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ABSTRACT

Objectives To assess the benefits and harms of
aluminium adjuvants versus placebo or no intervention

in randomised clinical trials in relation to human vaccine
development.

Design Systematic review with meta-analysis and

trial sequential analysis assessing the certainty of
evidence with Grading of Recommendations Assessment,
Development and Evaluation (GRADE).

Data sources We searched CENTRAL, MEDLINE, Embase,
LILACS, BIOSIS, Science Citation Index Expanded and
Conference Proceedings Citation Index-Science until 29
June 2021, and Chinese databases until September 2021.
Eligibility criteria Randomised clinical trials irrespective
of type, status and language of publication, with trial
participants of any sex, age, ethnicity, diagnosis,
comorbidity and country of residence.

Data extraction and synthesis Two independent
reviewers extracted data and assessed risk of bias with
Cochrane’s RoB tool 1. Dichotomous data were analysed
as risk ratios (RRs) and continuous data as mean
differences. We explored both fixed-effect and random-
effects models, with 95% CI. Heterogeneity was quantified
with I? statistic. We GRADE assessed the certainty of the
evidence.

Results We included 102 randomised clinical trials (26
457 participants). Aluminium adjuvants versus placebo

or no intervention may have no effect on serious adverse
events (RR 1.18, 95% CI 0.97 to 1.43; very low certainty)
and on all-cause mortality (RR 1.02, 95% Cl 0.74 to 1.41;
very low certainty). No trial reported on quality of life.
Aluminium adjuvants versus placebo or no intervention
may increase adverse events (RR 1.13,95% CI 1.07 to
1.20; very low certainty). We found no or little evidence
of a difference between aluminium adjuvants versus
placebo or no intervention when assessing serology with
geometric mean titres or concentrations or participants’
seroprotection.

Conclusions Based on evidence at very low certainty, we
were unable to identify benefits of aluminium adjuvants,
which may be associated with adverse events considered
non-serious.

STRENGTHS AND LIMITATIONS OF THIS STUDY

= We seem to be the first to assess the benefits and
harms of aluminium adjuvants by conducting a sys-
tematic review comparing aluminium adjuvants ver-
sus placebo or no intervention in combination with
all types of vaccines.

= We included 102 randomised clinical trials from a
comprehensive search with no language limitations
or restrictions on outcomes reported in the trials,
type of aluminium adjuvant or type of vaccine.

= The certainty of evidence is very low and this makes
it difficult to draw firm conclusions.

INTRODUCTION

Vaccination is one of the major triumphs of
modern medicine.! * Vaccination prevents
infectious diseases, and the worldwide erad-
ication of the deadly smallpox and the
restriction of diseases such as poliovirus,
measles and tetanus can largely be ascribed
to the numerous successful mass vaccination
programmes launched since the 1960s." *
Presently, COVID-19 vaccines are rolled out
worldwide with speed to stop the COVID-19
pandemic.” * In addition to its intended
effect, a vaccine may be accompanied by one
or more harmful effects on administration.
Harms may be considered non-serious (eg,
mild, transient headache) or serious (eg,
causing hospitalisation or death) and they
may appear shortly after vaccine administra-
tion (eg, pain at the injection site) or belated
(eg, autoimmune responses).

The human papilloma virus (HPV) vacci-
nation programme was launched in the USA
in 2006 in order to prevent HPV infection,
one of the causes of cervical cancer and the
second most common cancer in women.’
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Despite that HPV vaccines have been assessed for efficacy
(immunogenicity) in clinical trials, and approved based
on their ability to raise a potent immune response against
HPV and their ability to prevent persistent HPV infec-
tions,6 concerns have been raised about adverse events
possibly related to the HPV vaccines formulation.”® Both
the national vaccine adverse events reporting system in
the USA and the European Union have received reports
on a high number of adverse events suspected to be
related to the HPV vaccination.® However, no scientific
evidence for an association was found.” Several obser-
vational studies also failed to identify associations with
clinical diagnoses.'”'* However, reasons to oppose these
findings have been proposed.” ' '®

Vaccine toxicity, efficacy and effectiveness may origi-
nate from, or depend on a plethora of factors, including
the vaccine components (eg, the antigen itself, the excip-
ient or the adjuvant); interaction between different
vaccine components; vaccine manufacture; overall
vaccine composition; route of administration; dose; and
number of booster vaccinations.'”” Aluminium salts are
widely used adjuvants, such as aluminium phosphate,
aluminium hydroxide, aluminium potassium sulfate and
amorphous aluminium hydroxyphosphate sulfate.'® They
have been the standard adjuvants in vaccines against
diphtheria, tetanus, and pertussis, haemophilus influ-
enza type B, pneumococcus conjugates, hepatitis A, and
hepatitis B."? More recently, aluminium was coformulated
with vaccines against HPV in the form of Adjuvant System
04 (aluminium hydroxide and monophosphoryl lipid A),
aluminium hydroxide or amorphous aluminium hydroxy-
phosphate sulfate as well as in the worlds most used
COVID-19 vaccines CoronaVac® and Sinopharm Beijing
Institute of Biological Products COVID-19 vaccine®' in
the form of aluminium hydroxide.

The mechanism of action of aluminium, like for most
adjuvants, is only partially understood. Its biological or
physiological role is unknown. While aluminium is gener-
ally considered safe and is regularly ingested in food and
water, it can be toxic based on the concentration, chemical
form and the environment.** Aluminium seems to have
an impact on the immune system, which has rendered it
useful as a vaccine adjuvant.'” * Aluminium is believed
to exert its adjuvant effects by stimulating Th2-type cell
responses and antibody production through B cells acti-
vation,”* # by activating the complement system, and by
recruiting immune cells to the site of injection.”* 2°#” At
the injection site, aluminium promotes antigen uptake
by specialised antigen-presenting immune cells, termed
dendoritic cells, as well as dendritic cell maturation.? 2%
The consensus within the scientific community is that
aluminium affects antigen uptake, induces danger signals,
recruits various types of immune cells and elicits Th2
responses.”

One previous attempt to assess the effects of
aluminium adjuvants with a review was undertaken in
2004 by Jefferson et al’' The review covered existing
evidence of adverse events to the aluminium-containing

diphteria-tetanus-pertussis vaccine, but it did not assess
benefits.”! Lin et al conducted the first meta-analysis on
the efficacy of aluminium salts as an adjuvant for prepan-
demic influenza vaccines.”® Their results showed infe-
rior seroprotection after aluminium-adjuvanted H5N1
vaccines compared with that conferred by non-adjuvanted
counterparts; however, these findings only related to the
prepandemic influenza vaccines. New adjuvants are being
introduced continuously and the U.S. Food and Drug
Administration (FDA) and the WHO do not require
genotoxicity or cardiotoxicity studies of new aluminium
adjuvants.” The theory that aluminium adjuvant is respon-
sible for symptoms following specific vaccine formulation
is impossible to refute or prove based on the data from
current clinical trials. For example, aluminium adjuvant
has been administered to both the experimental and
control groups in the vast majority of randomised clinical
trials on HPV vaccines, thus masking aluminium adju-
vant’s potentially harmful effects.”* Aluminium adjuvants,
new or old, should be evaluated for benefits and harms
on their own merits. While the consequences of adding
aluminium to vaccines have been discussed broadly, no
systematic review has been conducted to assess the effects
of aluminium adjuvants across different types of vaccines.

The objectives of this review are to assess the benefits
and harms of aluminium adjuvants vs placebo or no inter-
vention in randomised clinical trials in relation to human
vaccine development. Our aim was not to analyse the
benefits and harms of vaccine formulations for prevention
of a specific disease. The results of our systematic review
could influence future vaccine formulation and bring on
changes among policymakers and vaccine manufacturers
to secure safe and efficient vaccines to people.

