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Comparing reactogenicity of COVID-19 vaccine boosters: a systematic review and
meta-analysis

Alberto San Francisco Ramos 2, Carolina Liu Sanchez? Tatiana Bovill Rose?, David Smith?, Natasha Thorn?,
Eva Galiza?, Thahmena Miah?, Jennifer Pearce?, Cecilia Hultin?, Catherine Cosgrove?, Yingfen Hsia®®
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ABSTRACT ARTICLE HISTORY
Introduction: Different COVID-19 vaccines are being utilized as boosters. This systematic review and Received 29 June 2023

meta-analysis aims to evaluate the reactogenicity of COVID-19 vaccines given as booster doses, according Accepted 2 February 2024
to vaccine type, dose, timing, participant characteristics and primary immunization regimen received.
Methods: Four databases (MEDLINE, Embase, Web of Science and CENTRAL) were searched for randomized
controlled trials between 1 January 2020 and 1 January 2023 according to predetermined criteria. o .

. . o X . . B . analysis; COVID-19 vaccine
Results: Twenty-eight studies describing 19 vaccines of four different types (viral vector, inactivated, boosters; reactogenicity;
mRNA and protein sub-unit) were identified. BNT162b2 vaccine (Pfizer-BioNTech) was selected as the adverse events
control as it was most often compared with other vaccines. Fever, fatigue, headache, injection-site pain,
redness, and swelling were the most frequently reported solicited events. mRNA vaccines were the
most reactogenic, followed by viral vector vaccines and protein sub-unit vaccines, while inactivated
vaccines were the least reactogenic. Full-dose vaccines were more reactogenic than half-dose vaccines.
Heterologous BNT162b2 boosters were more reactogenic than boosters with the same vaccine used for
primary immunization.
Conclusions: COVID-19 vaccine booster schedules have distinct reactogenicity profiles, dependent on
dose and vaccine type, which may allow targeted recommendations and provide choice for specific
populations. Greater standardization of adverse event reporting will aid future studies.

KEYWORDS
Systematic review; meta-

1. Introduction being used in vaccine schedules, either because of supply
issues or of perceptions of benefit.

A detailed understanding of the reactogenicity of different
vaccine boosters and booster schedules is important for deci-
sions to be made about their deployment and to build public
trust. There is an urgent need of robust evidence of reactogeni-
city for COVID booster vaccines as this information will allow
policymakers to select appropriate booster schedules.
Heterologous boosters have been shown to be more immuno-
genic than homologous boosters but to cause greater reacto-
genicity [6-8], which may adversely affect public acceptance of

s0 a better understanding of the efficacy and reactogenicity of ~Pooster doses. These perceptions may however differ by risk
different vaccine boosters is key to decisions about their use. ~9roup: for example, safety of their fetus is the most important
COVID-19 vaccine technologies include mRNA, inactivated, factor influencing vaccine acceptance among pregnant women
viral-vector and protein subunit and we previously showed [910], or while immunocompromised populations may favor
that these different platforms have unique reactogenicity pro-  higher efficacy over safety. Vaccine schedules associated with
files when used for primary vaccination. For example, mRNA low rates of adverse events, particularly fever, are generally
vaccines were the most reactogenic and inactivated vaccines  Prioritized for use in young children [11,12].
were the least reactogenic overall [5]. Booster doses are now We undertook a systematic review and meta-analysis, aim-
being routinely administered to adolescents and adults. In  ing to define the reactogenicity of COVID-19 vaccines when
addition to use of different vaccine platforms, different com- given as booster doses, with a focus on commonly reported
binations of vaccines (homologous and heterologous) are systemic and local adverse events.

COVID-19, caused by the coronavirus SARS-CoV2, is responsi-
ble for 6.9 million deaths and 772 million cases worldwide up
to 26 November 2023 [1]. The rapid development and deploy-
ment of effective vaccines is estimated to have prevented
20 million deaths in their first year [2]. More than 240
COVID-19 vaccine candidates, utilizing varying technologies,
are in clinical trials and 50 have now been approved for use by
various regulatory authorities for primary and/or booster vac-
cinations [3,4]. As COVID-19 enters an endemic state, contin-
ued vaccination is vital, certainly for many at-risk groups, and
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Article highlights

o The majority of booster vaccine trials compared COVID-19 vaccines
against each other; placebo-controlled trials were rare.

¢ Four main vaccine types were used as booster doses: mRNA vaccines
were most reactogenic, followed by viral vector vaccines, protein sub-
unit vaccines and inactivated vaccines.

e Of the mRNA vaccines, 100ug (full dose) of mRNA-1273 was more
reactogenic than 30ug of BNT162b2, but comparable when used at
half-dose (50ug).

e Compared to BNT162b2 (30ug), adenovirus-vector vaccines had an
increased rate of fever but a lower rate of local adverse events while
protein sub-unit vaccines had lower rates of pain and swelling at the
injection site.

e Inactivated vaccines had lower risks of local and systemic adverse
events compared to BNT162b2.

* Homologous boosters with the same vaccine received for primary
immunization were less reactogenic than heterologous BNT162b2
boosters.

¢ Reporting of solicited adverse events on vaccine trials is inconsistent,
with differences in number and type of symptoms reported. This lack
of standardization of reporting makes comparison of different vac-
cines challenging.

e Vaccines with lower rates of reactogenicity may be preferable in
specific settings and populations.

2. Methods

This systematic review and meta-analysis was conducted in
accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement [13] and regis-
tered with the PROSPERO International Prospective Register of
Systematic Reviews (registration number: CRD2022381484).

2.1. Database and search terms

Three authors (ASFR, CLS, and TBR) conducted an electronic
search of the PubMed/MEDLINE, Embase, Science Citation
Index (Web of Science) and Cochrane Central Register of
Controlled Trials (CENTRAL) databases from 1 January 2022
to 1 January 2023. These databases were selected due to
their relevance and completeness and to be consistent with
our previous systematic review [5] The full search strategy can
be found in the supplementary material (Table S1).

2.2. Selection of studies: inclusion and exclusion criteria

The search results were imported into Rayyan, a web appli-
cation for systematic reviews [14]. After removal of dupli-
cate records, titles and abstracts were screened (ASFR, CLS,
TBR, TM, DS, and NT). Each record was reviewed by two
authors independently, excluding the ones that did not
meet the inclusion criteria. Articles were deemed suitable
for inclusion if they described a blinded, randomized clinical
trial of a COVID-19 vaccine booster, the vaccine had
reached at least phase Ill of clinical development, the trial
included participants who had previously received an
approved COVID-19 primary vaccine regimen, had an inter-
vention and at least one comparator arm (either placebo or
a different vaccine) and had assessed safety or reactogeni-
city. Abstracts were excluded if they described open label
or non-randomized studies, pre-print or protocol only
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articles, primary COVID-19 vaccine schedules, vaccines that
were not given intramuscularly, co-administration of COVID-
19 vaccines with other vaccines, or trials where safety data
were not reported.

Full-text articles were retrieved for every abstract
included during the initial screening phase. The same six
authors assessed the full-text articles and excluded the ones
that did not meet the eligibility criteria. Disagreements
were resolved by consensus between the two opposing
authors and the senior author. Reference lists of included
articles were reviewed to identify additional studies that
met the eligibility criteria. The eligibility criteria and the
rationale for inclusion/exclusion can be found in the sup-
plementary material.

2.3. Risk of bias assessment

Each article was assessed independently and in duplicate for
risk of bias by ASFR, CLS, TBR, TM, DS, and NT using the
Revised Cochrane Risk of Bias Tool for randomized trials
(RoB 2) [15]. Disagreements were resolved by discussion
between two authors or the rest of the team when
a consensus was not reached. Studies that were deemed to
have a high risk of bias were included in the qualitative
synthesis but not in the meta-analysis.

2.4. Data extraction

Study characteristics were manually extracted and in dupli-
cate for all full-text articles included after the screening
phase: study year, phase, setting, participant characteristics
(age and sex), intervention characteristics (vaccine name, type
(technology), manufacturer, dose, adjuvant, primary COVID-
19 vaccination regimen, timing of booster after primary vac-
cination), and control vaccine used. Data on reactogenicity
were only extracted from studies which were deemed to have
a 'low’ or ‘some concerns’ risk of bias.

The number of participants who experienced fever, fatigue,
headache, pain at injection site, redness, and swelling is
extracted for each vaccine study arm. If the trials reported
data on different doses of vaccines, only data related to the
dose that was approved for clinical use or had reached Phase
Il development as of December 2023 were collected.

2.5. Missing data requested from authors

For articles which did not provide full reactogenicity data or
where data were only presented in graphs, the authors were
emailed to request the missing data. Two different denomi-
nators were provided by authors: number of participants
receiving the booster vaccine included in the safety analysis
or number of participants who completed a solicited e-diary
entry; the former was used in our analysis for consistency.
When data were only available in graph format, solicited
adverse event data was extracted by means of a web-based
plot digitizer tool (WebPlotDigitiser V4.6) [16].



