence and coverage. Inactivated SARS-CoV-2 vaccines are among the most widely used vaccines 
worldwide. This review synthesizes the available evidence identified as of May 26, 2022, on the safety, 
immunogenicity, and effectiveness of a heterologous BNT162b2 (Pfizer-BioNTech) mRNA vaccine booster 
dose after an inactivated SARS-CoV-2 vaccine primary series, to help protect against COVID-19. Evidence 
showed that the heterologous BNT16b2 mRNA vaccine booster enhances immunogenicity and improves 
vaccine effectiveness against COVID-19, and no new safety concerns were identified with heterologous 
inactivated primary series with mRNA booster combinations.
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Introduction

More than 12.9 billion coronavirus disease 2019 (COVID-19) 
vaccine doses have been administered globally, with 5.4 billion 
individuals fully vaccinated and approximately 2.3 billion 
boosted to reduce severe disease and death caused by severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2).1,2 

Inactivated virus vaccines account for about half of the 
COVID-19 vaccine doses delivered globally and have been 
administered in primarily low- and middle-income 
countries.3,4 Three inactivated vaccines have received the 
World Health Organization (WHO) Emergency Use Listing 
(EUL): CoronaVac (Sinovac Life Sciences Co., Ltd; used in 60 
countries), BBIBP-Cor-V (Beijing Institute of Biological 
Products Co., Ltd./Sinopharm; used in 93 countries), and 
Covaxin (Bharat Biotech International; used in 27 
countries).5–9 In coming years, as the various vaccines are 
mixed and matched, understanding the safety, effectiveness, 
and durability of protection of heterologous primary and 
booster regimens will be important to help support alternative 
vaccination strategies and programmatic flexibility amid sup
ply delays, increase population confidence, and impact vacci
nation uptake.10 Strategies for maximizing protection against 
SARS-CoV-2 should be considered; in that regard, emerging 
evidence indicates that heterologous booster vaccination is 
associated with an improved immune response and effective
ness compared with homologous vaccination, at least with 
respect to certain combinations.11,12 Additionally, current 
recommendations regarding the available vaccines in low- 
and middle-income countries,13,14 together with real-world 

evidence (RWE) from these countries, reinforce the important 
role of a heterologous booster in some regions. A detailed 
assessment of all existing evidence on which vaccine is best 
as a booster dose after primary vaccination with inactivated 
vaccines is not currently available.

Messenger RNA (mRNA) vaccines are emerging as the pre
ferred heterologous booster in recommendations from vaccine 
technical committees, such as the WHO-Strategic Advisory 
Group of Experts on Immunization (SAGE)15 and the US 
Centers for Disease Control and Prevention (CDC),16 based on 
the accumulated evidence of safety, high vaccine effectiveness 
(VE), and breadth of protection against emerging variants. 
Given the widespread use of inactivated SARS-CoV-2 vaccines, 
particularly in low- and middle-income countries, and that 
BNT162b2 is the most widely used mRNA COVID-19 vaccine 
globally, we reviewed available evidence on the safety, immuno
genicity, and effectiveness of a heterologous BNT162b2 booster 
dose after complete primary vaccination with an inactivated 
SARS-CoV-2 vaccine. It is hoped that this evidence will help 
regional and country vaccine technical committees make deci
sions regarding vaccination strategies to overcome the COVID-19 
pandemic.

Search methods

For the evidence summary, a targeted search was conducted of 
PubMed and EMBASE databases for published articles, as well
as bioRxiv for preprint articles, to identify studies evaluating
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the safety, immunogenicity, or VE of BNT162b2 booster vac
cination after primary vaccination with an inactivated SARS- 
CoV-2 vaccine, published up to May 26, 2022. English lan
guage articles identified through a search for heterologous 
booster, COVID-19 vaccine booster, heterologous vaccination, 
mixed vaccination, inactivated SARS-CoV2 vaccine, inacti
vated COVID-19 vaccine, mRNA vaccine, and mRNA 
COVID-19 vaccine were reviewed. Those reporting RWE or 
clinical studies of homologous or heterologous COVID-19 
vaccination (inactivated vaccine primary and booster dose vs 
inactivated vaccine primary series with BNT162b2 booster 
dose) were included. Case reports, reviews, editorials, and 
letters to editor that did not have the original data on homo
logous or heterologous COVID-19 vaccination were not 
included. To avoid missing relevant studies, we checked the 
bibliographies of the published meta-analyses and systematic 
reviews. For the pooled analysis, data preparation for analysis 
and cleaning was done using Microsoft Office 365, and analy
sis was performed by R Version 4.0.5 software. Estimates of VE 
were extracted from different publications. Point estimates of 
ln(1–VE/100) and 95% CIs were calculated from VE results. 
Random effects models were used to estimate pooled effects.

Results of evidence synthesis

Thirty-three studies were identified with inactivated- 
mRNA or inactivated-viral vector combinations,17–49 

with the majority of studies (28/33) involving the 
CoronaVac inactivated vaccine primary series (Table 1). 
Among the identified studies, three randomized clinical 
trials,23,33,36 and five nonrandomized, uncontrolled clini
cal studies19,30,32,41,49 contributed safety and immunogeni
city data. Six real-world studies contributed VE 
data,21,27,37,38,40,45 and 19 studies contributed immuno
genicity (including B- and T-cell responses) data 
alone.11,17,18,20,24–26,28–29,31–34,35–39,42–44,46–48 Table 1 out
lines the study designs and methodological details of the 
included studies. Figure 1 describes the dosing intervals 
utilized between the last dose of the primary immuniza
tion series and the booster dose for included studies.