METHODS
Detailed description of our methodology is in our

prepublished  protocol,”” ~ PROSPERO  protocol
(CRD42017083013) and our online supplemental
material.

Criteria for considering studies for this review

We searched for randomised clinical trials irrespective
of type, status, date and language of publication. We
included vaccine development trials comparing any type
of aluminium adjuvant versus placebo or no intervention.
We accepted any cointerventions of vaccines if planned to
be delivered equally to the intervention groups. We used
the trial results reported at maximum follow-up.

Types of outcome measures
Primary outcomes were serious adverse events,” all-cause
mortality and proportion of participants with the disease
being vaccinated against. Secondary outcomes were
health-related quality of life, non-serious adverse events
and serological response.

Search methods for identification of studies

We searched the Cochrane Central Register of Controlled
Trials (2021, Issue 7) in The Cochrane Library, MEDLINE
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Ovid (1946 to July 2021), Embase Ovid (1974 to July
2021), LILACS (Bireme; 1982 to July 2021), BIOSIS
(Web of Science; 1969 to July 2021), Science Citation
Index Expanded (Web of Science; 1900 to July 2021), and
Conference Proceedings Citation Index-Science (Web
of Science; 1990 to July 2021). In addition, we searched
(September 2021) the Chinese Biomedical Literature
Database (CBM), China Network Knowledge Informa-
tion (CNKI), Chinese Science Journal Database (VIP)
and Wanfang Database (online supplemental table S1).
We also searched Google Scholar, The Turning Research
into Practice (TRIP) Database, ClinicalTrials.gov (www.
clinicaltrials.gov/), European Medicines Agency (EMA;
www.ema.europa.eu/ema/), WHO International Clinical
Trial Registry Platform (www.who.int/ictrp), The Food
and Drug Administration (FDA; www.fda.gov) and phar-
maceutical company sources for ongoing or unpublished
trials (until March 2021). We applied EMA, FDA and
several national medicines agencies (Australia, China,
India, Japan, UK, Austria, Belgium, Bulgaria, Croatia,
Cyprus, Czech Republic, Denmark, Estonia, Finland,
France, Germany, Greece, Hungary, Iceland, Ireland,
Italy, Latvia, Liechtenstein, Lithuania, Luxembourg,
Malta, Netherlands, Norway, Poland, Portugal, Romania,
Slovakia, Slovenia, Spain and Sweden) for clinical study
reports on trials fulfilling our inclusion criteria.

Data collection and analyses

Three review authors (SRK, SLK and MB) independently
and in pairs screened titles and abstracts for inclusion
of potentially eligible trials using Covidence (www.covi-
dence.org). Following any unsolved disagreements, we
asked a third author to arbitrate (JCJ or CG). The review
author pair collected full-text trial reports/publications,
and independently screened the full-texts and identified
trials for inclusion. SRK extracted all data on all trials.
SLK and MB each independently extracted half of the
data. Extractions were compared and validated by SRK,
SLK and MB and in case of disagreement, the same review
authors consulted JCJ or CG.

Assessment of risk of bias in included studies

The review author pair (SRK, SLKand MB) independently
assessed the risk of bias (RoB 1) of each included trial
according to the recommendations in the Cochrane
Handbook for Systematic Reviews of Interventions.”” We
used the following bias risk domains: ‘allocation sequence
generation’; ‘allocation concealment’; ‘blinding of partic-
ipants and treatment providers’; ‘blinding of outcome
assessment’; ‘incomplete outcome data’; ‘selective
outcome reporting’ and ‘other bias’. We assessed the
domains ‘blinding of outcome assessment’, ‘incomplete
outcome data’ and ‘selective outcome reporting’ for each
outcome. The trial was classified at overall ‘low risk of
bias” only if all the bias domains described in the previous
paragraphs were classified at low risk of bias, or at ‘high
risk of bias’ if any of the bias risk domains described above
were classified at ‘unclear’ or ‘high risk of bias’.

We used the Grading of Recommendations Assess-
ment, Development and Evaluation (GRADE) system to
assess the certainty of the body of evidence associated
with each of the outcomes.” We constructed a summary
of findings table using the GRADEpro software.” The
GRADE system appraises the certainty of evidence based
on the extent to which one can be confident that an
estimate of effect or association reflects the item being
assessed.

Measures of treatment effect and data synthesis

We visually investigated forest plots to assess the risk of
statistical heterogeneity. We also assessed the presence
of statistical heterogeneity using the %* test (threshold
p<0.1) and measured the quantities of heterogeneity
using the I statistic.”’ *' We assessed reporting bias using
funnel plots when 10 or more trials per comparison were
included.

When the total proportion of participants experi-
encing any serious and non-serious adverse event was not
reported, we extracted data from the highest proportion
of participants experiencing an individual adverse event.

We performed subgroup analyses on (A) outcomes
at low risk of bias compared with outcomes at high
risk of bias or unclear risk of bias (collectively termed
high risk of bias); (B) trials at low risk of vested inter-
ests compared with trials at high risks of vested inter-
ests;” (C) according to aluminium adjuvants type; (D)
according to different vaccines; (E) according to age
groups; (F) according to different maximal follow-up
periods; (G) according to participants’ health and (H)
according to vaccines against extracellular or intracel-
lular pathogens.

We assessed the potential impact of missing data with
the ‘best-worst’ and ‘worst-best’ case scenarios.

Intervention effects were assessed with both random-
effects model” and fixed-effect model** meta-analyses.
The more conservative point estimate of the two (the
analysis with the highest p value) was reported primarily.
For analysis of the three primary outcomes, a p<0.025 was
considered statistically significant® because this would
secure a familywise error rate below 0.05.

We analysed all primary and secondary outcomes using
Trial Sequential Analysis (TSA) 0.9.5.10 Beta software to
control random errors.”

We included aluminium concentration (as described by
trialist or manufacturer) as a covariate in meta-regression
to assess whether the concentration influences the effect
of aluminium adjuvant administration on outcomes.

Patient and public involvement

A patient and a representative of the public were involved
in formulating the research question and the outcomes at
the protocol stage. They were both involved in the inter-
pretation and writing up of results. There are plans to
disseminate the results of the research to the public and
the relevant patient communities.

Krauss SR, et al. BMJ Open 2022;12:058795. doi:10.1136/bmjopen-2021-058795


https://dx.doi.org/10.1136/bmjopen-2021-058795
www.clinicaltrials.gov/
www.clinicaltrials.gov/
www.ema.europa.eu/ema/
www.who.int/ictrp
www.fda.gov
www.covidence.org
www.covidence.org

RESULTS

Online supplemental figure SI1 shows the flow of records
obtained through electronic searches. We identified 15
958 records through database searching. We obtained
396 full-text reports that were assessed for eligibility. We
excluded 280 records. We identified eight trials awaiting
classification and six ongoing trials (online supplemental
appendix 1).

We identified 102 randomised clinical trials including
a total of 26 457 participants that fulfilled our inclusion
criteria. Characteristics of included and excluded studies
are given in online supplemental appendix 1. We were
unable to identify any clinical study report from regu-
latory authorities that was eligible for inclusion in this
review. We approached all corresponding authors to
request missing information or explanations on unclear
information and received some additional information
from seven authors.