268 A. SAN FRANCISCO RAMOS ET AL.

2.6. Statistical analysis

A descriptive analysis was performed to summarize study
characteristics (percentage, frequency, and median with
minimum-maximum ranges). The meta-analyses were per-
formed using Review Manager (RevMan) version 5.4 (the
Cochrane Collaboration, 2020). From the findings in our pre-
vious study [5], high heterogeneity of reactogenicity between
studies was anticipated for COVID-19 vaccine boosters, there-
fore the Mantel-Haenszel random-effects model was selected
to estimate Risk Ratios (RRs) and 95% confidence intervals
(Cls) for each symptom (fever, fatigue, headache, injection
site pain, redness, and swelling) [17]. The 12 values were
presented in each individual forest plot to indicate the het-
erogeneity between studies. In order to have a consistent
control group with which to estimate RRs between trials, we
selected the BNT162b2 vaccine (Pfizer-BioNTech), as it is the
most commonly used vaccine worldwide [18] and was most
consistently used in booster trials. The estimated RRs were
performed separately for normal saline (and other) controlled
trials. The subgroup meta-analyses were performed by vac-
cine type, but Individual vaccines were analyzed as indepen-
dent subgroups if two or more datasets were available for
the same vaccine dose. Low, moderate, and high heteroge-
neity were defined as ° values of 25%, 50%, and 75%,
respectively [19]. Funnel plots were generated for each symp-
tom to assess publication bias.

Sensitivity analysis was performed to evaluate whether
inclusion of papers with high risk of bias (RoB) affected reac-
togenicity estimates. Forest plots were generated to include
and exclude papers with high RoB to evaluate differences in
heterogeneity and estimated RR.

We collected data on a range of clinically relevant variables
that could potentially contribute to the heterogeneity of soli-
cited symptoms, including participant age, ethnicity, the
socio-economic status of the country in which the study was
conducted (measured by Human Development Index [HDI]),
primary COVID-19 vaccine schedule, homologous versus het-
erologous booster, vaccine technology, booster dose (full or
half dose), number of vaccines received prior to booster and
interval between primary schedule and booster dose.
A multivariate meta-regression model using backward step-
wise regression [20] was conducted to evaluate the impact of
these variables on the effect estimates for each symptom in
the trials which had a booster BNT162b2 arm. This analysis
was performed using STATA version 17 (StataCorp LLC,
College Station, TX, USA).

3. Results
3.1. Literature search and risk of bias (RoB) assessment

The four databases were searched from 1 January 2022 to
1 January 2023 and yielded 2827 results. After duplicates
were removed, 1689 articles were screened. The PRISMA flow
diagram is presented in Figure 1. A total of 28 studies describ-
ing 19 vaccines met the inclusion criteria for the systematic
review and underwent RoB assessment. Most studies were
deemed to have a low RoB while eight had some concerns

[21-28] and three had a high RoB [29-31]. RoB assessments for
individual papers can be found in the supplement (Table S2).

3.2. Systematic review

Nineteen vaccines were included in this systematic review:
three were viral vector, five inactivated, two mRNA and nine
protein subunit vaccines (Table 1). BNT162b2 (Pfizer-
BioNTech) was the most frequently evaluated vaccine (used
in 14 studies), followed by mRNA-1273 (Moderna, 10 studies),
CoronaVac (Sinovac, 6 studies), ChAdOx-1 (Oxford-
AstraZeneca, 4 studies) and Ad26.COV2.S (Janssen, 4 studies).
Regarding control arms, 12 studies incorporated a BNT162b2
booster arm: two studies compared a full dose (30ug) to
a half dose (15 ug) [30,32]; BNT162b2 was compared with
one other COVID-19 vaccine in five studies [29,31,33-35],
with two other COVID-19 vaccines in one study [36] and
with three or more vaccines in four studies [26,37-39].
Seven trials used 0.9% normal saline [22-25,27,40,41], one
used an aluminum adjuvant + fusion protein without spike
protein component [28], one used an inactivated influenza
vaccine [42] and one used a Meningitis ACWY conjugate
vaccine [37] as their controls.

All trials evaluated a first booster dose after the primary
schedule except one, which studied a second booster dose
[34]. The time interval between primary vaccination and boos-
ter ranged from 1 to 9 months. Primary COVID-19 vaccination
schedules varied among the different trials, the majority had
received a primary series of an mRNA vaccine (BNT162b2 or
mNRA-1273) or inactivated (CoronaVac). Most trials recruited
adults over 18years of age, one trial enrolled participants
aged 16 or older [25], another 21 years or older [35] while
two others recruited 30 year-olds and older [34,37]. Overall,
there was balanced proportion of male to female participants
among trials, although four trials had less than 30% female
participants [21,23,28,31]. Trials took place across all WHO
regions (Figure 2), although the African region was under-
represented. Ethnicity data were only reported in 10 (35.7%;
10/28) of the trials. Four trials recruited immunocompromised
patients: three enrolled solid organ transplant patients
[22,24,26] and one recruited patients treated with
Rituximab [36].

There was considerable variability in the number of soli-
cited adverse events reported across studies: a median of four
(range 2-6) local and a median of eight (range 2-11) systemic.
For this reason, analyses of solicited events focused on the six
main symptoms most consistently reported: three systemic
(fever, fatigue, and headache) and three local (pain at injection
site, redness, and swelling).

3.3. Meta-analysis - reactogenicity of COVID-19 booster
vaccines in comparison with BNT162b2 30ug booster

Five studies were excluded from the meta-analysis: three due
to high RoB [29-31], one due to repetition of safety data [24]
and another due to missing data which was not available from
the authors [21]. Of the 23 studies included in the meta-
analysis, 15 [26,32-39,43-48] included two or more booster
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database searching

Medline: 396
Embase: 1069
Web of Science: 706
CENTRAL: 656

2827 records identified through

Identification

1138 records removed after

A 4

A\ 4

deduplication

1641 records excluded after title and
abstract screening:

abstract screening

1689 records included for title and

Wrong publication type: 921
Wrong population: 580
Wrong intervention/study drug: 72
Wrong comparator/no control: 29

A\ 4

Screening

\ 4

Wrong outcome: 8
Wrong study design: 31

19 articles excluded after full-text
screening:

eligibility

48 full-text articles assessed for

Different publication type: 6
Wrong population: 4
Wrong intervention: 1

A\ 4

Wrong comparator/no control: 2
Wrong study design: 6

26 studies included

References review:
2 additional studies identified

A\ 4

28 studies included in review <

Figure 1. PRISMA flow diagram.

vaccine arms or stratified patients according to primary
COVID-19 received, therefore a total of 52 datasets were avail-
able for meta-analysis.

3.3.1. Fever

Forest Plot 1 shows the RR for developing fever after a COVID-
19 vaccine booster, with BNT162b2 30ug as the control group.
Compared to BNT162b2 30ug, Ad26.COV2.S (RR 2.73 [95%Cl
1.14-6.57]), ChAdOx-1 (RR 3.79 [95%CI 1.10-12.99]) and
mRNA-1273 100ug (RR 2.66 [95%CI 1.82-3.88] had increased
risk of fever whereas half-dose (15ug) BNT162b2, half-dose
(50ug) mRNA-1273, NVX-CoV2373 and other protein sub-unit
and inactivated vaccines had similar or lower rates.

3.3.2. Fatigue

Forest Plot 2 shows that mRNA-1273 100 upg (1.34 [95%ClI
1.16-1.55]) had a higher RR of fatigue compared to
BNT162b2 30ug. Ad26.COV2.S, ChAdOx-1, BNT162b2 15ug,
MRNA-1273 50ug, NVX-CoV2373 and other protein sub-unit
vaccines had similar RRs while inactivated vaccines had lower
RR for fatigue (0.67 [95%CI 0.46-0.98]).

3.3.3. Headache

mRNA-1273 100ug was the only vaccine associated with
increased risk of headache when compared to BNT162b2
30ug (RR 1.32 [95%CI 1.17-1.48]. Ad26.COV2.S, ChAdOx-1,
BNT162b2 15ug, mRNA-1273 50ug, NVX-CoV2373 and other
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Table 1. (Continued).

Months
until

Immuno-
compromised

No

Primary COVID-19
vaccine schedule

2 doses of BBIBP-CorV

Vaccine

Booster

Age Female %

18-59, 260

booster

Control arm

Adjuvant

Dose

platform

vaccine
V-01

Country

Registration ID

Phase

Study

283

3-6

Aluminium

Aluminium

10ug

Protein

Malaysia,

NCT05096832

Wang 2022 [28]

Hydroxide or Coronavac

Hydroxyde

Sub-

Pakistan

unit

fusion

protein
Normal Saline 2 doses CoronaVac

18-59 45.7-60.9 No

3-9

ChiCTR2200057758  China CoronaVac Inactivated 0.5mL  Aluminium

Zhang Yuemiao

Hydroxyde

Aluminium

2022 [41]
Zhang Zhiren

No

18-59, 260 30-50

5-7

2 doses of BBIBP-CorV

NCT05238649 China CoronaVac Inactivated 0.5 mL

or CoronaVac

Hydroxyde
Aluminium

2022 [48]

10ug

Protein

V-01

Hydroxyde

Sub-

unit

*excluded from meta-analysis.

protein sub-unit vaccines had comparable RRs (Forest Plot 3).
Inactivated vaccines were less likely to cause headache (RR
0.70 [95%Cl 0.58-0.84]).

3.3.4. Pain at the injection site

Several vaccines had lower RR for pain at the injection site
when compared to BNT162b2 30ug (Forest Plot 4): Ad26.
COV2S (0.78 [95%CI 0.73-0.84]), ChAdOx-1 (0.82 [95%ClI
0.76-0.89]), BNT162b2 15 ug (0.82 [95%CI 0.74-0.92]), NVX-
CoV2373 (0.61 [95%Cl 0.50-0.74]) and inactivated vaccines
(0.52 [95%Cl 0.46-0.58]). mRNA-1273 100ug had an increased
risk of local pain (RR 1.03 [95%Cl 1.01-1.17]) while mRNA-1273
50ug and other protein subunit vaccines had similar RR com-
pared to BNT162b2 30ug.