Randomized controlled trials evaluating immunogenicity 
and safety of a heterologous BNT162b2 booster dose after 
primary vaccination with two doses of inactivated vaccine

The safety and immunogenicity of the BNT162b2 booster 
vaccination after primary vaccination with an inactivated 
virus COVID-19 vaccine (heterologous booster dose) is pri
marily inferred from three independent randomized clinical 
studies conducted in Brazil, Thailand, and Hong Kong.23,33,36 

Two of these studies evaluated a heterologous booster dose of 
BNT162b2 after two doses of CoronaVac compared with 
a homologous booster dose,23,36 and the third study examined 
a heterologous booster dose of BNT162b2 after one dose of 
ChAdOx1 and one dose of CoronaVac in any sequence 
(Table 1).33

A phase 4, participant-blind, randomized clinical trial 
conducted by the Ministry of Health in Brazil evaluated 
a heterologous BNT162b2 booster (third) dose between 

August 16 and September 1, 2021, in adults ≥18 y of age 
who had completed a 2-dose primary vaccination with 
CoronaVac 6 months earlier and who reported no history 
of SARS-CoV-2 infection.23 The primary analysis (N =  
1205) compared participants randomized to receive 
a heterologous booster (third) dose of BNT162b2 (n =  
333), Ad26.COV2.S (n = 295), or ChAdOx1 nCoV-19 (n =  
296) with participants who received a homologous third 
dose of CoronaVac (n = 281). Noninferiority of anti-spike 
IgG levels 28 d after the booster dose in heterologous 
versus homologous booster regimens (primary outcome) 
was determined using 0.67 as margin for the geometric 
mean ratio (GMR). Secondary outcomes included Day 28 
pseudovirus neutralizing antibody titers measured by 
a lentivirus expressing the D614 SARS-CoV-2 spike protein 
and by live virus neutralization using SARS-CoV-2 variants 
(Delta [B.1.617.2] and Omicron [B.1.1.529]), local and sys
temic reactogenicity profiles, adverse events (AEs), and 
serious AEs. At 6 months after the primary vaccination 
with two doses of CoronaVac, concentrations of antibodies 
were low and neutralizing antibodies were largely undetect
able. All heterologous regimens were superior to the homo
logous regimen, both with regard to anti-spike IgG 
antibodies and neutralizing antibody titers (all p < .001). 
Heterologous BNT162b2 booster elicited the highest mag
nitude immune response; the GMR of anti-spike IgG (het
erologous vs homologous) was greatest with the BNT162b2 
booster (13.4; 95% CI: 11.6, 15.3) followed by ChAdOx1 
nCoV-19 (7.0, 95% CI: 6.1, 8.1) and Ad26.COV2.S (6.7; 
95% CI: 5.8, 7.7). Similarly, GMR for pseudovirus neutra
lizing antibodies (heterologous vs homologous) was highest 
with the BNT162b2 booster (21.5; 95% CI: 14.5, 31.9), 
followed by ChAdOx1 nCoV-19 (10.6; 95% CI 7.2, 15.6) 
and Ad26.COV2.S (8.7; 95% CI: 5.9, 12.9); a third vaccine 
dose also boosted in vitro live virus neutralization of Delta 
and Omicron variants. AEs were assessed through 28 d 
after the booster dose. Increased reactogenicity observed 
with the heterologous versus homologous booster dose 
was consistent with previous studies, such as the Com- 
CoV Boost study from the United Kingdom.50 Three of 
five serious AEs (including one in the BNT162b2 group 
and two in the Ad26.COV2.S group) were deemed possibly 
related to the booster vaccine; however, all participants 
recovered and returned home.

A randomized clinical trial conducted between August 
and October 2021 in Hong Kong evaluated a heterologous 
BNT162b2 booster (third) dose following two doses of 
CoronaVac.36 Adults 34–73 y of age who had completed 
primary vaccination with the CoronaVac 2-dose series 
about 3.2 months earlier (n = 80) were randomized to 
receive a third, heterologous dose of BNT162b2 (n = 40) 
or CoronaVac (n = 40). Primary outcomes measured at 1  
month after heterologous versus homologous booster dose 
were surrogate virus neutralization tests (sVNTs), 50% 
plaque reduction neutralization tests, and anti–N-terminal 
domain-specific Ig antibodies. Secondary outcomes 
included AEs at 7 d and at 1 month after the booster. The 
heterologous BNT162b2 booster elicited a significantly 
higher immune response than the homologous booster
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based on percentage inhibition in the sVNT assay, both
overall (96.8% vs 57.8%; p < .001) and against the Beta 
(92.3% vs 38.8%), Gamma (92.5% vs 32.2%), and Delta 
(95.3% vs 48.9%; all p < .001) variants. No new safety con
cerns were identified. Although significantly more partici
pants who received the heterologous versus a homologous 
booster dose reported fatigue and muscle pain, they were 
considered acceptable.

Results of an open-label, randomized clinical trial in 
Thailand (conducted January–June 2021) that evaluated 
a heterologous triple platform vaccination support a mix-and- 
match approach using a heterologous primary series 
(CoronaVac/ChAdOx1) and BNT162b2 as the final (third) 
dose.33 Adults 18–60 y of age with no known history of SARS- 
CoV-2 infection received a heterologous 2-dose primary 
ChAdOx1-CoronaVac (n = 30; n = 29 analyzed) or 
CoronaVac-ChAdOx1 (n = 30) series, followed by 
a heterologous booster (third) dose of BNT162b2. Results 
reported herein are within the context of a larger trial (N =  
210) in which participants were randomized to one of seven 
groups that received 2-dose homologous BNT162b2 or hetero
logous combinations of CoronaVac, ChAdOx1, and 
BNT162b2 administered 4 weeks apart. Neutralizing antibo
dies against SARS-CoV-2 variants were measured. 
A heterologous BNT162b2 booster (third dose) given to parti
cipants who received heterologous CoronaVac-ChAdOx1 or 
ChAdOx1-CoronaVac primary series, in either sequence, 
induced higher levels of neutralizing antibodies against the 
Delta and Omicron variants. Notably, higher neutralizing anti
bodies were observed against Omicron with ChAdOx1- 
CoronaVac-BNT162b2 (1151-fold increase vs after dose 2) 
versus CoronaVac-ChAdOx1-BNT162b2 regimens (146-fold 
increase vs after dose 2). AEs reported after the BNT162b2 

booster (third dose) were similar to those reported after the 
BNT162b2 second dose.