The 102 included trials were published between
1969 and 2021; 35 were conducted in the USA;** 13
in more than one country;sl"94 6 in Canada;%_wo 4 in
China;wl_104 4 in Bof:lgiurrl;lO5_108 4 in Africa;log_112 3 each
in the UK,HS_115 Taiwan '8 and Australia;“g_121 2 each
in Thailand,' ' Poland,'* ' Norway,'? 127 Ttaly,'? 129
Germany,92 130 Cuba,m1 132 and Austria;133 134 and 1 each in
Switzerlamd,135 Sweden,136 Singapore,137 Mali,138 Israel,139
India,MO France,141 Colombia,142 Chile and Bangladesh.143

Three trials did not report a country.M‘H46

Trial participants
The trials randomised different types of participants.
Ninety trials randomised healthy participants; nine

trials randomised participants with a disease diag-
.50 5760719091 119 129 134

nosis; and three trials did not describe
the inclusion criteria of the participants.” **
In regard of age, the trials randomised:

. 107,86 113 195 132 143 145
infants (6 trials); 2 132 ?

trials) ;3587 94101 103116 182138 146-148 , § e cents (2 rials);%0 114
elderly (9 trials);”’ % %% ITI0 TN 3 mixed popu-
lations (8 trials).57 78 91 102 104 108 112123 Ty, rjals did not
specify the population type.”” ** The remaining 65 trials
randomised adult participants.

children (11

Interventions and comparisons
Types of aluminium adjuvants
The included trials assessed different types of aluminium

adjuvants: aluminium hydroxide (38 trials);* % 5759 67-70

79 74 81-83 88-90 92 93 96 101-103 105 106 110 112 114 118 122-124 126 133 134
MO 14 5 luminium phosphate (26 trials);* #7953 60 626366
758086 87 97 108 109 111 115-117 121 131 132 136 130 145 146 149 1040
(21 trials) ;8 51 52 54-56 58 78 7670 98-100 107 113120 125 127157 (.
phous aluminium hydroxyphosphate sulfate (2 trials);** b
aluminiumfluoride (1trial);*phosphate-treatedaluminium
hydroxide (1 trial);'* alhydrogel pretreated with phos-
phate buffer (1 trial);'* Adju-Phos (aluminium phos-
phate gel) (1 trial);” aluminium potassium sulfate (1

trial);*® aluminium chloride (1 trial)® and aluminium

oxide (1 trial)." Eight trials did not describe the type of
aluminium adjuvant used, # 91 104128130 138

Vaccines against different viruses, bacteria, toxins or diseases
The included trials assessed the effects of vaccines
against different viruses, bacteria, toxins or diseases:
influenza (25 trials);?? 0 54 56 67 68 84 88 98-100 102 104 115 117
118 121 126 130 133 137 139-141 150 Streptococcus pneumoniae (11
trials);7* 86-57 94 108 11 155 143 145 146 respiratory syncytial virus
(11 trials);0 62 63 7980 8296 97 105 119 144 o o inode-
ficiency virus (6 trials);47 5975 10 128 129 Njejgseria menin-
gitidis (6 trials);> 61 66 109 27188 Clostridium difficile (4
trials) [D7697883 dengue fevervirus (4 trials) 558120151 6 ) tero-
virus (3 trials);'"" 193 1% Bacillus anthracis (3 trials);*® ! 52
diphtheria and tetanus (2 trials);'"* " human papilloma-
virus (2 trials);* & Lyme borreliosis (2 trials) ;8993 Haemoph-
ilusinfluenzae type B (2 trials);'"*' ** group B Streptococcus
(2 trials) ;76 107 Staphylococcus aureus (2 trials) b 7 poliovirus
(2 trials);'**'® Pseudomonas aeruginosa (2 trials) ;9992 Alzhei-
mer’s disease (2 trials);”! '** cytomegalovirus (2 trials) ;1695
tetanus (1 trial);'"* non-typeable Haemophilus influenzae
(1 trial);107 Ross River virus (1 trial);”! hepatitis B (1
trial);"'? malaria (1 trial);!*? rabies and tetanus (1 trial);'%
rabies (1 trial);'** Shigella flexneri (1 trial)77 and S. aureus
and Candida albicans (1 trial).73

Overall, 41 trials assessed vaccines against extracellular
pathogens (bacteria or toxins) and 61 trials assessed

vaccines against intracellular pathogens (viruses).

Vaccine doses
The included trials administered different numbers of

. . .. 53 55
vaccine doses: 24% of the trials administered 1 dose;”” *°
5860 64 66 70 73 76 82 8796 97 100 107 111 114 124 131 133 136 139 140 150 47

. - 49-52 54 56 61-63 67 68 75 77
of the trials administered two doses; 2
79 80 84 88 90 92 98 99 101-105 108 109 115-119 121 126 127 130 135 137 138 141 146

91% of the trials administered three doses;*® *75759 657172
747881858995 106 110 112 113120 123125 132 M2 143 | )07 0 (he rials

. 69 83 86 93 94 134 145 . .
administered four doses; ° two trials admin-

istered five doses'?®'* and one trial administered seven
doses.”" Two trials did not specify the number of doses
administered.'?? 14

Aluminium concentrations
The included trials used different aluminium concentra-
tions ranging from 125 pg/dose to 6000 pg/dose.

Control groups

Two comparisons (from two trials) extracted in this review
did not involve a vaccine (ie, comparison between saline
placebo with or without aluminium).” ' All the other
control groups contained the same vaccine as the inter-
vention group but without aluminium adjuvant.

Risk of bias within individual trials

Based on the information collected from the published
reports and from authors, only 3/102 trials were at overall
low risk of bias (all outcomes reported at low risk of bias).
The remaining trials were at overall high risk of bias
(online supplemental figure S2).
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EFFECTS OF ALUMINIUM ADJUVANTS
Serious adverse events

A total of 170/7627 (2.2%) participants who received
aluminium adjuvants with or without vaccines suffered

Figure 1

a serious adverse event vs 149/13 936 (1.1%) partici-
pants receiving no aluminium adjuvants with or without
vaccines (risk ratio, RR 1.18, 95% CI 0.97 to 1.43; 21
563 participants; 62 trials; I? 0%; Bayes factor 548.28;
very low certainty of evidence (figure 1, table 1, online