3.3.5. Redness at the injection site

mRNA-1273 100ug was the only vaccine associated with
increased risk of injection site redness when compared to
BNT162b2 30ug (RR 3.49 [95%C| 1.82-6.67]. Ad26.COV2.S,
ChAdOx-1, BNT162b2 15ug, mRNA-1273 50ug, NVX-CoV2373
and other protein sub-unit vaccines had comparable RRs
(Forest Plot 5). Inactivated vaccines were less likely to cause
redness (RR 0.30 [95%CI 0.17-0.52]).

3.3.6. Swelling at the injection site

Ad26.COV2.S, NVX-CoV2373, other protein sub-unit vaccines
and inactivated vaccines had lower RRs for injection site swel-
ling (0.58 [95%CIl 0.41-0.83], 0.19 [95%CIl 0.04-0.86], 0.74 [95%
Cl 0.56-0.97] and 0.22 [95%CI 0.12-0.41] respectively) com-
pared to BNT162b2 30ug (Forest plot 6). ChAdOx-1, 50 and
100 pg doses of mRNA-1273 and 15ug of BNT162b2 had
similar RR. Of note, although swelling was graded by most
trials based on measurement of the affected area, one study
[39] graded according to interference with daily activities,
resulting in higher swelling rates for both vaccine and control
arms compared to other trials.

3.4. Meta-analysis - reactogenicity of COVID-19 vaccines
against placebo, adjuvant, or other COVID-19 vaccines

Analyses of individual adverse events (fever, fatigue, head-
ache, pain, swelling, redness) with normal saline placebo,
adjuvant, or other vaccines as control groups are shown in
the supplementary material (Tables S3-S8).

When compared with saline placebo, BNT162b2 30
pg and NVX-CoV2373 both had significantly raised RR for
all symptoms. RRs were comparable for both vaccines, being
highest for fever (34.33 [95%Cl 16.21-72.71] and 34.01 [95%
Cl 2.07-558.16] respectively). Of note, the trial comparing
BNT162b2 30ug against saline placebo [25] reported unso-
licited adverse event data only, based on retrospective tele-
phone calls while other studies collected solicited adverse
events prospectively through use of daily e-diaries. It is
notable also that the Hannawi study [23] reported rates of
fever of > 10% in the normal saline control groups, resulting
in lower RR estimates for the active vaccine group. In
another study, mRNA-1273 50ug was compared with saline
in a transplant recipient population [22], with significantly
raised RR for fatigue (1.74 [95%Cl| 1.08-2.79]), pain at



Figure 2. Map of countries with included studies.

injection site (6.46 [95%Cl 3.18-13.13]) and swelling (18.69
[95%CI 1.11-313.97]). Several other vaccines had a raised RR
for pain compared to placebo: BNT162b2 30ug (8.29 [95%ClI
6.58-10.45]), NVX-CoV2373 (7.36 [95%Cl 3.51-15.41]),
SCTVO1C 20 pg (4.75 [95%Cl 1.08-20.96]) and Spikogen
(4.13 [95%CI 2.17-7.83]).

Studies comparing different COVID-19 vaccines (other than
BNT162b2 30 pg), showed non-significant RRs for all adverse
events. Studies comparing different doses of the same vaccine
generally showed that half doses were associated with lower RRs
than full doses. Nanthapisal et al. [45], for example, compared
0.25 ml of ChAdOx-1 against a full dose of 0.5ml and found
significantly lower RR for systemic events: fever (0.27 [95%ClI
0.16-0.47]), fatigue (0.85 [95%CI 0.74-0.97], headache (0.81
[95%Cl 0.69-0.95]) but no differences in RRs for local events.

3.5. Sensitivity and publication bias analysis

Data from the two studies excluded from meta-analysis due to
high RoB (CoronaVac compared with BNT162b2 30ug [29],
BNT162b2 15ug compared with 30ug [30], were included in the
sensitivity analysis forest plots. Trial heterogeneity did not
change for either vaccine and there were no differences in
reactogenicity RR for CoronaVac. For BNT162b2 15ug, RR for
fever was 0.30 (95%Cl 0.06-1.49) in the main analysis and 0.23
(95%Cl 0.06-0.91) in the sensitivity analysis forest plots and no
differences were observed for other symptoms (Supplement
Forest Plot S1-6). Publication bias analysis results can be found
in the supplement (Funnel Plots S1-6); there were imbalances
within individual vaccine subgroups, which may be explained by
a small number of papers within each subgroup.

3.6. Meta-regression analysis

Boosters with an mRNA vaccine were independently asso-
ciated with increased risks for all six adverse events (RR for
fever 7.44 [95%Cl 3.06-18.12], fatigue 1.70 [95%Cl 1.46-
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1.99], headache 1.69 [95%Cl 1.39-2.06], injection site pain
2.01 [95%CI 1.77-2.27], redness 7.25 [95%Cl 3.52-14.97] and
swelling 1.64 [95%Cl 1.37-1.97]; all p<0.0001). Similarly,
boosters with a viral vector vaccine were associated with
an increased risk for all events except swelling (RR for fever
8.29 [95%Cl 3.51-19.57], fatigue 1.65 [95%CI 1.39-1.96],
headache 1.63 [95%Cl 1.39-1.92], injection site pain 1.45
[95%CI 1.30-1.62]; all p < 0.0001; and redness 2.11 [95%Cl
1.16-3.79]; p=0.013).

Compared to a half-dose booster, a full dose booster was
associated with increased risk for all events except swelling
(RR for fever 2.40 [95%CI 1.33-4.35], p =0.0004; fatigue 1.37
[95%Cl 1.19-1.58], p <0.0001; headache 1.28 [95%CI 1.19-
1.58], p = 0.023; injection site pain 1.30 [95%Cl 1.15-1.47],
p < 0.0001; and redness 2.43 [95%Cl 1.17-5.08], p=0.017).
Receipt of a viral vector vaccine or receipt of a mRNA
vaccine as the primary schedule were both associated with
reduced risks of local pain (RR 0.73 [95%CI 0.59-0.90], p=
0.0004 and 0.65 [95%Cl 0.52-0.82], p < 0.0001) while primary
vaccination with inactivated vaccines was associated with
increased RR for fever only (2.12 [95%CI 1.01-4.49], p=
0.048).

Receipt of a homologous booster vaccine, compared to
a heterologous BNT162b2 control, was associated with
lower risk of fever (RR 0.42 [95%CI 0.20-0.88], p =0.022);
fatigue (RR 0.70 [95%CI 0.57-0.87], p=0.0006); headache
(RR 0.70 [95%Cl 0.58-0.84] p <0.0001); swelling (RR 0.51
[95%CI 0.31-0.82]). Of interest, studies in which there was
a higher proportion of white compared with nonwhite
participants reported an increased risk of injection site
pain (RR 1.01 [95%CI 1.00-1.03] p =0.024).