Safety results were generally consistent across the three 
studies, with no new safety concerns identified.23,33,36 

Increased reactogenicity was observed with heterologous ver
sus homologous booster dose,23,36 which was consistent with 
previous studies, such as the Com-CoV Boost study from the 
United Kingdom50 (Table 2).

Real-world vaccine effectiveness of a BNT162b2 booster 
dose after primary vaccination with two doses of 
inactivated vaccine

Six real-world effectiveness studies from four countries 
(Brazil, Chile, Malaysia, and Thailand) measured VE after 
a heterologous booster with BNT162b2 that followed inacti
vated virus primary vaccination.21,27,37,38,40,45 A test-negative 
case–control study evaluated the VE of a heterologous 
BNT162b2 booster dose after CoronaVac primary vaccination 
against severe COVID-19 outcomes, including hospitalization 
and death, among adults ≥18 y of age in Brazil during 
January to November 2021, when Gamma and Delta variants 
were predominant.21 National vaccine administration data
bases were analyzed using additive logistic regression to eval
uate the VE of the 2-dose schedule of CoronaVac and a single 
booster dose of BNT162b2 on reverse transcription- 
polymerase chain reaction (RT-PCR)–confirmed SARS-CoV 
-2 infection and COVID-19 hospitalization or death. From 
approximately 7.3 million eligible individuals, test-positive 
cases were generally matched to test-negative controls based 
on clinical and sociodemographic characteristics. Among 
913,052 individuals who were vaccinated with CoronaVac, 
7863 received a booster dose of BNT162b2, of whom >90%

Figure 1. Summary of dosing interval between the last dose of the primary immunization series and the booster dose for each study. NR, not reported.
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were tested within 30 d after receiving the booster. Over the 6  
months after primary vaccination, CoronaVac VE waned
from 55.0% (95% CI: 54.3%, 55.7%) to 34.7% (95% CI: 
33.1%, 36.2%) against infection and from 82.1% (95% CI: 
81.4%, 82.8%) to 72.5% (95% CI: 70.9%, 74.0%) against severe 
outcomes. A heterologous booster dose of BNT162b2 

improved VE to 92.7% (95% CI: 91.0%, 94.0%) against infec
tion and 97.3% (95% CI: 96.1%, 98.1%) against severe out
comes at 14–30 d, values greater than initially achieved with 
the 2-dose CoronaVac regimen (Figure 2). Waning of 
CoronaVac VE was higher among ≥80-year-olds versus 
younger adults, but the BNT162b2 booster dose increased

Table 2. Safety overview of data from included studiesa.

Reference
Primary 1/primary  

2/booster vaccination Patients, n Any AE, % SAEs Most frequently reported AEs

Randomized controlled trials
Costa Clemens et al.23 CVc/CVc/BNT 339 NR One SAE possibly related to vaccine 

(pulmonary embolism and DVT 2 d 
after vaccination)

Injection-site pain, headache

CVc/CVc/CVc 290 NR None Injection-site pain
CVc/CVc/Ad26.COV2.S 304 NR Two SAEs were considered related to 

Ad26.COV2.S (subconjunctival 
hemorrhage 2 d after vaccination and 
pulmonary embolism 28 d after 
vaccination); one unrelated event 
(coronary arterial disease requiring 
stent insertion)

Injection-site pain, headache, myalgia

CVc/CVc/ChAdOx1 305 NR One unrelated event (bullous erysipelas) Injection-site pain, headache, myalgia
Mok et al.36 CVc/CVc/BNT 40 80 None Injection-site pain and fatigue

CVc/CVc/CVc 40 60 None Injection-site pain and fatigue
Niyomnaitham et al.33 ChAd/CVc/BNT 30 NR None Myalgia, headache, and fatigue

CVc/ChAd/BNT 30 NR None Myalgia, headache, fatigue, and 
diarrhea

Nonrandomized studies
Grenfell et al.24 CVc/CVc/BNT 1587 53.1 None Injection-site pain and headache

Kanokudom et al.49 CVc/CVc/BNT 60 100 Injection-site pain (1.7%) and myalgia 
(1.7%)

Injection-site pain and myalgia

CVc/CVc/Sino 60 100 NR Injection-site pain and myalgia
CVc/CVc/ChAd 57 100 Injection-site pain (5.3%) and myalgia 

(5.3%)
Injection-site pain and myalgia

Assawakosri et al.19 CVc/CVc/BNT 54 NR None Injection-site pain, headache, and 
myalgia

CVc/CVc/ChAd 55 NR None Injection-site pain, headache, and 
myalgia

CVc/CVc/Sino 57 NR None Injection-site pain, headache, and 
myalgia

CVc/CVc/mRNA-1273 58 NR None Injection-site pain, headache, and 
myalgia

Moghnieh et al.32 Sino/Sino/BNT 50 62 NR Injection-site pain and lethargy

Lai et al.30 Sino/Sino/BNT or CVc/ 
CVc/BNT

136 50.7 None Injection-site pain, muscle pain, and 
fatigue

Sino/Sino/CVc or CVc/ 
CVc/CVc

98 16.3 None Injection-site pain, chills, and 
headache

Yavuz et al.39 CVc/CVc/BNT 103 96.8 None Injection site pan, pain in the arm, 
fatigue, myalgia, headache, and 
fever