Aluminium Placebo/no intervention Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Adler 2019 0 30 0 34 Mot estimahle
Aichinger 2011 0 194 i} 188 Mot estimahble
Atsmon 2014 0 30 0 30 Mot estimahble
Ayoola 1986 1] 65 0 61 Mot estimahble
Basavaraj 2014 (1) 1] 20 i} 20 Mot estimahle
Basavaraj 2014 (2) 1) 60 0 60 Mot estimable
Bellanti 2012 0 60 ] 58 Mot estimable
Beran 2018 3125 6 124 21% 0.50[0.13,1.94] — 1
Bernstein 2008 (3) 1] ki 0 30 Mot estimahle
Bernstein 2008 (4) 1) 59 0 61 Mot estimable
Bologa 2012 1] 21 i} 19 Mot estimahle
Bresson 2006 o 151 0 149 Mot estimable
Brooks 2015 2 40 2 40 1.1% 1.00[0.15, 6.76]
Brown 2010 1 30 1] 32 0.4% 3191[0.14, 75.49]
Butler 1969 1) 56 0 47 Mot estimable
Campbell 2007 1] 20 i} 20 Mot estimahle
Chen 2018 1) 20 0 20 Mot estimable
Chichester 2012 1} 20 il 20 Mot estimahble
Cox 2009 (5) 1) 14 1] 14 Mot estimable
Cox 2009 (6) 1] 13 i} 13 Mot estimahle
cummings 2014 o 30 i} 30 Mot estimahle
De Bruyn 2016 3 308 2 306 1.2% 1.50[0.25, 8.94] —
Durhin 2020 1} g 0 g Mot estimahle
EUCTR2009-015103-58-F| 1] 33 0 28 Mot estimable
EUCTR2010-019775-29-AT 25 368 27 382 140% 0.96 [0.57,1.62] -
Falsey 2008 14 400 20 383 8.6% 0.67 [0.34,1.31] I
Fries 2017 ) a0 4 g0 2.4% 1.25[0.35, 4.49] e R—
Gantt 2018 2 26 2 25 1.1% 0.96 [0.15, 6.31] —_—t
Glenn 2013 1} 40 ] 40 Mot estimahble
Glenn 2016 1 120 0 119 0.4% 2981[012,72.31]
Harro 2012 1} 32 i] 32 Mot estimahble
Hung 2019 2 47 2 44 1.1% 0.94 [0.14, 6.36]
Juergens 2014 4 285 2 299 1.4% 2.03[0.37,10.98] —
Kotloff 2001 1) 15 0 18 Mot estimable
Kunz 1976 (7) 1] 65 i} 65 Mot estimahle
Kunz 1976 (8) 0 48 0 48 Mot estimahle
Landrum 2017 1] 22 1 22 0.4% 0.33[0.01,7.76]
Langley 2017 0 48 1 47 0.4% 0.33[0.01,7.82]
Leroux-Roels 2015 1) 50 0 49 Mot estimahble
Leroux-Roels 2016a 2 60 8 60 1.7% 0.25[0.06,1.13] I e—
Leroux-Roels 2016h 10 159 4 160 3.0% 2521[0.81,7.85] N
Leroux-Roels 2019 3 72 3 72 1.6% 1.00[0.21, 4.79] I E—
Liang 2010 o 1814 0 89184 Mot estimable
Longo 2009 2 NM 0 9 0.5% 4171[0.23,77.11]
Low 2014 1) 43 0 39 Mot estimable
Manoff 2019 1} 9 ] 18 Mot estimahble
Mark 1994 1 124 1 111 0.5% 0.90[0.06,14.14]
Meulen 2015 1} 33 0 28 Mot estimahble
Moustafa 2012 15 74 12 73 8.2% 1.23[0.62, 2.45] T
NCTO0309647 o 2m 2 199 0.4% 0.20[0.01,4.10] ¢
NCTO0B93615 1) 18 1] 22 Mot estimable
NCTO1447407 1) 41 0 40 Mot estimable
NCT03284710 a 36 1 24 0.4% 0.23[0.01,531] ¢
Nicholson 2009 o 1M 1] 99 Mot estimable
Pan 2013 1} 30 il el Mot estimahble
Pillet 2019 1) 75 ] 78 Mot estimable
Rello 2017 59 104 38 98 42.9% 1.46[1.08,1.98] -
Ruckwardt 2021 i} 45 0 50 Mot estimahle
Sheldon 2016 2 73 2 72 1.0% 0.991[0.14,6.81]
Tapia 2021 1 144 1 145 0.5% 1.01 [0.06, 15.94]
Yerdijk 2013 1) 15 1 18 0.4% 0.33[0.01,7.58]
Verdijk 2014 7 60 2 60 1.6% 3.50[0.76,16.17] 1
Westritschnig 2014 1] 33 0 32 Mot estimahble
Wressnigy 2013 5 151 5 149 26% 0.99 [0.29, 3.34] —_—T
Zhu 2009 o 770 0 770 Mot estimable
Zhu 2013 1 240 ] 240 0.4% 3.00[012,73.28]
Total (95% CI) 7627 13936 100.0% 1.18[0.97,1.43] .
Total events 170 149

TR = - ChiE= _ _ SEo I ; : )
Heterogeneity: Tau*= 0.00; Chi*= 21.73, df= 27 (P=0.75); F= 0% o 01 10 100

Testfor overall effect: Z=1.61 (P=0.11)

Footnotes

(1) placebo with or without aluminium
(2) vaccine with or without aluminium
(3) 15 mcg of antigen

(4) 30 mcg of antigen

(5) 12 mcg antigen

(6) 24 mcg antigen

(7) subunit vaccine

(8) whole virus vaccine

) Aluminium Placebo/no intervention

Meta-analysis of the effect of aluminium adjuvant compared with placebo or no intervention on the proportion of

participants with one or more serious adverse events. M-H, Mantel-Haenszel.
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supplemental figure S3). Visual inspection of the forest
plot and I” reveal no statistical heterogeneity. TSA showed
that the cumulative Z-curve (blue full line with quadratic
squares indicating each trial) touched the traditional
boundary for harm. However, none of the trial sequen-
tial monitoring boundaries (etched curves above and
below the traditional naive horizontal lines for statistical
significance) were surpassed. The result is inconclusive
as the required information size has not been achieved.
The TSA-adjusted Cl is 0.53 to 2.69 (Pc (proportion with
an outcome in the control group) 1.0%, RR reduction or
increase (RRR) 20%, alpha 2.5%, beta 10%, diversity 0%:;
diversity-adjusted required information size (DARIS) 110
696 participants) (online supplemental figure S4).

Subgroup analyses

Test for subgroup differences showed no difference when
comparing the effects of aluminium adjuvants in trials at
high risk of bias to trials at low risk of bias; in trials at risk
of vested interest to trials at low risk of vested interest;
trials according to different aluminium types; trials with
different vaccines; trials with different participants’ ages;
trials with different follow-up durations; trials with partic-
ipants with different diagnoses compared with healthy
participants; and trials assessing vaccines against different
pathogens types (online supplemental Figures S5-S12).

Sensitivity analyses

A total of 21 /7648 (0.3%) participants in the intervention
group vs 18/13 954 (0.1%) participants in the control
group were lost to follow-up. Incomplete outcome data
alone seemed to have the potential to influence the result
in the ‘worst-best’ case scenario analysis (online supple-
mental figure S13). The ‘best-worst’ case scenario analysis
showed that incomplete outcome data did not have the
potential to influence the result (online supplemental
figure S14).

Meta-regression showed that the proportion of partici-
pants with serious adverse events was not affected by the
aluminium concentration used in the vaccine (p=0.28).

Due to several trials with zero events, we performed
meta-analysis also with OR. The results did not change
(online supplemental figure S15).

Individual serious adverse events analyses

Meta-analyses showed no evidence of a difference between
aluminium adjuvants vs control when assessing individual
serious adverse events (online supplemental analysis S1).
Individual serious adverse events reported only in one
trial that were not possible to meta-analyse are shown in
online supplemental table S2.

All-cause mortality

A total of 61/7782 (0.8%) aluminium participants died
compared with 57/14 104 (0.4%) control participants
(RR 1.02, 95% CI 0.74 to 1.41; 21 886 participants; 63
trials; I 0%; Bayes factor 2.96; very low certainty evidence
(figure 2, table 1, online supplemental figure S16). Visual
inspection of the forest plot and I” indicated no statistical

heterogeneity. Funnel plot showed no publication bias.
TSA showed that the accrued information for all-cause
mortality was below 5% of the DARIS (Pc 0.4%, RRR 20%,
alpha 2.5%, beta 10%, diversity 0%; DARIS 278 247).

Subgroup analyses

Test for subgroup differences showed no difference when
comparing trials at high risk of bias to trials at low risk
of bias; trials at risk of vested interest to trials at low risk
of vested interest; trials with no vaccine cointervention
to trials with vaccine cointervention; trials with different
aluminium types; trials with different vaccines; trials with
different participants’ ages; trials with different partic-
ipants’ diagnoses; and trial assessing vaccines against
different pathogens types (online supplemental figures
S17-S23). Due to lack of relevant data, it was not possible
to conduct the subgroup analyses on trials with different
follow-up durations.

Sensitivity analyses

A total of 28,/7909 (0.35%) participants in the aluminium
group vs 20/14 173 (0.14%) participants in the control
group were lost to follow-up. Incomplete outcome data
alone seemed to have the potential to influence our result
in the ‘worst-best’ case scenario showing a harmful effect
of aluminium adjuvants compared with placebo (online
supplemental figure S24). The ‘best-worst’ case analysis
showed that incomplete outcome data did not have the
potential to influence our result (online supplemental
figure S25).

Meta-regression showed that the proportion of partic-
ipants with all-cause mortality was not affected by the
aluminium concentration used in the vaccine (p=0.88).

Due to several trials with zero events, we performed
meta-analysis also with OR. The results did not change
(online supplemental figure S26).

Participants with disease

Only two trials (one event) reported on the proportion
of participants that developed the disease they were vacci-
nated against (online supplemental figure S27).