4. Discussion

This systematic review and meta-analysis focuses on the reacto-
genicity data reported from RCTs of COVID-19 vaccines when
given as booster doses, compared with either placebo, control or
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Vaccine BNT162b2 30ug Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
1.1.1 Ad26.COV2.S
Costa Clemens 2022 - Ad26.COV2.S 35 305 7 339 6.9% 5.56 [2.51, 12.33]
Munro 2021 - Ad26.COV2S (BNT162b2 primed) 10 103 2 105 4.1% 5.10 [1.14, 22.70]
Munro 2021 - Ad26.COV2S (ChAdOx-1 primed) 6 102 1 101 2.6% 5.94 [0.73, 48.47] 1
Reindl-Schwaighofer 2022 - Ad26.COV2.S 3 99 3 101 3.8% 1.02 [0.21, 4.93] I S—
Sablerolles 2022 - Ad26.COV2.S 22 106 18 111 8.0% 1.28 [0.73, 2.25] T
Subtotal (95% CI) 715 757 25.4% 2.73 [1.14,6.57] D
Total events 76 31
Heterogeneity: Tau? = 0.60; Chi? = 12.31, df = 4 (P = 0.02); I = 67%
Test for overall effect: Z = 2.24 (P = 0.02)
1.1.2 ChAdOx-1
Costa Clemens 2022 - ChAdOx-1 44 304 7 339 6.9% 7.01 [3.21, 15.33] e
Munro 2021 - ChAdOx-1 (BNT162b2 primed) 7 106 2 105 3.9% 3.47[0.74, 16.30] T
Munro 2021 - ChAdOx-1 (ChAdOx-1 primed) 0 107 1 101 1.4% 0.31[0.01, 7.64] e
Subtotal (95% CI) 517 545 12.2% 3.79 [1.10, 12.99] i
Total events 51 10
Heterogeneity: Tau? = 0.57; Chi? = 3.79, df = 2 (P = 0.15); I = 47%
Test for overall effect: Z = 2.12 (P = 0.03)
1.1.3 mRNA-1273 100ug
Chuang 2022 - mRNA-1273 100ug 25 85 9 83 7.3% 2.71[1.35, 5.46] I
Munro 2021 - mRNA-1273 100ug (BNT162b2 primed) 7 107 2 105 3.9% 3.43[0.73, 16.15] 1
Munro 2021 - mRNA-1273 100ug (ChAdOx-1 primed) 10 107 1 101 2.7% 9.44 [1.23, 72.42]
Sablerolles 2022 - mRNA-1273 100ug 43 111 18 111 8.3% 2.39[1.47,3.87] -
Subtotal (95% CI) 410 400 22.3% 2.66 [1.82, 3.88] <&
Total events 85 30
Heterogeneity: Tau? = 0.00; Chi? = 1.85, df = 3 (P = 0.60); I> = 0%
Test for overall effect: Z = 5.06 (P < 0.00001)
1.1.4 mRNA-1273 50ug
Chuang 2022 - mRNA-1273 50ug 13 85 9 83 6.9% 1.41[0.64, 3.12] T
Munro 2022 - mRNA-1273 50ug (4th BNT162b2 primed) 1 37 1 39 1.8% 1.05[0.07, 16.24]
Munro 2022 - mRNA-1273 50ug (4th ChAdOx-1 primed) 1 44 0 44 1.4% 3.00[0.13, 71.70] —
Poh 2022 - mRNA-1273 50ug 17 45 13 46 7.8% 1.34[0.74, 2.42] T
Subtotal (95% CI) 211 212 17.8% 1.38 [0.87, 2.19] <
Total events 32 23
Heterogeneity: Tau? = 0.00; Chi? = 0.28, df = 3 (P = 0.96); I> = 0%
Test for overall effect: Z = 1.35 (P = 0.18)
1.1.5 BNT162b2 15ug
Munro 2021 - BNT162b2 15ug (BNT162b2 primed) 1 106 2 105 2.2% 0.50 [0.05, 5.38] S
Munro 2021 - BNT162b2 15ug (ChAdOx-1 primed) 0 113 1 101 1.4% 0.30[0.01, 7.24] ——
Nantanee 2022 - BNT162b2 15ug 0 50 3 50 1.6% 0.14 [0.01, 2.70] -
Subtotal (95% CI) 269 256 5.1% 0.30 [0.06, 1.49] —l—
Total events 1 6
Heterogeneity: Tau? = 0.00; Chi? = 0.42, df = 2 (P = 0.81); I> = 0%
Test for overall effect: Z = 1.47 (P = 0.14)
1.1.6 NVX-CoV2373
Munro 2021 - NVX-CoV2373 (BNT162b2 primed) 1 106 2 105 2.2% 0.50 [0.05, 5.38] T
Munro 2021 - NVX-CoV2373 (ChAdOx-1 primed) 0 114 1 101 1.4% 0.30[0.01, 7.18] _—r
Subtotal (95% CI) 220 206 3.5% 0.41 [0.06, 2.78] el
Total events 1 3
Heterogeneity: Tau? = 0.00; Chi? = 0.06, df = 1 (P = 0.80); I> = 0%
Test for overall effect: Z = 0.91 (P = 0.36)
1.1.7 Other Protein Subunit
Chuang 2022 - MCV-COV1901 4 85 9 83  5.4% 0.43[0.14, 1.35] —
Launay 2022 - MVB.1.351 0 80 4 82 1.6% 0.11[0.01, 2.08] s E—
Subtotal (95% CI) 165 165 6.9% 0.36 [0.13, 1.05] e
Total events 4 13
Heterogeneity: Tau? = 0.00; Chi? = 0.74, df = 1 (P = 0.39); I> = 0%
Test for overall effect: Z = 1.87 (P = 0.06)
1.1.8 Inactivated
Costa Clemens 2022 - CoronaVac 2 291 7 339 3.9% 0.33[0.07, 1.59] e —
Munro 2021 - VLA2001 (BNT162b2 primed) 0 106 2 105 1.5% 0.20 [0.01, 4.08] — 1
Munro 2021 - VLA2001 (ChAdOx-1 primed) 0 106 1 101 1.4% 0.32[0.01, 7.71] ——
Subtotal (95% CI) 503 545 6.7% 0.30 [0.08, 1.08] i
Total events 2 10
Heterogeneity: Tau? = 0.00; Chi? = 0.09, df = 2 (P = 0.96); I = 0%
Test for overall effect: Z = 1.85 (P = 0.06)
Total (95% CI) 3010 3086 100.0% 1.62 [1.09, 2.42] &
Total events 252 126

ity 2 _ . 2 - - L2 — : + + {

Heterogeneity: Tau? = 0.44; Chi* = 58.15, df = 25 (P = 0.0002); I> = 57% t -1 ) 1000

Test for overall effect: Z = 2.36 (P = 0.02)
Test for subgroup differences: Chi? = 30.72, df = 7 (P < 0.0001), I = 77.2%

Forest plot 1. Risk ratios for fever - BNT162b2 30ug control.

other COVID-19 vaccines. Other published systematic reviews
and meta-analyses have reported the efficacy and safety of
COVID-19 boosters [49-51] but not the detailed reactogenicity,
nor an analysis by subgroups of vaccine combinations and doses.
Our review adds a more granular analysis of the available reac-
togenicity data to the literature.

There are now fewer opportunities to assess COVID-19 vac-
cines in the context of a placebo-controlled trial and most com-
parisons are made against other approved COVID-19 vaccines. In

0.
BNT 30ug more Fever Vaccine more Fever

fact, 12 of the 28 trials included in this review incorporated
a BNT162b2 study arm and therefore this was selected as the
‘benchmark’ control for comparison, reflecting its predominance
as a booster worldwide. This makes our results clinically relevant
in many locations, although where BNT162b2 is not used as
a booster, results may be less interpretable for providers.
Nevertheless, a range of vaccine types were included in these
comparisons, allowing useful conclusions to be drawn by indivi-
duals and populations faced with a choice of booster vaccines. As
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Vaccine BNT162b2 30ug Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
1.2.1 Ad26.COV2.S
Costa Clemens 2022 - Ad26.COV2.S 47 305 31 339 3.0% 1.69 [1.10, 2.58] I
Munro 2021 - Ad26.COV2S (BNT162b2 primed) 66 103 48 105 4.3% 1.40[1.09, 1.81] -
Munro 2021 - Ad26.COV2S (ChAdOx-1 primed) 55 102 50 101 4.2% 1.09 [0.83, 1.42] T
Reindl-Schwaighofer 2022 - Ad26.COV2.S 40 99 35 101 3.5% 1.17[0.81, 1.67] T
Sablerolles 2022 - Ad26.COV2.S 70 106 81 111 4.9% 0.90 [0.76, 1.08] -
Subtotal (95% CI) 715 757 19.9% 1.18 [0.94, 1.48] 2
Total events 278 245
Heterogeneity: Tau? = 0.04; Chi? = 13.22, df = 4 (P = 0.01); I = 70%
Test for overall effect: Z = 1.46 (P = 0.14)
1.2.2 ChAdOx-1
Costa Clemens 2022 - ChAdOx-1 56 304 31 339 3.1% 2.01 [1.34, 3.04] I
Munro 2021 - ChAdOx-1 (BNT162b2 primed) 71 106 48 105 4.4% 1.47 [1.14, 1.88] -
Munro 2021 - ChAdOx-1 (ChAdOx-1 primed) 44 107 50 101 3.9% 0.83[0.62, 1.12] e
Subtotal (95% CI) 517 545 11.4% 1.33 [0.83, 2.15] B
Total events 171 129
Heterogeneity: Tau? = 0.15; Chi? = 14.00, df = 2 (P = 0.0009); I = 86%
Test for overall effect: Z = 1.17 (P = 0.24)
1.2.3 mRNA-1273 100ug
Chuang 2022 - mRNA-1273 100ug 81 85 62 83 5.3% 1.28 [1.12, 1.46] -
Munro 2021 - mRNA-1273 100ug (BNT162b2 primed) 77 107 48 105 4.4% 1.57 [1.24, 2.00] -
Munro 2021 - mRNA-1273 100ug (ChAdOx-1 primed) 81 107 50 101 4.6% 1.53[1.22, 1.91] -
Sablerolles 2022 - mRNA-1273 100ug 94 111 81 111 5.2% 1.16 [1.01, 1.33] ~
Subtotal (95% CI) 410 400 19.5% 1.34 [1.16, 1.55] ¢
Total events 333 241
Heterogeneity: Tau? = 0.01; Chi? = 8.07, df = 3 (P = 0.04); I = 63%
Test for overall effect: Z = 3.99 (P < 0.0001)
1.2.4 mRNA-1273 50ug
Chuang 2022 - mRNA-1273 50ug 59 85 62 83 4.9% 0.93[0.77, 1.12] -T
Munro 2022 - mRNA-1273 50ug (4th BNT162b2 primed) 19 37 14 39 2.4% 1.43[0.85, 2.42] T
Munro 2022 - mRNA-1273 50ug (4th ChAdOx-1 primed) 24 44 16 44 2.7% 1.50[0.93, 2.41] |
Poh 2022 - mRNA-1273 50ug 30 45 32 46 4.1% 0.96 [0.72, 1.27] —
Subtotal (95% CI) 211 212 14.0% 1.08 [0.86, 1.36] L 2
Total events 132 124
Heterogeneity: Tau? = 0.03; Chi? = 5.77, df = 3 (P = 0.12); 1> = 48%
Test for overall effect: Z = 0.64 (P = 0.52)
1.2.5 BNT162b2 15ug
Munro 2021 - BNT162b2 15ug (BNT162b2 primed) 49 106 48 105 4.0% 1.01 [0.75, 1.35] T
Munro 2021 - BNT162b2 15ug (ChAdOx-1 primed) 52 113 50 101 4.1% 0.93 [0.70, 1.23] -
Nantanee 2022 - BNT162b2 15ug 20 50 17 50 2.4% 1.18 [0.70, 1.97] T
Subtotal (95% CI) 269 256 10.5% 0.99 [0.82, 1.20] ¢
Total events 121 115
Heterogeneity: Tau? = 0.00; Chi? = 0.65, df = 2 (P = 0.72); I> = 0%
Test for overall effect: Z = 0.07 (P = 0.95)
1.2.6 NVX-CoV2373
Munro 2021 - NVX-CoV2373 (BNT162b2 primed) 46 106 48 105 3.9% 0.95 [0.70, 1.28] -
Munro 2021 - NVX-CoV2373 (ChAdOx-1 primed) 44 114 50 101 3.9% 0.78 [0.58, 1.06] -
Subtotal (95% CI) 220 206 7.8% 0.86 [0.70, 1.07] <
Total events 90 98
Heterogeneity: Tau? = 0.00; Chi? = 0.81, df = 1 (P = 0.37); I = 0%
Test for overall effect: Z = 1.37 (P = 0.17)
1.2.7 Other Protein Subunit
Chuang 2022 - MCV-COV1901 45 85 62 83 4.5% 0.71[0.56, 0.90] -
Launay 2022 - MVB.1.351 32 80 31 82 3.3% 1.06 [0.72, 1.56] 1
Subtotal (95% CI) 165 165 7.7% 0.84 [0.56, 1.25] P =
Total events 77 93
Heterogeneity: Tau? = 0.06; Chi? = 3.17, df = 1 (P = 0.08); 1> = 68%
Test for overall effect: Z = 0.85 (P = 0.40)
1.2.8 Inactivated
Costa Clemens 2022 - CoronaVac 9 291 31 339 1.6% 0.34 [0.16, 0.70]
Munro 2021 - VLA2001 (BNT162b2 primed) 38 106 48 105 3.7% 0.78 [0.56, 1.09] -7
Munro 2021 - VLA2001 (ChAdOx-1 primed) 41 106 50 101 3.8% 0.78[0.57, 1.07] 7
Subtotal (95% CI) 503 545 9.1% 0.67 [0.46, 0.98] L 2
Total events 88 129
Heterogeneity: Tau? = 0.06; Chi? = 5.00, df = 2 (P = 0.08); I* = 60%
Test for overall effect: Z = 2.08 (P = 0.04)
Total (95% CI) 3010 3086 100.0% 1.08 [0.97, 1.20] 3
Total events 1290 1174
Heterogeneity: Tau? = 0.05; Chi® = 97.65, df = 25 (P < 0.00001); I* = 74% ' + + i
Test fmg' overZII effect: Z = 1.48 (P = 0.14) ( ) 0.01 0.1 " " 10 : 100