CVc/CVc/CVc 33 3.2 None Injection site pain
Leung et al.18 CVc/CVc/BNT or Sino/ 

Sino/BNT
315 NR NR Injection-site pain and tenderness

Angkasekwinai et al.17 CVc/CVc/BNT-15 50 80.0 None Injection-site pain and malaise

CVc/CVc/BNT-30 50 92.0 None Injection-site pain and malaise
CVc/CVc/Sino 14 71.4 None Injection-site pain and myalgia

CVc/CVc/ChAd 65 98.5 None Injection-site pain and myalgia
Vargas-Herrera et al.41 Sino/Sino/BNT 229 90.8 NR Injection-site pain and malaise

BNT/BNT/BNT 56 76.8 NR Injection-site pain and malaise

AEs, adverse events; BNT-15, 15-µg dose of BNT162b2; BNT-30, 30-µg dose of BNT162b2; BNT, BNT162b2; ChAd, ChAdOx1; CVc, CoronaVac; DVT, deep vein thrombosis; 
NR, not reported; SAEs, serious adverse events; Sino, Sinopharm BBIBP-CorV. 

aEvidence for a heterologous BNT162b2 mRNA vaccine booster dose after an inactivated vaccine primary series was extracted from studies that also included other 
COVID-19 vaccines. Study details are included here for completeness and to provide a comprehensive context of COVID-19 vaccine heterologous booster dose 
regimens in programmatic use.
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Figure 2. Heterologous BNT162b2 booster dose restores waning VE against COVID-19 outcomes, with Delta and Omicron variants based on VE (95% CI) over time 
reported in real-world effectiveness studies. NA, not available; VE, vaccine effectiveness.

Figure 3. Heterologous BNT162b2 booster dose improves VE against COVID-19 hospitalization and death in the elderly (≥60 y of age) from real-world effectiveness 
studies. NA, not available; NE, not evaluable; VE, vaccine effectiveness. aData for the >30 d after dose 2 from the published manuscript are not shown. 
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levels of protection across the age groups assessed (Figure 3). 
BNT162b2 is used primarily as a booster in Brazil’s national 
immunization
program, and a longer follow-up time is needed to assess 
duration of protection after the booster dose.

The VE of a heterologous BNT162b2 booster dose after 
CoronaVac primary vaccination against symptomatic and 
severe COVID-19 was assessed in Brazil among adults ≥18 y 
of age using data from two national databases during periods 
when the Delta variant (September 6–December 14, 2021) and 
the Omicron variant (December 25, 2021–March 10, 2022) 
predominated.37 This test-negative case–control study used 
conditional logistic regression analyses to estimate the VE of 
the 2-dose schedule of CoronaVac and a single booster dose of 
BNT162b2 (administered 4‒6 months after primary series 
completion) on RT-PCR‒ or antigen-test‒confirmed SARS- 
CoV-2 symptomatic infection and COVID-19 hospitalization 
or death. Overall, 1,339,986 cases were matched to 1,339,986 
test-negative controls across Delta and Omicron predomi
nance periods based on sex, age group, geography, calendar 
week of PCR test, and adjusted for chronic comorbidities, self- 
reported race, and any reported previous symptomatic event. 
During the Delta period, VE against symptomatic infection 
waned to 33.5% (95% CI: 31.7%, 35.3%) over 6 months after 
primary vaccination with 2-dose CoronaVac, increased to 
59.8% (95% CI: 53.3, 65.3%) within 59 d after a homologous 
CoronaVac booster, and then decreased to 45.5% (95% CI: 
18.1%, 63.7%) by >60 d after the booster. In contrast, 
a heterologous BNT162b2 booster increased VE substantially 
to 86.6% (95% CI: 85.9%, 87.3%) and showed little waning at 
60 d and beyond (VE, 84.3%; 95% CI: 80.9, 87.2%; Figure 2). 
Although VE against symptomatic infection waned to a greater 
degree after primary vaccination and with both homologous 
and heterologous boosters, a similar pattern was observed 
during the Omicron period (Figure 2).

Jara and colleagues27 reported the VE of a heterologous 
BNT162b2 booster dose after CoronaVac primary vaccination 
against infection, symptomatic disease, hospitalization, and 
intensive care unit (ICU) admission among individuals ≥16 y 
of age between February 2 and November 10, 2021, when the 
Delta variant was predominant in Chile. This prospective 
cohort study analyzed a national administrative dataset repre
senting 80% of the Chilean population to estimate hazard 
ratios (HRs) from adjusted Cox models between treated indi
viduals who received homologous CoronaVac and heterolo
gous BNT162b2 or ChAdOx1 vaccine boosters administered 4  
months after completion of a 2-dose CoronaVac primary 
series and unvaccinated individuals. Vaccine effectiveness 
was calculated as 1 minus the corresponding HR and expressed 
as a percentage. Analysis of data from 11.2 million eligible 
individuals was adjusted for individual characteristics asso
ciated with the probability of treatment (i.e., vaccination) 
such as age, sex, number of comorbidities, and nationality. 
A total of 7,016,865 individuals (74.5%) were vaccinated with 
CoronaVac, of whom 186,946 received a third dose of 
CoronaVac, 2,019,260 received a BNT162b2 booster dose, 
and 1,921,340 received the ChAdOx1 booster dose. 
Compared with a homologous booster, a heterologous booster 
postprimary vaccination with CoronaVac showed higher VE 

for all outcomes. VE against symptomatic COVID-19 was 
higher after a heterologous booster (third) dose with 
BNT162b2 (96.5%; 95% CI: 96.2%, 96.7%) or ChAdOx1 
(93.2%; 95% CI: 92.9%, 93.6%) than with a 3-dose 
CoronaVac regimen (78.8%; 95% CI: 76.8%, 80.6%). 
Similarly, VE against hospitalization, ICU admission, and 
COVID-19–related deaths were higher after a heterologous 
booster (third) dose with BNT162b2 (96.1%, 96.2%, and 
96.8%, respectively) or ChAdOx1 (97.7%, 98.9%, and 98.1%, 
respectively) than after a 3-dose CoronaVac regimen (86.3%, 
92.2%, and 86.7%, respectively).