Adverse events considered non-serious

Out of the 67 trials reporting adverse events considered
non-serious, 34 trials reported the overall proportion of
participants with one or more adverse events considered
non-serious. From the remaining 33 trials reporting on
adverse events considered non-serious, we extracted data
from the highest proportion of participants experiencing
an individual adverse event.

A total of 3760/7098 (52.9%) aluminium partici-
pants experienced one or more non-serious adverse
events compared with 4537/13 429 (33.8%) in control
participants. Meta-analysis of these trials showed that
aluminium adjuvants compared with placebo or no
intervention may increase the proportion of participants
with one or more adverse events considered non-serious
(RR 1.13, 95% CI 1.07 to 1.20; participants=20 527;
trials=67; 1>=85%; Bayes factor 3.02E+26; the evidence

6

Krauss SR, et al. BMJ Open 2022;12:058795. doi:10.1136/bmjopen-2021-058795


https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795

Open access

panunuon

BIEP M8} 00|

erep oN

*901M} papelbumop

2J0J2Jay] pue ,paroadsns A|Buolis, paisapISuod Ssem
se|q uonedl|gnd “ulepaoun AIsA Sem 99UapInS 8y} Ing
‘uoinosloidoiss noyum spuedioiped Uo 1088 Ou aaey
Aew uonuanLlul OU J0 0gede|d SA sjueAn(pe wniulwn|y

"90IM} papeIBuMOp S10jaI18Y} pue

.shouas AJaA, PaJopISUOD SEM SS8UIOAJIPU| “UBHISoUN
KJaA S1 90UBPIAS BU} INQ SNOLISS-UOU PaJaPISUOD
SJUSA® 9SJaAPE BJ0W J0 dUO Yym sjuediolped jo
uolpodoud ay) eseasoul Aew syueAn(pe wniuiwny

901M] papeiBumop 810jaI8y} pue SnoLIds

KiaA, paiopisuod sem uoisioaidw| urepaoun Aiea sem

90UBPIAS BY} INg ‘AJI[EHOW SSNED-||B UO }09))8 OU SABY
KRew sjuean(pe ou Jo 0geoe|d SA sjueAn(pe wniuiwn)y

90IM]

papelBuMop 810}818y} PUB ,SNOLIBS AISA, PaISPISUOD
BJ9M SSBUDBJIPUI pUB UoIsioaidwl| "uepaoun AJSA sem
99UBPINS BU} INQ ‘SIUSAS 8SISAPE SNOLISS 810W JO SUO
yum sjuedioiped Jo uoipodoid 8yl Uo 10848 Ou aaey
Aew sjuean(pe ou Jo ogade|d sA sjueAn(pe wnuiwn|y

SjuUsLIWOD

L BB MO AH3AA
000D

§§F+H MOT AH3A
0008

« b MOT AH3A
000D

§%4 MO AHIA
0009

3avuo)
90ouspIAS 8y} Jo Alulensn

(sLod 2)
122

(Lod 0)

(sLOY t1)
S8/

(s10Y 29)
125 02

(s10Y €9)
988 |2

(sLDY 29)
€96 12

(sa1pms)
sjuedioiped jo oN

8|gewIse jou

8|gewise jou

(817103 22°0)
G6°0 Yy

(02103 20°1)
€Ll HY

(L1 03 $2°0)
20°L HY

(ev'1 01 26°0)
gL'l Yy

(1D %S6)
10918 aAlleleY

(0010
000} 48d 0

(0010
000} 48d 0

(6€1 01 16)
000} 4ed gL |

(601 0% 29€)
0001 Jod Gg¢

1suiebe pajeurooen buieq
000} 40d 0 aseas|p yum sjuediofed

000k 40d 0 84l Jo Ajfenb payejes-yiesH

uonosloidoses
000} Jod gL | inoyym sjuedioiped

SNOLIBS-UOU PaJIdpISU0d
S]1USBAS 9SJI8ApE 810W JO dBUO
0001 48d gg¢  yum sjuedioiped jo uopodoid

(901¢)
0001 4ed ¥ 0001 4od ¢ Ayepow esneo-||y
[SIEYVYE)
(S1 01 6) 9SJOAPE SNOLISS 8J0W IO SUO
000} Jod g1 000} Jed || yum syuedioned jo uoipodoid
sjuenn(pe
wniuiwnie uoljuaAJLlul OU
Yum ysty 1o 0gaoe|d yum sty
(1D %56) »S108y0 SInjosqe pajedionuy S8WO2INO

uoljuaAIlul ou Jo ogadeld :uosuedwo)
SJUBAN[PE WNUIWNE :UOIjUSAIIU|
sbumes Aue :6umes

uoneindod Aue :uonejndod Jo jusiied

S9UIDOBA Ul UOIJUdAISLUI OU 10 ogadeld ym patedwod sjueAn(pe wnjuiwnjy

a|qe} sbuipuy jo Aewwng

a|ge) sBuipuly Jo Arewwng | 8jqeL

Krauss SR, et al. BMJ Open 2022;12:058795. doi:10.1136/bmjopen-2021-058795



Open access

‘oljel YSU ‘HY ‘uoienea pue ‘quswdojens ‘JUSWSSSSSY SUOIEPUSWILIOdDY Jo Bulpels) ‘Javyo

‘(66°0=e100) S109ye Apmis

-|lews ou pamoys 1sa} plogieH pesed-uoissalboy *dnolB uonusAISIUl 8Y] Ul SJUBAN[PE WNjUIWN(E JO 10848 [njuey ue Buiodal sjeu} Jojjews Joy seiq uoneolignd [eiusiod 1sebbns Aew joid jsuuny jo uonoadsui [ensiptll
"%8/.=,| "Aousisisuoodul 1o} pepeIBUMO(,,

"Buipodal 8W02IN0 BAI308|SS Ul SBI] JO XSl JES|OUN JE 8J9M SJUSAS 8SJOAPE SNoLss uo Buipodas

S[eu} 8y} JO %z pue Buipodas awooIN0o d9A1109]9S Ul SBIq JO s ybly Je a1em uonoajoidolas uo Buiodas siely ay) Jo Juad Jad 01a7 "ejep SWOIIN0 BuISSIW Ul SBIQ JO XS JESJOUN JEB 8J9M SJUDAS 9SI9APE Snouas uo Buipoda
s[el} 8y} JO %0 pue erep awoolno Buissiw Ul Seiqg 40 Ysu ybiy je aiem uolosioidoiss uo Buipodas sfen sy Jo Jusd Jad IN0-AJUsASS "SIOSSSSSE SW02IN0 JO Buipul|g Ul SBI] JO %S Jes|oun Je 9I9M SJUSAS SSISAPE SNOLISS
uo Buipodai sjeuy 8y} JO %89 PUB SI0SSOSSE 8WO02IN0 JO Bulpul|g ul Seiq Jo s ybily e a1em uonoajoidolas uo Buipodas sieul ayy Jo %0 ‘Allean1oads "awooino siy} 10} Selq Jo ¥su ybiy 1e a1om s[eul 8y} Jo %001 1.0kl
"JUSAS 8SJOAPE [enplAIpUl Ue Bulousuadxe syuedioiped jo uoiuodoid 1saybiy ay) Woiy Blep PaloeIIXe M SIUSAS 8SI9APE SNOLISS-UOU U0