- R 5 BNT 30ug more Fatigue Vaccine more Fatigue

Test for subgroup differences: Chi* = 22.73, df = 7 (P = 0.002), I’ = 69.2%

Forest plot 2. Risk ratios for fatigue — BNT162b2 30ug control.

COVID-19 vaccine booster doses become routine, considerations
around their effectiveness and safety will continue to be made;
as COVID-19 becomes less frequent, it is likely that the accept-
ability of booster vaccines will be increasingly influenced by their
safety and reactogenicity profiles.

We observed that mRNA vaccines are the most reactogenic
boosters, followed by adenovirus vector vaccines, protein vac-
cines and inactivated vaccines. This is consistent with our

previously published meta-analysis of primary COVID vaccine
regimens [5] and strongly suggests a ‘class effect;’ a direct link
between vaccine technology and reactogenicity profile.
Inactivated vaccines were the least reactogenic across all
adverse events included in the analysis. Adenovirus vector
vaccines were associated with higher rates of fever, but
lower rates of pain than the benchmark BNT162b2 30 ug
vaccine, while protein sub-unit vaccines generally had lower
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Vaccine BNT162b2 30ug Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
1.3.1 Ad26.COV2.S
Costa Clemens 2022 - Ad26.COV2.S 141 305 105 339 4.9% 1.49[1.22, 1.82] -
Munro 2021 - Ad26.COV2S (BNT162b2 primed) 52 103 40 105 4.2% 1.33[0.97, 1.81] —
Munro 2021 - Ad26.COV2S (ChAdOx-1 primed) 52 102 45 101 4.3% 1.14[0.86, 1.53] T
Reindl-Schwaighofer 2022 - Ad26.COV2.S 12 99 11 101 1.7% 1.11[0.52, 2.40] [ —
Sablerolles 2022 - Ad26.COV2.S 62 106 70 111 4.8% 0.93[0.75, 1.15] -
Subtotal (95% CI) 715 757 20.0% 1.20 [0.96, 1.48] >
Total events 319 271
Heterogeneity: Tau? = 0.04; Chi? = 10.98, df = 4 (P = 0.03); I = 64%
Test for overall effect: Z = 1.63 (P = 0.10)
1.3.2 ChAdOx-1
Costa Clemens 2022 - ChAdOx-1 148 304 105 339 5.0% 1.57[1.29, 1.91] -
Munro 2021 - ChAdOx-1 (BNT162b2 primed) 62 106 40 105 4.3% 1.54 [1.15, 2.06] -
Munro 2021 - ChAdOx-1 (ChAdOx-1 primed) 28 107 45 101 3.6% 0.59 [0.40, 0.86] I
Subtotal (95% CI) 517 545 12.9% 1.15 [0.68, 1.95] .
Total events 238 190
Heterogeneity: Tau? = 0.20; Chi? = 21.02, df = 2 (P < 0.0001); I* = 90%
Test for overall effect: Z = 0.51 (P = 0.61)
1.3.3 mRNA-1273 100ug
Chuang 2022 - mRNA-1273 100ug 57 85 36 83 4.3% 1.55 [1.16, 2.06] -
Munro 2021 - mRNA-1273 100ug (BNT162b2 primed) 57 107 40 105 4.2% 1.40 [1.03, 1.89] —
Munro 2021 - mRNA-1273 100ug (ChAdOx-1 primed) 64 107 45 101 4.5% 1.34[1.03, 1.75] —
Sablerolles 2022 - mRNA-1273 100ug 84 111 70 111 5.1% 1.20[1.01, 1.43] ~
Subtotal (95% CI) 410 400 18.1% 1.32[1.17, 1.48] ¢
Total events 262 191
Heterogeneity: Tau? = 0.00; Chi? = 2.53, df = 3 (P = 0.47); I> = 0%
Test for overall effect: Z = 4.46 (P < 0.00001)
1.3.4 mRNA-1273 50ug
Chuang 2022 - mRNA-1273 50ug 44 85 36 83 4.1% 1.19[0.87, 1.64] T
Munro 2022 - mRNA-1273 50ug (4th BNT162b2 primed) 18 37 11 39 2.4% 1.72[0.95, 3.14] |
Munro 2022 - mRNA-1273 50ug (4th ChAdOx-1 primed) 13 44 15 44 2.3% 0.87[0.47, 1.60] e
Poh 2022 - mRNA-1273 50ug 21 45 21 46 3.2% 1.02 [0.66, 1.59] e
Subtotal (95% CI) 211 212 12.0% 1.16 [0.93, 1.45] L 2
Total events 96 83
Heterogeneity: Tau? = 0.00; Chi? = 2.89, df = 3 (P = 0.41); I> = 0%
Test for overall effect: Z = 1.29 (P = 0.20)
1.3.5 BNT162b2 15ug
Munro 2021 - BNT162b2 15ug (BNT162b2 primed) 29 106 40 105 3.6% 0.72[0.48, 1.07] e
Munro 2021 - BNT162b2 15ug (ChAdOx-1 primed) 45 113 45 101 4.1% 0.89 [0.65, 1.22] -
Nantanee 2022 - BNT162b2 15ug 14 50 15 50 2.3% 0.93 [0.51, 1.72] e
Subtotal (95% CI) 269 256 10.0% 0.84 [0.67, 1.05] <
Total events 88 100
Heterogeneity: Tau? = 0.00; Chi? = 0.87, df = 2 (P = 0.65); I> = 0%
Test for overall effect: Z = 1.54 (P = 0.12)
1.3.6 NVX-CoV2373
Munro 2021 - NVX-CoV2373 (BNT162b2 primed) 36 106 40 105 3.8% 0.89[0.62, 1.28] bt
Munro 2021 - NVX-CoV2373 (ChAdOx-1 primed) 42 114 45 101 4.1% 0.83 [0.60, 1.14] e
Subtotal (95% CI) 220 206 7.8% 0.86 [0.67, 1.09] <
Total events 78 85
Heterogeneity: Tau? = 0.00; Chi? = 0.09, df = 1 (P = 0.76); I> = 0%
Test for overall effect: Z = 1.27 (P = 0.20)
1.3.7 Other Protein Subunit
Chuang 2022 - MCV-COV1901 32 85 36 83 3.7% 0.87 [0.60, 1.25] —
Launay 2022 - MVB.1.351 27 80 37 82 3.6% 0.75[0.51, 1.10] T
Subtotal (95% CI) 165 165 7.3% 0.81 [0.62, 1.06] L
Total events 59 73
Heterogeneity: Tau? = 0.00; Chi? = 0.30, df = 1 (P = 0.59); I> = 0%
Test for overall effect: Z = 1.55 (P = 0.12)
1.3.8 Inactivated
Costa Clemens 2022 - CoronaVac 61 291 105 339 4.4% 0.68 [0.51, 0.89] —_
Munro 2021 - VLA2001 (BNT162b2 primed) 32 106 40 105 3.7% 0.79 [0.54, 1.16] b
Munro 2021 - VLA2001 (ChAdOx-1 primed) 31 106 45 101 3.7% 0.66 [0.45, 0.95] —
Subtotal (95% CI) 503 545 11.8% 0.70 [0.58, 0.84] <&
Total events 124 190
Heterogeneity: Tau? = 0.00; Chi? = 0.59, df = 2 (P = 0.75); I> = 0%
Test for overall effect: Z = 3.70 (P = 0.0002)
Total (95% CI) 3010 3086 100.0% 1.04 [0.92, 1.18] >
Total events 1264 1183

ity 2 _ . Chi? = _ 2 ' : N |

Heterogeneity: Tau? = 0.07; Chi* = 93.65, df = 25 (P < 0.00001); I> = 73% No1 + o 100