A prospective test-negative case-control study (N = 3353) 
used logistic regression analyses to evaluate the VE of 
a heterologous booster dose (BNT162b2 or ChAdOx1) admi
nistered 3 months after CoronaVac primary vaccination for 
preventing COVID-19 among adults ≥18 y of age in Thailand 
between July 25 and October 23, 2021, when the Delta variant 
accounted for 95–100% of cases.38 Test-positive cases were 
matched 1:2 to test-negative controls adjusted for sex, age 
group, number of comorbidities, and being a health-care 
worker (HCW). The adjusted VE against COVID-19 was high
est with the 2-dose CoronaVac primary series plus a third dose 
of BNT162b2 (98%; 95% CI: 87%, 100%), followed by a third 
dose of ChAdOx1 (86%; 95% CI: 74%, 93%); both heterolo
gous booster regimens had greater VE than the 2-dose 
CoronaVac regimen (60%; 95% CI: 49%, 69%).

Vaccine effectiveness against hospitalization or death dur
ing the Delta period waned over 6 months to 57.3% (95% CI: 
53.4%, 60.9%) after primary vaccination with CoronaVac, 
increased to 80% (95% CI: 74%, 85%) within 59 d after homo
logous booster, and waned to 66% (95% CI: 30%, 83%) there
after, whereas a heterologous BNT162b2 booster increased VE 
substantially to 92% (95% CI: 90%, 93%) within 59 d and 
showed little waning thereafter, with 88% (95% CI: 81%, 
93%) VE (Figure 2). Similarly, during the Omicron period, 
VE against hospitalization or death waned to 57% (95% CI: 
54%, 60%) over 6 months after primary vaccination, increased 
to 71% (95% CI: 60%, 79%) within 59 d after a homologous 
(CoronaVac) booster, and then decreased slightly to 65% (95% 
CI: 62%, 69%) thereafter. In contrast, a heterologous 
BNT162b2 booster increased VE to 86% (95% CI: 84%, 87%) 
within 59 d, and at 60 d and later was unchanged at 86% (95% 
CI: 85%, 87%). Although VE of the primary CoronaVac series, 
the CoronaVac booster, and the BNT162b2 against hospitali
zation or death were lower among individuals ≥75 y of age 
than those aged <60  and 60–74 y, VE against hospitalization 
or death was significantly higher among those ≥75 y of age 
who received a BNT162b2 booster versus a CoronaVac booster 
(Figure 3). Overall, these results indicate that a heterologous 
BNT162b2 booster restored high effectiveness against severe 
COVID-19 outcomes, while a homologous CoronaVac booster 
was unable to augment protection.

A report by Suah and colleagues evaluated VE of 
a heterologous BNT162b2 booster dose after CoronaVac 
primary vaccination in preventing COVID-19 in Malaysia 
by analyzing national administrative data, including 
a COVID-19 vaccine recipients registry, an RT-PCR and 
antigen tests registry, a listing of confirmed cases, and 
a listing of confirmed contacts from the national
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automated contact tracing system.40 This test-negative 
case–control study used multivariable logistic regression 
analyses to evaluate the VE of a heterologous BNT162b2 
or ChAdOx1 booster dose received 4–6 months
(between October 27, 2021, and February 4, 2022) after 
completion of a 2-dose CoronaVac primary series 
(between July 1 and September 30, 2021) for preventing 
COVID-19 among adults ≥18 y of age, during periods 
when Delta and Omicron variants were predominant. Of 
the approximately 12.6 million eligible individuals, the 
study enrolled approximately 1.9 million participants 
over the Delta-predominant period and approximately 
1.0 million participants over Omicron-predominant per
iod; test-positive cases were matched 1:5 for Delta and 1:2 
for Omicron to test-negative controls. Analyses were 
adjusted for sex, age group, comorbidities, ethnicity, geo
graphy, being an HCW, vaccine receipt from a private 
source or national program, month of primary vaccina
tion, number of SARS-CoV-2 tests taken, and number of 
times flagged as a contact in the contact-tracing system. 
Notably, this study used individuals who received a 2-dose 
BNT162b2 regimen as a reference group (instead of 
unvaccinated individuals) to measure the marginal effec
tiveness of 3-dose regimens with homologous and hetero
logous booster vaccines. A heterologous regimen 
consisting of 2-dose CoronaVac followed by a BNT162b2 
booster demonstrated an improved marginal VE com
pared with a homologous 3-dose CoronaVac regimen of 
48% (95% CI: 47%, 48%) versus 33% (95% CI: 32%, 35%) 
during the Omicron period and 85% (95% CI: 85%, 85%) 

versus 82% (95% CI: 82%, 83%) during the Delta period, 
respectively.