Buipodau sjeuy 99 ay1 Jo N0 gg Bululewal 8y} Wo.H ‘JUSAS 8SISAPE SNOLIBS-UOU 8J0W J0 duo yum sjuedioiped jo uouodoud |[eseno ayy papodal sjeu) ¢ Ajuo ‘syuane asienpe snoles-uou Buipodal sjeuy 99 ayi o INQO “SUaAd
asJionpe Aue Buiousiiadxe sjuedioued Jo Joquinu [0} UBY} JOY1EJ ‘SJUSAS 8SJOAPE PalIoIosun JO PaloI|os JO Joquinu Ajuo podal saipnis 4O Jaquinu B :Sainsesll SSWOoIN0 Ul S90UaIayi(d "SSauloallpul o) papeiBumoqss
(66°0=100Q) S109440 ApNis-||ews ou pamoys 1se} plogieH

paseq-uoissaibay "dnoib ogeoe|d sy} ul sjueAnipe wniuiwnfe Jo 108y [njuey e Buiuods sjely Jajfews 4oy seiq uoeognd [enusiod 3sebbns Aew joid jpuuny jo uonosdsul [ENSIA "% G8=,| “Aousisisuooul 1o} papeibumoqit
‘Buipodal

SUWO02IN0 SAI}0S|9S Ul SBI( JO XSl JES|OUN B 81oM SJUSAS 8SJoApE SNOoLISS Uo Buinodal sfely 8yl Jo 9,9z pue Buipodas sWooIN0 SAI08]8S Ul SEI] 40 YsH YBIy e a1om SjUaAs 8SIaApE snoLas-uou uo Buipoda sjeu} sy} Jo jusd
Jad auQ "ejep awooNo BuIssIW Ul SBIg JO YSLI Jea|oun e 81oM SIUSAS 8SI9APE SNOLIBS-Uou uo Buiodal siel) 8y} JO %6 PUB Blep awooIno Buissiw ul Seiq Jo %si ybiy 18 a1om SJusne 9SI9Ape SNoLas-uou uo Buipodal sjeuy
B} JO U0 Jad USBUIY| "SIOSSSSSE SWO02INO0 JO Buipul|g Ul SeIq JO %SI Jesjoun 18 9I9M SJUSAS SSISAPE SNoues Uo Buipodal sjel} 8y} JO %61 PUE SI0SSOSSE SWO0oIN0 Jo Buipulg Ul seiq Jo Ysu Ybiy 1e a1om sjuane asionpe
snouas-uou uo Buipodai sjel} 8y} Jo %1 | ‘A|[eol109dS *awooIN0 SIY} J0} SBI] JO XSl MO| B 8J9M S[el} 8} JO %Gg PUe SWOIN0 SIY} 40} Selq JO Ysl YBIY 18 aiom S[el} 8y} JO %G/ :|[BJ9AQ "Selq JO YsU Joj papesbumoqt
‘payoeal Jou (/g 8/g=U) 8zis uoijew.oyul [ewndQ ‘uoisioaidwi 4o} papesbumoq,,

*aWOo2IN0 Sy} 8duanjjul 0} Aj@yijun a1em suoley [BJ9A0 8y} Y49NeMOH ‘Buipodas awooIno 9A1}09|9s Ul Seiq JO sl Jesjoun pey Aljenpow uo Buipodal sjels aul Jo % 1.2

pue Buiodal 8WOOIN0 BAI3OSI8S Ul SEI] 40 YsU YBiy pey Ajfenow uo Buiuodad seuy 8y} 4o 1uad Jad suQ "elep awooino Buissiw Ul Seiq Jo ysi Jeajoun pey Aljepow uo Buipodai sjeu} 8yl JO 922 PUB Blep SWwooino Buissiw
ul selq Jo ysu ybiy pey Aujeniow uo Buipodal sjel) ay Jo Juad Jad aulN "SI0SSOSSE aWw09oINo Jo Bulpullq ul Seiq JO ¥su Jeajoun pey Ayepow uo Buipodas s[eu) 8y} JO %g PUB SI0SSESSE SWO09IN0 JO Bulpul|g ul seiq Jo 3su
ybiy pey Ayrenpow uo Buipodal sjely 8yl JO %9} ‘A|[eolioads "aWwooINO0 SIY} JO} SEI 4O YSI MO| 1B 819M S[ELI} U} JO 9% | PUE SWO0DINO SIY} 0} SBIq JO XSl YBiy 1e alom s[el] 8y} JO %6/ :|[e4oAQ "Selq JO Ysu 4o} papesbumoq|y
‘payoeal J0u (969 0| | =U) 8zIs uolrew.ojul [ewidQ ‘uoisioaidw Joj papesbumoqs

*(dnouB uonusneiul Jod paquOSep 10U INg PaLIN020 Buiney O} palodal SJUSAS 9SIOAPE SNOLIBS /(| 4O [B10} B) SUIDOBA

8} 0} pajejaiun palapisuod aiam Asy} asneoaq dnolb uonuasisiul Jod paguOSap J0U BIaM 8Say} NG PaIIND0 SIUBAS 9SISAPE SNOLIBS Jey} papodal S[eu} | JaYiQ "duldeA 8y} 0} Paje|al Jou aJam Ing paiind2o Ajleipusiod
1ey] SJUSAS 8SJoAPE SNOLISS U} UO UoIFeWIOoUl BUIAIB INOYHM SIUSAS 8SIaApe SNOLISS paje|al-auiooeA Ajuo papodal sjel] g ‘SJUSAS SSISAPE SNOLSS U0 papodal 1By} S[el} |9 8y} JO :SaINsSesw SaWoo)No Ul seouasayiat
‘Buipodal 8wWo9IN0 BAI308I9S Ul SkIq JO XS Jea|oun Je 81oM SJUSAS 8SI9APE SNoLes uo Buipodal sjell 8yl Jo 9% /g pue Buipodal swooIno aA1309|8s Ul selq 4O XSl ybiy 1e a1om Sjudnse asionpe snouas uo Buipodas sjeuy

8y J0 Jus0 Jad JNo4 "elep swWooINo BuissIW Ul SBIg JO Sl Jeajoun Je a1om SJUSAS 8SIoApe SNOLISS Uo Buiuodal sfeu} 8y} Jo 9% /g pPue eiep awoono BuissIW Ul SeIq J0 YsU YBIY 1e a1om SJUaAS 9SISAPE snouss uo Buipodas
s|[el} 9y} JO U0 Jad UsdUSASS "SIOSSSSE BLO0DIN0 40 Buipullq Ul SBI JO YSH Jeajoun pey S}UaAd aSIaApe snolas uo Buipodal siel 8y} JO %G pue SI0SSaSSE aWo23N0 Jo Bulpullg Ul selq Jo sl Ybly 1e aiom Sjuana
osJoApe snouss uo Buipodai sjeul 8yl JO %/ | ‘A||ediioadg "awooINo SIY} J0} SEI] JO YSH MO| 1B 849M S[ELI} U} JO % | | PUB SWODINO SIY} J0} SBIq JO XSl YBIy 1e a1om s[eli} 8U} JO %68 :|[BJ9AQ Selq JO Ysu Jo} papeiBumogt
(1D %G6 SH PUE) UOUBAJIBIUI BY} JO 1080 dAIIe[a) 8y} pue dnoib uospedwod sy} Ul 3si1 pawnsse 8y} uo paseq si (1O %G6 SH pue) dnoub uopuaaieiul 8y} Ul 4su ay],

*109J0 JO 91BWIISS BY} WOJ) Jualayip Ajlenueisgns aq 01 Aj9yI| S1 1080 anJ} Y] :91ewi1se 10918 8y} Ul 9oUSpIU0D 8|1 A1oA aney s\ :Alureniao moj Alsp

1090 98U} JO 91BWIISS By} WO} USSP Allellueisgns ag Aew 1098 anJ} 8y :paHWl| S| 81eWIISS 10948 dU} Ul 92USPLUO0D INQ :AJUIBSD MO

uaJtayip Ajjenueisgns si ) 1y Aljigissod e si aiay} INg ‘10818 8y} JO 1eWI1Se U} O} 8S0|0 8 O} AjoYl| SI 10818 8NnJ} 8y :91BWIISS 1080 8} Ul JUSPIIUOD Ajo1eispow ale ap\ :Aluienad 81eIspojy