Test for overall effect: Z = 0.69 (P = 0.49)
Test for subgroup differences: Chi? = 43.57, df = 7 (P < 0.00001), I* = 83.9%

Forest plot 3. Risk ratios for headache — BNT162b2 30ug control.

rates of adverse events, especially of pain and swelling at the
injection site. It is not clear which of the adverse events
assessed are of most concern to vaccinees.

A dose-dependent effect on reactogenicity was seen for
all vaccines where data for different doses were available
(mRNA and ChAdOx-1 vaccines), with higher doses asso-
ciated with more frequent reactions. This is consistent with
immune responses, which are also generally proportional to
the dose given. We consider the presence of this effect to
add external validity to our study. It is notable that the half

BNT 30ug more Headache Vaccine more Headache

dose (50ug) of MRNA-1273 has reactogenicity which is com-
parable to the standard dose (30 ug) of BNT162b2, suggest-
ing that reactogenicity has a common mechanism across
mRNA vaccines.

The results from meta regression analysis were generally
comparable to sub-group meta-analysis, where differences
between vaccine type, individual vaccines and doses were
apparent. Our meta-regression also demonstrated that receiv-
ing a booster dose of a homologous vaccine was associated
with lower risks of solicited symptoms compared to receipt of
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Vaccine BNT162b2 30ug Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Rand 95% ClI M-H, Random, 95% CI
1.4.1 Ad26.COV2.S
Costa Clemens 2022 - Ad26.COV2.S 184 305 256 339 4.2% 0.80[0.72, 0.89] -
Munro 2021 - Ad26.COV2S (BNT162b2 primed) 63 103 82 105 3.8% 0.78[0.65, 0.94] -
Munro 2021 - Ad26.COV2S (ChAdOx-1 primed) 62 102 78 101 3.8% 0.79 [0.65, 0.95] -
Reind|-Schwaighofer 2022 - Ad26.COV2.S 34 99 55 101 3.0% 0.63 [0.46, 0.87] —_
Sablerolles 2022 - Ad26.COV2.S 73 106 97 111 4.0% 0.79[0.68, 0.91] -
Subtotal (95% CI) 715 757 18.8% 0.78 [0.73, 0.84] (]
Total events 416 568
Heterogeneity: Tau? = 0.00; Chi? = 1.90, df = 4 (P = 0.75); I = 0%
Test for overall effect: Z = 6.72 (P < 0.00001)
1.4.2 ChAdOx-1
Costa Clemens 2022 - ChAdOx-1 192 304 256 339 4.2% 0.84[0.75, 0.93] -
Munro 2021 - ChAdOx-1 (BNT162b2 primed) 71 106 82 105 3.9% 0.86 [0.73, 1.01] =
Munro 2021 - ChAdOx-1 (ChAdOx-1 primed) 61 107 78 101 3.8% 0.74 [0.61, 0.90] -
Subtotal (95% CI) 517 545 11.9% 0.82 [0.76, 0.89] (]
Total events 324 416
Heterogeneity: Tau? = 0.00; Chi® = 1.51, df = 2 (P = 0.47); 1> = 0%
Test for overall effect: Z = 4.70 (P < 0.00001)
1.4.3 mRNA-1273 100ug
Chuang 2022 - mRNA-1273 100ug 85 85 80 83 4.3% 1.04 [0.99, 1.09]
Munro 2021 - mRNA-1273 100ug (BNT162b2 primed) 96 107 82 105 4.1% 1.15 [1.02, 1.30] ~
Munro 2021 - mRNA-1273 100ug (ChAdOx-1 primed) 96 107 78 101 4.1% 1.16 [1.03, 1.31] ~
Sablerolles 2022 - mRNA-1273 100ug 103 111 97 111 4.2% 1.06 [0.97, 1.16] r
Subtotal (95% CI) 410 400 16.8% 1.09 [1.01, 1.17] )
Total events 380 337
Heterogeneity: Tau? = 0.00; Chi? = 7.84, df = 3 (P = 0.05); I> = 62%
Test for overall effect: Z = 2.28 (P = 0.02)
1.4.4 mRNA-1273 50ug
Chuang 2022 - mRNA-1273 50ug 82 85 80 83 4.3% 1.00 [0.94, 1.06]
Munro 2022 - mRNA-1273 50ug (4th BNT162b2 primed) 31 37 32 39 3.7% 1.02 [0.83, 1.25] T
Munro 2022 - mRNA-1273 50ug (4th ChAdOx-1 primed) 36 44 27 44 3.3% 1.33[1.02, 1.75] —
Poh 2022 - mRNA-1273 50ug 39 45 41 46 4.0% 0.97[0.83, 1.13] T
Subtotal (95% CI) 211 212 15.3% 1.03 [0.92, 1.15] }
Total events 188 180
Heterogeneity: Tau? = 0.01; Chi® = 6.37, df = 3 (P = 0.09); I> = 53%
Test for overall effect: Z = 0.58 (P = 0.56)
1.4.5 BNT162b2 15ug
Munro 2021 - BNT162b2 15ug (BNT162b2 primed) 70 106 82 105 3.9% 0.85[0.71, 1.00] -
Munro 2021 - BNT162b2 15ug (ChAdOx-1 primed) 70 113 78 101 3.8% 0.80 [0.67, 0.96] ™
Nantanee 2022 - BNT162b2 15ug 32 50 39 50 3.4% 0.82 [0.64, 1.06] -
Subtotal (95% CI) 269 256 11.2% 0.82 [0.74, 0.92] ¢
Total events 172 199
Heterogeneity: Tau? = 0.00; Chi? = 0.18, df = 2 (P = 0.92); I> = 0%
Test for overall effect: Z = 3.42 (P = 0.0006)
1.4.6 NVX-CoV2373
Munro 2021 - NVX-CoV2373 (BNT162b2 primed) 55 106 82 105 3.7% 0.66 [0.54, 0.82] -
Munro 2021 - NVX-CoV2373 (ChAdOx-1 primed) 48 114 78 101 3.5% 0.55[0.43, 0.69] -
Subtotal (95% Cl) 220 206 7.2% 0.61 [0.50, 0.74] L J
Total events 103 160
Heterogeneity: Tau? = 0.01; Chi® = 1.49, df = 1 (P = 0.22); I = 33%
Test for overall effect: Z = 5.05 (P < 0.00001)
1.4.7 Other Protein Subunit
Chuang 2022 - MCV-COV1901 65 85 80 83 4.1% 0.79[0.70, 0.90] -
Launay 2022 - MVB.1.351 62 80 67 82 4.0% 0.95[0.81, 1.11] -
Subtotal (95% CI) 165 165 8.1% 0.86 [0.72, 1.03] L
Total events 127 147
Heterogeneity: Tau? = 0.01; Chi® = 3.14, df = 1 (P = 0.08); I> = 68%
Test for overall effect: Z = 1.64 (P = 0.10)
1.4.8 Inactivated
Costa Clemens 2022 - CoronaVac 114 291 256 339 4.0% 0.52[0.44, 0.61] -
Munro 2021 - VLA2001 (BNT162b2 primed) 45 106 82 105 3.5% 0.54 [0.43, 0.69] -
Munro 2021 - VLA2001 (ChAdOx-1 primed) 39 106 78 101 3.3% 0.48[0.36, 0.62] -
Subtotal (95% Cl) 503 545 10.8% 0.52 [0.46, 0.58] ¢
Total events 198 416
Heterogeneity: Tau? = 0.00; Chi? = 0.51,df =2 (P = 0.77); 1> = 0%
Test for overall effect: Z = 10.99 (P < 0.00001)
Total (95% CI) 3010 3086 100.0% 0.83 [0.75, 0.91] ¢
Total events 1908 2423

ity 2 _ . 2 — — L2 k 1 1 i
Heterogeneity: Tau® = 0.06; Chi® = 371.86, df = 25 (P < 0.00001); I> = 93% o1 o1 H 100

Test for overall effect: Z = 3.78 (P = 0.0002)
Test for subgroup differences: Chi? = 143.08, df = 7 (P < 0.00001), I = 95.1%

Forest plot 4. Risk ratios for injection site pain - BNT162b2 30ug control.