In a retrospective cohort study, Marra and colleagues ana
lyzed data from symptom-based testing of adult HCWs at 
a large hospital in São Paulo, Brazil, to evaluate the VE of 
a heterologous BNT162b2 booster dose after CoronaVac pri
mary vaccination against laboratory-confirmed COVID-19.45 

Vaccine effectiveness (defined as the incidence rate ratio) was 
determined using Poisson models of the occurrence of labora
tory-confirmed COVID-19 infection, adjusting for age, sex, 
and job type. The study compared VE of the 2-dose schedule 
of CoronaVac followed a median of 8 months later by a single 
booster dose of BNT162b2 with that of two doses of 
CoronaVac with no booster among adult HCWs ≥18 y of age 
during January 1 to December 30, 2021, when Gamma and 
Delta variants were circulating in Brazil. Overall, 11,427 
HCWs met inclusion criteria (71% female, median age 36 y): 
1157 (10%) received the 2-dose CoronaVac vaccine, and 4472 
(39%) received the 2-dose CoronaVac vaccine followed by 
a single BNT162b2 booster dose. Compared with the indivi
duals who received primary vaccination only, the group that 
received the booster vaccine was significantly older, had 
greater proportions of HCWs with patient contact, and had 
higher rates of comorbidities. Cases of COVID-19 occurred in 
0.9% of those who received the 2-dose CoronaVac plus 
BNT162b2 booster regimen versus 31.5% of those who 
received the 2-dose CoronaVac vaccine only, corresponding 
to an adjusted VE of 92% (95% CI: 89%, 94%) for the 2-dose 
CoronaVac vaccine plus BNT162b2 booster regimen. 
Genomic sequencing of COVID-19 case isolates revealed that

Figure 4. Heterologous BNT162b2 booster dose after inactivated virus vaccine improves VE across COVID-19 outcomes, including Delta and Omicron variants from real- 
world effectiveness studies.  
aVE is attributable to variants in circulation during the study period. BNT, BNT162b2; NA, not available; VE, vaccine effectiveness.
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22% were Gamma and 78% were Delta; furthermore, Gamma 
isolates were predominant in July through August, whereas 
Delta was predominant in September through December 2021. 
Taken together, these results indicate that a BNT162b2 hetero
logous booster given after the CoronaVac primary series con
fers substantial protection.

Pooled analysis to estimate vaccine effectiveness of 
heterologous booster regimen

Four of the six studies calculated vaccine effectiveness by com
paring vaccinated versus unvaccinated individuals as reference 
and were included in a pooled analysis (Figure 4).21,27,37,38 Two 
studies did not use unvaccinated individuals as reference and 
were excluded from the pooled analysis: Suah et al. used indivi
duals vaccinated with the 2-dose BNT162b2 primary series as 
a reference and compared VE in this group with other vacci
nated groups in the study;40 Marra et al. used individuals vacci
nated with the 2-dose CoronaVac primary series as a reference 
and compared VE in this group with other vaccinated groups in 
the study.45 Of the seven variables estimated via the pooled 
analysis, the heterogeneity tests indicated high heterogeneity 
(>75%) in six tests except dose 2 to 3 for the death outcome 
test. The pooled analysis showed that at 7 or 14 d after vaccina
tion, the VE of a 2-dose CoronaVac regimen was 49% (95% CI: 
34%, 61%) against infection/symptomatic disease and 79% (95% 
CI: 63%, 88%) against hospitalization/death (Figure 4). The VE 
of a homologous booster (three doses of CoronaVac) was simi
lar or only slightly higher than the 2-dose CoronaVac regimen 
against both infection/symptomatic disease (58%; 95% CI: 8%, 
81%) and hospitalization/death (80%; 95% CI: 70%, 87%). In 
contrast, heterologous boosting with BNT162b2 after two doses 
of CoronaVac achieved considerably greater VE against infec
tion/symptomatic disease (91%; 95% CI: 76%, 97%), hospitali
zation (95%; 95% CI: 91%, 97%), and death (98%; 95% CI: 
96%, 98%).

Nonrandomized uncontrolled studies of a BNT162b2 
booster dose after primary vaccination with two doses of 
inactivated vaccine

In addition to the randomized and real-world studies 
described above, we identified three nonrandomized uncon
trolled clinical studies evaluating heterologous BNT162b2 
booster after the primary series with CoronaVac and BBIBP- 
CorV.19,32,49 Assawakosri and colleagues compared the boos
ter effect of BNT162b2 in healthy Thai adults (n = 54) who 
had completed the 2-dose CoronaVac primary series 6 ± 1  
month earlier with similar-sized cohorts who received het
erologous boosters of BBIBP-CorV, ChAdOx1, and mRNA- 
1273.19 Kanokudom and colleagues compared the effect of 
a BNT162b2 booster dose (n = 60) with that of a BBIBP-CorV 
booster (n = 60) or a ChAdOx1 booster (n = 57) in healthy 
adults from Thailand, who had completed the 2-dose 
CoronaVac primary series 3 ± 1 month earlier.49 Moghnieh 
and colleagues evaluated the booster effect of BNT162b2 in 
healthy adults from Lebanon (n = 50) who had completed 
a 2-dose BBIBP-CorV primary series up to 3 months earlier 
compared with two doses of the BNT162b2 primary series (n  

= 50).32 In general, results showed that heterologous 
BNT162b2 booster significantly improved spike-RBD bind
ing Ig levels, increased the neutralizing activity against SARS- 
CoV-2 variants Alpha, Beta, and Delta, and increased inter
feron-γ–secreting T-cell response where tested versus the 
comparator vaccines.19,32,49 No serious AEs were observed 
with the heterologous BNT162b2 booster dose.