"J0810 8U} JO 91BWIISS BY} JO 1BY} 0} 8SO[D S8| 0918 8N4} 8} Jey} JUspLU0D AJan ale ap\ :Ajurensd ybiH

*90UBPIAS JO sapelb dnoln) Buppop IAVHD

S9UIDOBA Ul UOIJUdAISLUL OU 10 ogadeld yym patedwod sjueanipe wnjuiwnjy
a|qe} sbuipuly jo Alewwng

panupuod | 9|qeL

Krauss SR, et al. BMJ Open 2022;12:058795. doi:10.1136/bmjopen-2021-058795



Aluminium Placeboino intervention Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Adler 2019 0 30 0 34 Mot estimahble
Aichinger 2011 0 194 0 188 Mot estimahble
Atsmon 2014 0 30 1] 30 Mot estimahle
Ayoola 1986 0 65 1] 61 Mot estimahle
Basavaraj 2014 (1) 0 20 0 20 Mot estimahble
Basavaraj 2014 (2) 0 60 1] B0 Mot estimahle
Bellanti 2012 0 60 0 58 Mot estimahble
Beran 2018 0 125 0 124 Mot estimahble
Bernstein 2008 (3) 0 3 1] 30 Mot estimahle
Bernstein 2008 (4) 0 59 1] 61 Mot estimahle
Bezay 2016 ] 4 1] 40 Mot estimahle
Bologa 2012 0 21 1] 19 Mot estimahle
Eresson 2006 o 13 1} 149 Not estimable
Brooks 2015 0 40 1] 40 Mot estimahle
Brown 2010 0 30 0 32 Mot estimahble
Butler 1969 0 56 0 47 Not estimahble
Campbell 2007 i} 20 1] 20 Mot estimahle
Chen 2018 0 20 1] 20 Mot estimahble
Chichester 2012 0 20 0 20 Mot estimahle
Cox 2009 (5) 0 14 0 14 Not estimahble
Cox 2008 (6) 0 13 1] 13 Mot estimahle
Cummings 2014 ] 28 1] 30 Mot estimahle
De Bruyn 2016 3 305 1 306 1.7%  3.01[0.31,28.77) —
Durbin 2020 0 8 1] 8 Mot estimahle
Ehrlich 2008 0 91 a 30 Mot estimable
EUCTR2009-015103-58-FI 0 33 0 28 Mot estimable
EUCTR2010-019775-29-AT 1 368 1 382 1.7% 1.04[0.07,16.53]
Falsey 2008 14 400 20 383 34.8%  067[0.34,1.31] —
Fries 2017 0 80 0 80 Mot estimahble
Gantt 2018 0 26 1} 28 Mot estimable
Glenn 2013 0 40 1] 40 Mot estimahle
Glenn 2016 0 120 0 119 Mot estimahble
Harro 2012 0 32 0 32 Mot estimahble
Hung 2019 0 47 1] 44 Mot estimahle
Juergens 2014 o 295 1] 289 Mot estimahle
Keitel 2008 0 61 0 59 Mot estimahle
Keitel 2008 0 302 0 295 Mot estimable
Kotloff 2001 0 14 1} 14 Not estimable
Langley 2017 a0 48 1] 47 Mot estimahle
Leroux-Roels 2015 0 50 0 49 Mot estimahble
Leroux-Roels 2016a 0 60 1 B0 2.6% 0.33[0.01,8.02]
Leroux-Roels 2016h o 159 1] 160 Mot estimahle
Leroux-Roels 2019 0 72 0 72 Mot estimahble
Liang 2010 0 1814 0 8184 Mot estimahble
Low 2014 0 43 1] 39 Mot estimahle
Manoff 2019 0 9 0 18 Mot estimahble
Meulen 2015 0 33 0 28 Mot estimahble
Moustafa 2012 5 74 4] 73 8.6% 0.99[0.30, 3.26] I e—
NCTO00693615 0 18 a 22 Mot estimable
NCT01447407 0 41 0 40 Mot estimable
NCTO3284710 0 36 1] 24 Mot estimahle
MNicholson 2009 o 1m 1] 99 Mot estimahle
Pan 2013 0 28 0 30 Mot estimahble
Pillet 2013 0 75 0 75 Mot estimable
Rello 2017 37 104 28 98 491% 1.25[0.83,1.87] -
Ruckwardt 2021 0 45 1] 50 Mot estimahble
Sheldon 2016 0 73 0 72 Mot estimahble
Tapia 2021 1 144 1 145 1.7% 1.01[0.06,15.94]
Verdijk 2013 0 15 1] 15 Mot estimahle
Verdijk 2014 il 60 1] B0 Mot estimahble
Yeracchio 2002 0 38 0 40 Mot estimahble
Westritschnig 2014 0 30 1] 30 Mot estimahle
Wressnigy 2013 o 193 1] 149 Mot estimahle
Wu 2017 0 100 a 100 Mot estimable
Zhu 2009 0 770 0 770 Mot estimable
Zhu 2013 0 240 1] 240 Mot estimahle
Total (95% CI) 7782 14104 100.0%  1.02[0.74,1.41] L 2
Total events 61 57

it i®= - - R = } + + i
Heterogeneity: Chi*= 3.80, df=6 (P =0.70); F= 0% T 0 10 100

Test for overall effect Z= 013 (P = 0.89)

Footnotes

(1) vaccine with or without aluminium
(2) placebo with or without aluminium
(3) 15 mcg of antigen

(4) 30 mcg of antigen

(5) 12 mcg antigen

(6) 24 mcg antigen

Aluminium Placebo/no intervention

Figure 2 Meta-analysis of the effect of aluminium adjuvants compared with placebo or no intervention on all-cause mortality.

M-H, Mantel-Haenszel.

was very uncertain (figure 3, table 1, online supple-
mental figure S28). TSA of non-serious adverse events
shows that the cumulative Z curve crosses the boundary
for harm, indicating that there was enough information

to confirm that aluminium adjuvants compared with
placebo or no intervention increases the risk of one or
more non-serious adverse events (TSA Pc 33.5%, RRR
20%, alpha 2.5%, beta 10%, diversity 78%; DARIS 28

Krauss SR, et al. BMJ Open 2022;12:€058795. doi:10.1136/bmjopen-2021-058795

9


https://dx.doi.org/10.1136/bmjopen-2021-058795
https://dx.doi.org/10.1136/bmjopen-2021-058795