a heterologous BNT162b2 booster. Our results add signifi-
cantly more detail to the findings of a previous systematic
review and meta-analysis of homologous compared to hetero-
logous COVID-19 vaccine boosters in which fever, fatigue,
myalgia, and ‘any systemic reaction’ were more frequently
reported after a heterologous booster [51]. Compared with

BNT 30ug more Pain Vaccine more Pain

this, our study has additional data sets which gives increased
certainty regarding this association and allows us to add
detail. Decision makers may find this information useful
when recommending vaccine schedules. A consistent theme
from surveys of those who are hesitant about receiving
COVID-19 vaccines is wanting more information about side
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Vaccine BNT162b2 30ug Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
1.5.1 Ad26.COV2.S
Costa Clemens 2022 - Ad26.COV2.S 30 305 49 339 7.5% 0.68 [0.44, 1.04] —
Munro 2021 - Ad26.COV2S (BNT162b2 primed) 2 103 5 105 2.9% 0.41 [0.08, 2.05] —
Munro 2021 - Ad26.COV2S (ChAdOx-1 primed) 6 102 3 101 3.6% 1.98[0.51, 7.70] —
Sablerolles 2022 - Ad26.COV2.S 3 106 2 111 2.6% 1.57[0.27,9.22] S
Subtotal (95% CI) 616 656 16.7% 0.79 [0.48, 1.31] -
Total events 41 59
Heterogeneity: Tau? = 0.05; Chi? = 3.38,df = 3 (P = 0.34); I’ = 11%
Test for overall effect: Z = 0.91 (P = 0.36)
1.5.2 ChAdOx-1
Costa Clemens 2022 - ChAdOx-1 44 304 49 339 7.7% 1.00 [0.69, 1.46] I
Munro 2021 - ChAdOx-1 (BNT162b2 primed) 9 106 5 105 4.7% 1.78 [0.62, 5.14] e e —
Munro 2021 - ChAdOx-1 (ChAdOx-1 primed) 4 107 3 101 3.3% 1.26 [0.29, 5.49] I e —
Subtotal (95% CI) 517 545 15.8% 1.08 [0.76, 1.52] <
Total events 57 57
Heterogeneity: Tau? = 0.00; Chi? = 1.06, df = 2 (P = 0.59); I> = 0%
Test for overall effect: Z = 0.43 (P = 0.67)
1.5.3 mRNA-1273 100ug
Chuang 2022 - mRNA-1273 100ug 17 85 9 83 6.1% 1.84[0.87, 3.90] N
Munro 2021 - mRNA-1273 100ug (BNT162b2 primed) 20 107 5 105 5.2% 3.93[1.53, 10.07]
Munro 2021 - mRNA-1273 100ug (ChAdOx-1 primed) 14 107 3 101 4.1% 4.40 [1.30, 14.87] I
Sablerolles 2022 - mRNA-1273 100ug 18 111 2 111 3.4% 9.00 [2.14, 37.87] e —
Subtotal (95% CI) 410 400 18.8% 3.49 [1.82, 6.67] -
Total events 69 19
Heterogeneity: Tau? = 0.16; Chi? = 4.70, df = 3 (P = 0.19); I> = 36%
Test for overall effect: Z = 3.78 (P = 0.0002)
1.5.4 mRNA-1273 50ug
Chuang 2022 - mRNA-1273 50ug 15 85 9 83 6.0% 1.63[0.75, 3.51] -
Munro 2022 - mRNA-1273 50ug (4th BNT162b2 primed) 2 37 0 39 1.1% 5.26 [0.26, 106.11]
Munro 2022 - mRNA-1273 50ug (4th ChAdOx-1 primed) 2 44 1 44 1.7% 2.00[0.19, 21.26]
Poh 2022 - mRNA-1273 50ug 13 45 12 46 6.4% 1.11[0.57, 2.16] I
Subtotal (95% CI) 211 212 15.2% 1.38 [0.85, 2.25] e
Total events 32 22
Heterogeneity: Tau? = 0.00; Chi? = 1.49, df = 3 (P = 0.69); I> = 0%
Test for overall effect: Z = 1.30 (P = 0.19)
1.5.5 BNT162b2 15ug
Munro 2021 - BNT162b2 15ug (BNT162b2 primed) 4 106 5 105 3.9% 0.79[0.22, 2.87] —
Munro 2021 - BNT162b2 15ug (ChAdOx-1 primed) 7 113 3 101 3.7% 2.09[0.55, 7.85] e s —
Nantanee 2022 - BNT162b2 15ug 0 50 0 50 Not estimable
Subtotal (95% CI) 269 256 7.6% 1.27 [0.49, 3.27] —a—
Total events 11 8
Heterogeneity: Tau? = 0.02; Chi? = 1.06, df = 1 (P = 0.30); I> = 5%
Test for overall effect: Z = 0.49 (P = 0.62)
1.5.6 NVX-CoV2373
Munro 2021 - NVX-CoV2373 (BNT162b2 primed) 3 106 5 105 3.5% 0.59[0.15, 2.42] —
Munro 2021 - NVX-CoV2373 (ChAdOx-1 primed) 5 114 3 101 3.5% 1.48 [0.36, 6.02] S
Subtotal (95% CI) 220 206 7.0% 0.94 [0.35, 2.53] —~l—
Total events 8 8
Heterogeneity: Tau? = 0.00; Chi?> = 0.80, df = 1 (P = 0.37); I> = 0%
Test for overall effect: Z = 0.13 (P = 0.90)
1.5.7 Other Protein Subunit
Chuang 2022 - MCV-COV1901 2 85 9 83 3.2% 0.22 [0.05, 0.97] —
Launay 2022 - MVB.1.351 9 80 12 82 5.8% 0.77[0.34, 1.72] 1
Subtotal (95% CI) 165 165 9.0% 0.48 [0.14, 1.62] i
Total events 11 21
Heterogeneity: Tau? = 0.44; Chi? = 2.18, df = 1 (P = 0.14); I> = 54%
Test for overall effect: Z = 1.18 (P = 0.24)
1.5.8 Inactivated
Costa Clemens 2022 - CoronaVac 13 291 49 339 6.8% 0.31[0.17, 0.56] e —
Munro 2021 - VLA2001 (BNT162b2 primed) 0 106 5 105 1.2% 0.09[0.01, 1.61]
Munro 2021 - VLA2001 (ChAdOx-1 primed) 1 106 3 101 1.8% 0.32 [0.03, 3.00]
Subtotal (95% CI) 503 545 9.8% 0.30[0.17, 0.52] P
Total events 14 57
Heterogeneity: Tau? = 0.00; Chi? = 0.69, df = 2 (P = 0.71); I> = 0%
Test for overall effect: Z = 4.26 (P < 0.0001)
Total (95% CI) 2911 2985 100.0% 1.16 [0.82, 1.63]
Total events 243 251 r

Heterogeneity: Tau? = 0.36; Chi? = 60.61, df = 23 (P < 0.0001); 1> = 62%
Test for overall effect: Z = 0.83 (P = 0.41)
Test for subgroup differences: Chi? = 36.77, df = 7 (P < 0.00001), 1> = 81.0%

Forest plot 5. Risk ratios for redness — BNT162b2 30ug control.

effects [52]. Studies such as this one aggregate disparate trial
data and give more specific and granular side-effect data
which may aid academics and clinicians in addressing those
concerns with the general public. It may also allow targeted
recommendations to be made, for example, for groups with
greater concerns about adverse events such as fever (e.g.
pregnant women) or injection site pain (e.g. children), it may
be possible to identify specific vaccines that minimize these
unwanted effects.