Finally, we identified 19 observational studies that mea
sured humoral and cellular responses in nonrandomized 
cohorts of between 31 and 1587 individuals who received the 
2-dose CoronaVac or BBIBP-CorV primary series followed at 
various dosing intervals (1‒16 months) by a heterologous 
booster dose of BNT16b2 or other viral vector or mRNA 
vaccine; some studies included multiple 
comparisons.11,17,18,20,24–26,28–29,31–34,35–39,42–44,46–48 Findings 
with heterologous booster varied by combinations examined, 
order of vaccine administration, and dosing interval used, and 
must be interpreted cautiously in the absence of a consensus 
immune correlate for short- and long-term protection. 
A heterologous BNT162b2 booster (third) dose after the 
2-dose CoronaVac primary series enhanced humoral and cel
lular responses.25,28,42,43 Broad neutralization of SARS-CoV-2 
variants was higher with a heterologous BNT162b2 booster 
(third) dose after a 2-dose CoronaVac primary series com
pared with a homologous CoronaVac booster,29 including 
against Delta34 and Omicron11 variants. Similar results were 
observed among studies that pooled data from patients receiv
ing either of the two authorized mRNA vaccines (BNT162b2 
and mRNA-1273) as a booster after primary vaccination with 
an inactivated vaccine.47,48 Additionally, neutralization of 
SARS-CoV-2 variants, including Alpha, Beta, Delta, Gamma, 
and Omicron (with exception of one study44), was significantly 
greater with a heterologous BNT162b2 booster versus 
a heterologous ChAdOx1 booster after a 2-dose CoronaVac 
primary series.17,43,44 A heterologous BNT162b2 booster after 
mixed primary regimen of 1-dose CoronaVac and 1-dose 
ChAdOx1 showed a greater degree of enhancement of 
humoral and cellular responses and neutralization of Delta 
and Omicron variants than with a ChAdOx1 booster.46

Studies of a heterologous BNT162b2 booster after 
primary vaccination with a viral vector vaccine

Findings of the current analysis are consistent with the results 
of studies examining a heterologous BNT162b2 booster after 
primary vaccination with a viral vector vaccine. An open- 
label, nonrandomized clinical trial performed in the United 
States demonstrated robust binding antibody, neutralizing 
antibody, and T-cell responses after primary vaccination 
with two doses of Ad26.COV2.S or mRNA-1273 followed 
≥3 months later by a BNT162b2 booster.51 In a phase 2, 
multicenter, randomized, controlled clinical trial conducted 
in the United Kingdom (the COV-BOOST trial), heterolo
gous boosting with a single-dose of BNT162b2 after a 2-dose 
primary vaccination series with ChAdOx1 induced substan
tial anti-spike IgG and cellular responses that were compar
able in participants <70 y of age and in those 70 y and older.52 

These humoral (B-cell) and T-cell responses persisted over 3  
months.53 In the two randomized clinical trials, heterologous
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BNT162b2 boosting was generally safe and well tolerated, 
with no new safety concerns identified.51,52 Among 22 adults 
primed with a 2-dose ChAdOx1 primary vaccination series in 
a study conducted in Italy, a heterologous BNT162b2 booster 
dose elicited broadly reactive neutralizing antibodies against 
variants of concern, including Beta, Delta, and Omicron.54 

Additionally, RWE from the United Kingdom demonstrated
that after waning of VE was observed after a primary series 
with ChAdOx1, a heterologous BNT162b2 booster improved 
VE against symptomatic COVID-19 and COVID-19 hospi
talization caused by Delta and Omicron variants to above the 
highest VE levels initially achieved by primary vaccination 
with ChAdOx1.55 Recent findings from the COV-BOOST 
trial showed that a heterologous fourth dose of a COVID-19 
mRNA booster vaccine (BNT162b2 or mRNA-1273) after 
2-dose primary vaccination with ChAdOx1 and a single 
booster with BNT162b was well tolerated and boosted 
humoral and cellular immunity.56 Peak responses after the 
fourth vaccine dose were comparable with, and possibly 
greater than, peak responses after the third vaccine dose 
(i.e., the first dose of BNT162b2).

Discussion

We reviewed the available evidence on the safety, immu
nogenicity, and effectiveness of a heterologous BNT162b2 
booster dose after complete primary vaccination with an 
inactivated SARS-CoV-2 vaccine to help protect against 
COVID-19. Thirty-three studies reported use of mRNA 
and inactivated-viral vector vaccines, no studies included 
protein-based vaccines, and the majority of reports 
involved primary vaccination with CoronaVac inactivated 
vaccine. Heterologous boosting with BNT162b2 after 
inactivated virus primary vaccination afforded higher VE 
than a homologous booster with an inactivated virus 
vaccine for all COVID-19 outcomes but especially for 
infection/symptomatic disease (Figure 4). Higher VE was 
observed with the heterologous BNT162b2 booster versus 
the inactivated virus vaccine booster against COVID-19 
hospitalization and death in the elderly (Figure 3). By 
restoring waning VE against COVID-19 outcomes after 
primary vaccination (Figure 2), a heterologous BNT162b2 
booster extended long-term protection. Additionally, 
higher VE was observed with the heterologous 
BNT162b2 booster compared with the inactivated virus 
vaccine booster against Delta and Omicron variants 
(Figure 2). The studies reviewed here measured VE of 
a heterologous BNT162b2 booster during circulation of 
various SARS-CoV-2 variants, Alpha, Beta, Gamma, 
Delta, Omicron (Table 1), and the overall VE data are 
undoubtedly encouraging. Calculating cross-reactive 
responses across variants, however, requires additional 
specific analyses with larger study populations.