0.01 01 1 10
BNT 30ug more Redness Vaccine more Redness

100

5. Limitations

All studies included in this review evaluated booster doses of
the ‘original’ formulations of COVID-19 vaccines. More recently,
bivalent vaccines targeting the Omicron variant have been
developed [53,54]; no suitable randomized trials of these vac-
cines had been published at the time of our literature search.
We attempted to gather missing reactogenicity data not
reported in the included publications by contacting the
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Vaccine BNT162b2 30ug Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
1.6.1 Ad26.COV2.S
Costa Clemens 2022 - Ad26.COV2.S 27 305 49 339 7.4% 0.61[0.39, 0.95] ]
Munro 2021 - Ad26.COV2S (BNT162b2 primed) 3 103 6 105 2.2% 0.51[0.13, 1.98] —
Munro 2021 - Ad26.COV2S (ChAdOx-1 primed) 3 102 4 101 1.9% 0.74[0.17, 3.23] —
Reindl-Schwaighofer 2022 - Ad26.COV2.S 0 99 1 101 0.5% 0.34[0.01, 8.25]
Sablerolles 2022 - Ad26.COV2.S 10 106 20 111 5.1% 0.52 [0.26, 1.07] —
Subtotal (95% CI) 715 757 17.0% 0.58 [0.41, 0.83] <o
Total events 43 80
Heterogeneity: Tau? = 0.00; Chi? = 0.39, df = 4 (P = 0.98); I = 0%
Test for overall effect: Z = 3.01 (P = 0.003)
1.6.2 ChAdOx-1
Costa Clemens 2022 - ChAdOx-1 33 304 49 339 7.7% 0.75 [0.50, 1.14] r
Munro 2021 - ChAdOx-1 (BNT162b2 primed) 106 6 105 3.1% 1.16 [0.40, 3.32]  —
Munro 2021 - ChAdOx-1 (ChAdOx-1 primed) 2 107 4 101 1.5% 0.47 [0.09, 2.52] —
Subtotal (95% CI) 517 545 12.3% 0.77 [0.53, 1.13] R
Total events 42 59
Heterogeneity: Tau? = 0.00; Chi? = 0.91, df = 2 (P = 0.63); I = 0%
Test for overall effect: Z = 1.33 (P = 0.18)
1.6.3 mRNA-1273 100ug#
Chuang 2022 - mRNA-1273 100ug 81 85 68 83 10.1% 1.16 [1.04, 1.30] il
Munro 2021 - mRNA-1273 100ug (BNT162b2 primed) 13 107 6 105 3.7% 2.13[0.84, 5.38] N
Munro 2021 - mRNA-1273 100ug (ChAdOx-1 primed) 13 107 4 101 3.0% 3.07[1.03, 9.10] —
Sablerolles 2022 - mRNA-1273 100ug 33 111 20 111 6.9% 1.65 [1.01, 2.69] —
Subtotal (95% CI) 410 400 23.8% 1.69 [0.94, 3.01] o
Total events 140 98
Heterogeneity: Tau? = 0.24; Chi? = 13.79, df = 3 (P = 0.003); I = 78%
Test for overall effect: Z = 1.76 (P = 0.08)
1.6.4 mRNA-1273 50ug#
Chuang 2022 - mRNA-1273 50ug 74 85 68 83 10.0% 1.06 [0.93, 1.21] ~
Munro 2022 - mRNA-1273 50ug (4th BNT162b2 primed) 2 37 1 39 0.8% 2.11[0.20, 22.28]
Munro 2022 - mRNA-1273 50ug (4th ChAdOx-1 primed) 2 44 1 44 0.8% 2.00 [0.19, 21.26]
Poh 2022 - mRNA-1273 50ug 22 45 18 46 7.1% 1.25[0.78, 2.00] T
Subtotal (95% CI) 211 212 18.8% 1.08 [0.95, 1.22] »
Total events 100 88
Heterogeneity: Tau? = 0.00; Chi? = 1.38, df = 3 (P = 0.71); I = 0%
Test for overall effect: Z = 1.19 (P = 0.23)
1.6.5 BNT162b2 15ug
Munro 2021 - BNT162b2 15ug (BNT162b2 primed) 5 106 6 105 2.8% 0.83 [0.26, 2.62] —
Munro 2021 - BNT162b2 15ug (ChAdOx-1 primed) 2 113 4 101 1.5% 0.45 [0.08, 2.39] L
Nantanee 2022 - BNT162b2 15ug 1 50 1 50 0.6% 1.00 [0.06, 15.55]
Subtotal (95% CI) 269 256 4.9% 0.71[0.29, 1.74] —al—
Total events 8 11
Heterogeneity: Tau? = 0.00; Chi? = 0.42, df = 2 (P = 0.81); I> = 0%
Test for overall effect: Z = 0.76 (P = 0.45)
1.6.6 NVX-CoV2373
Munro 2021 - NVX-CoV2373 (BNT162b2 primed) 1 106 6 105 1.0% 0.17 [0.02, 1.35]
Munro 2021 - NVX-CoV2373 (ChAdOx-1 primed) 1 114 4 101 1.0% 0.22[0.03, 1.95]
Subtotal (95% CI) 220 206 2.0% 0.19 [0.04, 0.86] e
Total events 2 10
Heterogeneity: Tau? = 0.00; Chi? = 0.04, df = 1 (P = 0.85); I> = 0%
Test for overall effect: Z = 2.15 (P = 0.03)
1.6.7 Other Protein Subunit
Chuang 2022 - MCV-COV1901 49 85 68 83 9.5% 0.70 [0.57, 0.87] -
Launay 2022 - MVB.1.351 13 80 13 82 5.1% 1.02 [0.51, 2.07] T
Subtotal (95% CI) 165 165 14.6% 0.74 [0.56, 0.97] L 2
Total events 62 81
Heterogeneity: Tau? = 0.01; Chi? = 1.15, df = 1 (P = 0.28); I = 13%
Test for overall effect: Z = 2.17 (P = 0.03)
1.6.8 Inactivated
Costa Clemens 2022 - CoronaVac 10 291 49 339 5.4% 0.24 [0.12, 0.46] —_—
Munro 2021 - VLA2001 (BNT162b2 primed) 0 106 6 105 0.6% 0.08 [0.00, 1.34]
Munro 2021 - VLA2001 (ChAdOx-1 primed) 0 106 4 101 0.6% 0.11[0.01, 1.94]
Subtotal (95% Cl) 503 545 6.6% 0.22 [0.12, 0.41] P
Total events 10 59
Heterogeneity: Tau? = 0.00; Chi? = 0.83, df = 2 (P = 0.66); I = 0%
Test for overall effect: Z = 4.76 (P < 0.00001)
Total (95% CI) 3010 3086 100.0% 0.85 [0.68, 1.06] L
Total events 407 486
ity 2 _ . 2 — - 12 = ! + I 4
Heterogeneity: Tau® = 0.13; Chi® = 93.51, df = 25 (P < 0.00001); I° = 73% ot t ) 100

Test for overall effect: Z = 1.45 (P = 0.15)
Test for subgroup differences: Chi? = 44.89, df = 7 (P < 0.00001), I> = 84.4%

Forest plot 6. Risk ratios for swelling — BNT162b2 30ug control.

0.1
BNT 30ug more Swelling Vaccine more Swelling

#Redness grading criteria for Chuang 2022 were based on impact during daily activities while the other trials used milimeter measurements.

corresponding authors, but we did not receive responses from
all authors. Three papers were excluded from the main analysis
due to high risk of bias; this approach may have led to selection
bias. However, sensitivity analysis did not show any significant
changes when these papers were added to the analysis.

We pooled reactogenicity information on aggregate data
instead of patient-level data for meta-regression analyses. We
acknowledge the statistically significant risk of reactogenicity
and COVID-19 booster vaccines may not necessary reflect the
true association in our findings. This is a common limitation
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for meta-regression in systematic review studies [55]. To over-
come this, we suggest that future research should use indivi-
dual patient-level data for causality assessment for COVID-19
vaccines and reactogenicity. Publication bias analysis showed
asymmetric funnel plots for redness and swelling, this may
either due to small study number or data for these side effects
were not available or not reported. In addition, several trials
were sponsored by pharmaceutical companies; sponsored stu-
dies might be biased toward only publishing significant results
via selected reporting [56].

Finally, we selected several clinical variables for inclusion in
our meta-regression model-based clinical relevance to COVID-
19 disease epidemiology and vaccine safety as well as consis-
tency of being reported by the manuscripts. There may be
other confounding factors contributing to the heterogeneity
that were not included in our model.

The majority of trials recruited adults over 18 years of
age and therefore conclusions cannot be drawn about
booster doses for children and adolescents. Similarly, there
was limited data available for specific patient groups such
as immunocompromised patients, while pregnant women
were excluded from trial protocols. Although trials took
place across all continents, resulting in a mix of ethnicities
among participants, the ability to draw conclusions about
whether ethnicity has an impact on reactogenicity was
limited, due to over-representation of white Caucasian par-
ticipants in the studies. Future trials should encourage
diverse participant inclusion and expand the inclusion cri-
teria for underrepresented patient groups. In addition, the
safety and reactogenicity profile of newer bivalent COVID-
19 boosters being employed as fourth or subsequent doses
needs further characterization.

As with our previous review [5], there was great variability
in the number of solicited adverse events reported by the
trials and so we focused on those symptoms most consistently
reported. The lack of standardization of COVID-19 vaccine
trials and the way data are reported make comparisons chal-
lenging. Greater standardization would facilitate more conclu-
sive comparisons and should now be required of all studies.
Finally, we have reported only reactogenicity, clearly decisions
around choice of vaccines will also consider their effectiveness
in preventing COVID-19.

6. Conclusions

Among COVID-19 vaccines currently available as booster
doses, the four vaccine types (platforms) appear to have
distinct reactogenicity profiles. mRNA vaccines are the most
reactogenic, while the inactivated vaccines are the least
reactogenic. Recommendations for COVID-19 vaccination
need to balance multiple factors including clinical efficacy
against circulating variants, reactogenicity, potential serious
adverse events, availability and cost. Awareness of the reac-
togenicity profiles of different vaccine types may allow dif-
ferent vaccines to be recommended for specific clinical
scenarios and, more generally, the availability of such
detailed information can bolster public confidence in
vaccination.

7. Expert opinion

The current COVID-19 vaccine trials have shifted their original
focus on safety and efficacy of doses in unvaccinated partici-
pants to booster studies (third, fourth or subsequent doses) in
those previously vaccinated. The adverse events reported from
vaccine trials are still very heterogeneous, despite interna-
tional efforts to unify the definitions such as through the
Brighton collaboration [57]. More effort should be made to
standardize COVID-19 vaccine trial design: the choice of con-
trol, follow-up duration, definitions of adverse events and
which to report, methods for collecting event data and choice
of denominator for calculating adverse event rates.

Ultimately, the choice of COVID-19 vaccine will need to
consider multiple factors, including reactogenicity, frequency
of rare and serious adverse events, efficacy against circulating
COVID-19 variant strains, availability of doses and costs.

It is likely that studies of the reactogenicity of COVID-19
vaccines as booster doses, as part of heterologous schedules
and in other important groups such as children, immunocom-
promised populations and pregnant women will become
more common over the next 5 years.
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