Vaccine-mediated protection against COVID-19 wanes over 
time and is especially challenged by divergent, emerging SARS- 
CoV-2 variants, such as Delta and Omicron,57–59 and has cre
ated the need for booster doses. For coverage of Omicron and its 
descendants, booster vaccination may be necessary to help 
protect against Omicron-related infection and disease.60 

Added benefits of primary and booster vaccination include 
higher VE in older age groups in terms of protection against 
COVID19‒related mortality, as well as potential protection 
from post-acute sequelae of COVID-19 (also called “long 
COVID”) and Multisystem Inflammatory Syndrome in children 
(MIS-C).61–64 Immunocompromised sub-populations are het
erogeneous, consisting of patients with diverse immune- 
mediated inflammatory diseases, hemato-oncological malignan
cies, solid-organ transplantation, and patients undergoing 
hemodialysis, nevertheless, there is accumulating evidence 
showing safety and effectiveness of additional doses of 
COVID-19 vaccines.65 However, there are very limited data 
directly comparing immunogenicity and safety of homologous 
versus heterologous booster vaccination among immunocom
promised or immunosuppressed individuals, and additional 
studies with larger patient cohorts are required. Finally, main
taining protective community immunity through high booster 
vaccination coverage provides a broader societal benefit by 
reducing health-care resource utilization, restoring population 
mobility, and resuming economic activity.66 Therefore, public 
awareness efforts and education about the need for boosters will 
be critical to ensure adherence with and confidence in 
vaccination.

During the COVID-19 pandemic, concerns about access 
to sufficient and predictable supply of mRNA vaccines have 
contributed to utilization of a heterologous vaccination strat
egy by many health authorities worldwide. The WHO-SAGE 
supports a flexible approach to vaccination strategies based 
on product availability and recommends that countries using 
WHO EUL inactivated vaccines for primary vaccination as 
part of a heterologous schedule consider WHO EUL mRNA 
or viral vector vaccines for subsequent doses.15 Aligned with 
this flexible WHO recommendation, and in view of the over
all lower efficacy of inactivated vaccines like CoronaVac and 
their limited efficacy data against the Omicron variant, 
Singapore recommends that only those individuals unable 
to complete the full two doses of mRNA vaccine due to 
medical reasons receive the 3-dose CoronaVac vaccine.67,68 

In the United States, mRNA vaccines are preferentially 
recommended for use as a heterologous booster.16 

Furthermore, due to the risk of thrombosis with thrombocy
topenia syndrome, the US Food and Drug Administration 
has limited authorized use of Ad26.COV2.S to adults for 
whom other COVID-19 vaccines are not available or are 
not clinically appropriate and to those who choose this vac
cine because they would not otherwise receive a COVID-19 
vaccine.69 The European Medicines Agency recommends 
consideration of an mRNA vaccine dose after a single dose 
of a viral vector vaccine based on evidence of tolerability of 
this sequence and an enhanced immune response relative to 
the homologous viral vector vaccine regimen.10

As countries transition from the pandemic to an endemic- 
like co-existence with SARS-CoV-2, heterologous booster regi
mens will likely become a prominent consideration in their 
national immunization program strategy and plans. For inte
grating COVID-19 vaccines into routine immunization pro
grams, it will be necessary to measure real-world effectiveness 
of the third dose of inactivated virus vaccines in order to make 
recommendations, especially in the context of variants of
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concern. It will also be important to understand the cost- 
effectiveness of mRNA vaccines, such as BNT162b2, versus 
inactivated vaccines. Ideally, the evaluation would take into 
account the higher VE of mRNA vaccines on reduction of 
health-care resource use and other costs associated with 
COVID-19. Vaccine supply is now less of an issue than in 
the early days of COVID-19 vaccine rollout, although
equitable distribution remains an unresolved challenge. 
Therefore, countries may consider rationalizing their 
expanded portfolio of four to six different COVID-19 vaccines 
down to perhaps one to two vaccines based on the clinical 
evidence and balancing programmatic feasibility, and access. 
Recommendations from global public health agencies like the 
WHO70,71 will be very helpful in this regard.

The current review has strengths and limitations. We 
attempted to collate the rapidly emerging evidence on 
heterologous booster regimens used in COVID-19 vacci
nation programs globally, by surveying both peer- 
reviewed and pre-print publications and by analyzing 
data from a diverse set of randomized, non-randomized, 
and real-world studies. One limitation is that we may not 
have captured all available studies, which will likely 
emerge from future systematic literature reviews. 
However, we believe that we covered a substantial number 
of relevant publications that will improve the scientific 
understanding of heterologous regimens and hopefully 
sustain future discussions regarding the optimal use of 
these regimens in national immunization programs during 
the COVID-19 pandemic and beyond. We conducted 
a pooled analysis to calculate a comprehensive VE esti
mate for the regimens involving a heterologous BNT162b2 
mRNA vaccine booster dose after an inactivated vaccine 
primary series. Our estimate is based on four of six stu
dies identified in this review and it is possible that includ
ing additional studies might yield an improved VE 
estimate that is closer to the ground truth. Finally, we 
were unable to gather data on the durability and breath of 
coverage across variants of concern for these heterologous 
booster regimens due to paucity of emerging data because 
of the longer follow-up times needed after implementation 
of the booster dose.

Conclusion

The accumulated evidence summarized in this review indi
cates that heterologous boosting with the BNT162b2 
mRNA vaccine after an inactivated vaccine primary series 
enhances immunogenicity and improves vaccine effective
ness against COVID-19. Higher VE was observed with the 
heterologous BNT162b2 booster compared with the inacti
vated virus vaccine booster against Delta and Omicron 
variants. In addition, no new safety concerns have been 
identified with heterologous inactivated-mRNA booster 
combinations. Based on our collective experience with 
COVID-19 vaccination during the pandemic, heterologous 
boosting is a promising strategy to attain longer duration 
and greater breadth of protection against emerging SARS- 
CoV-2 variants. Furthermore, heterologous boosting may 

provide flexibility to help balance programmatic implemen
tation across a diverse portfolio of COVID-19 vaccines 
used in many countries.
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