Aluminium Placebo/no intervention Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, 95% CI
Adler 2019 25 30 27 34 18% 1.05(0.83,1.33] =
Aichinger 2011 53 191 9 184  06% 5.67(2.88,11.16) —
Atsmon 2014 23 30 8 30 06% 2.88[1.54,5.37) .
Basavaraj 2014 (1) 4 20 1 20 01% 4.00[0.49,32.72) »
Basavaraj 2014 (2) 7 60 4 60 0.2% 1.75[0.54,5.67] >
Beran 2018 12 125 88 124 23% 1.26[1.11,1.43] —_—
Bernstein 2008 (3) 18 31 13 30 09% 1.34[0.81,2.22) —
Bernstein 2008 (4) 46 59 30 61 1.6% 1.59[1.19,2.12)
Bezay 2016 24 41 16 40 1.0% 1.46(0.93,2.32) 1
Bologa 2012 19 21 10 19  1.0% 1.72[1.10, 2.69]
Brady 2008 (5) 13 57 2 60 0.2% 6.84 [1.61,28.99] —
Brady 2009 (6) 64 243 38 239 1.3% 1.66[1.16, 2.37)
Bresson 2006 108 151 90 149 21% 1.18[1.00,1.40] —
Brooks 2015 26 40 30 40  1.6% 0.87 [0.65,1.16) 1
Brown 2010 24 30 16 32 12% 1.60[1.08, 2.36)
Butler 1969 30 56 20 47 11% 1.26 [0.83, 1.90] —
Chen 2018 12 20 10 20 0.7% 1.20[0.68, 2.11] S
Chichester 2012 13 20 10 20 08% 1.30[0.75, 2.24] |
Collier 1979 20 86 1" 86 0.6% 1.82[0.93, 3.56] o R —
Cox 2008 (7) 6 13 9 13 06% 0.67 [0.33,1.33] —
Cox 2008 (8) g 13 5 13 05% 1.80(0.83, 3.92) >
Cummings 2014 29 30 27 30 22% 1.07 [0.94,1.23] T
Durbin 2020 6 8 4 8 0.4% 1.50[0.67, 3.34]
Ehrlich 2008 22 85 30 85 1.0% 0.73[0.46,1.16) —
Ensoli 2009 8 8 & 7 1.8% 1.00[0.79,1.27] I
EUCTR2009-015103-58-F| 31 33 25 28 21% 1.05(0.90,1.23] -
EUCTR2010-019775-29-AT 349 368 359 382 2.5% 1.01[0.97,1.04] T
Fries 2017 21 80 45 80 1.1% 0.47 [0.31,0.71]
Gantt 2018 23 26 21 25 1.9% 1.05[0.84,1.31) .
Glenn 2013 14 40 9 40 05% 1.56 [0.76,3.18) —
Greenberg 2018 187 322 182 328 22% 1.05[0.92,1.20] T
Harro 2012 il 32 17 32 11% 1.24[0.82, 1.86) —
Hung 2019 24 46 26 4 1.2% 0.88 [0.61,1.28] —
Jackson 2009 123 164 127 151 23% 0.89[0.80, 1.00] =]
Juergens 2014 163 271 160 278 22% 1.05[0.91,1.20] -T—
Kashala 2002 7 8 3 6 04% 1.75[0.75, 4.06] >
Kotloff 2001 7 15 6 15 0.4% 1.17 [0.51, 2.66]
Kunz 1976 (9) 33 48 30 48  1.6% 1.10(0.82,1.47) —p—
Kunz 1976 (10) 44 65 27 65 1.4% 1.63[1.17,2.29)
Landrum 2017 19 22 16 22 15% 1.19(0.88, 1.61] =1
Langley 2009 57 114 47 12 16% 1.19(0.90, 1.58] =
Leroux-Roels 2016a 33 60 37 60 1.5% 0.89 [0.66, 1.21] —1
Leroux-Roels 2016b 156 158 152 159 25% 1.03[0.99,1.07) ~
Leroux-Roels 2019 72 72 70 72 25% 1.03[0.98,1.08] .
Liang 2010 542 1814 1709 8184  24% 1.43[1.32,1.59) =
Longo 2009 10 " 9 1 1.4% 1.11[0.79,1.55] I Ene—
Low 2014 38 43 35 39 22% 0.98 [0.85,1.15) —
Manoff 2019 7 9 12 18 0.9% 1.17[0.72,1.88] —
Mark 1994 95 116 85 105  23% 1.01[0.89,1.15) -T—
Meulen 2015 N 33 25 28 21% 1.05[0.90,1.23] -T—
Moustafa 2012 37 74 26 73 12% 1.40 [0.96, 2.06) b
NCTO0693615 17 18 22 22 22% 0.94 [0.81,1.09] -
NCTO01447407 35 41 33 40  2.0% 1.03[0.85,1.25) ==
NCT03284710 28 36 15 24 1.3% 1.24[0.87,1.78] -
Nicholson 2009 60 101 50 93 1.7% 1.18[0.91,1.51) s
Nolan 2008 162 200 50 200 1.7% 3.24 [2.53,4.16) —
Pan 2013 6 28 9 30 0.4% 0.71[0.29,1.75)
Paoletti 2001 9 15 5 15 0.4% 1.80[0.79, 4.11] »
Pillet 2019 48 75 35 75 15% 1.37[1.02,1.84]
Pressler 1982 9 77 8 83 04% 1.21[0.49, 2.98]
Rello 2017 95 104 83 98  2.3% 1.08[0.97,1.20) i il
Riddle 2016 10 12 9 12 11% 1.11[0.74,1.68] —
Ruckwardt 2021 37 45 46 50 21% 0.89[0.76, 1.05) I
Sheldon 2016 41 73 50 72 17% 0.81[0.63,1.04] r
Tapia 2021 17 145 23 144 07% 0.73[0.41,1.31) —
Vandenberghe 2016 18 21 15 16  1.9% 0.91[0.74,1.13] |
Verdijk 2013 10 15 10 15 0.9% 1.00 [0.60, 1.66)
Verdijk 2014 14 60 16 60 0.6% 0.88 [0.47,1.63]
Westritschnig 2014 32 33 30 32 23% 1.03[0.93,1.15) T
Wressnigg 2013 77151 78 149 1.9% 0.97 [0.78,1.21] —=
Wu 2017 63 96 52 97 1.8% 1.22[0.97,1.55] |
Zhu 2013 107 240 123 240 20% 0.87 [0.72,1.09) T
Total (95% Cl) 7098 13429 100.0% 1.13[1.07,1.20] *
Total events 3760 4537
Heterogeneity: Tau®= 0.03; Chi*= 459.94, df= 71 (P < 0.00001), F=85% 047 1*5 i

Test for overall effect: Z= 4.22 (P < 0.0001)

Footnotes

(1) vaccine with or without aluminium
(2) placebo with or without aluminium
(3) 15 mcg of antigen

(4) 30 mcg of antigen

(5) 300 mcg/dose aluminium

(6) 600 mcg/dose aluminium

(7) 12 mcg antigen

(8) 24 mcg antigen

(9) subunit vaccine

(10) whole virus vaccine

Aluminium Placebo/no intervention

Figure 3 Meta-analysis of the effect of aluminium adjuvants compared with placebo or no intervention on the proportion of
participants with one or more non-serious adverse events. M-H, Mantel-Haenszel.
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384. TSA adjusted CI 1.06 to 1.23 (online supplemental
figure S29).
Visual inspection of the funnel plot and regression-

based Harbord test showed no publication bias or small-
study effects (beta=0.99).

Subgroup analyses

Test for subgroup differences was statistically signifi-
cant in the subgroup analysis according to vaccine type
(p<0.00001; online supplemental figure S30) and age
(p=0.007; online supplemental figure S31).

Test for subgroup differences showed no difference
when comparing the effect of aluminium adjuvants in
trials at low risk of bias to trials at high risk of bias; in
trials at low risk of vested interest to trials at risk of vested
interest; in trials with different aluminium salts; in trials
with different follow-up durations; in trials with partici-
pants with different health status; and trials assessing
vaccines against different pathogen types (online supple-
mental figures $32-S37).

Sensitivity analyses

A total of 195/7392 (2.6%) participants in the
aluminium group vs 186/13 341 (1.4%) participants in
the control group were lost to follow-up. Incomplete
outcome data did not have the potential to influence
our results.

We included aluminium concentration (as described by
trialists) as a covariate in meta-regression to assess whether
aluminium concentration has an impact on the effect
sizes of the proportion of participants with adverse events
considered non-serious. Meta-regression showed that the
proportion of participants with adverse events considered
non-serious was not affected by the aluminium concentra-
tion used in the vaccine (p=0.68)

Individual non-serious adverse events

We performed meta-analysis on each of the 145 reported
individual adverse event considered non-serious. Mainly,
local injection site reactions were increased in the
aluminium group (online supplemental analysis S2 and
table S3).

Serological response

Serological response was assessed by different analyt-
ical assays and was reported as either geometric mean
titre (GMT, 31 trials) or geometric mean concentration
(GMC, 11 trials).

Meta-analyses showed no or little evidence of a differ-
ence between aluminium adjuvants vs placebo or no
intervention when assessing GMT or GMC (figures 4 and
5, online supplemental figures S38 and S39).

Subgroup and sensitivity analyses for serology

Subgroup and sensitivity analysis for the serological
response is reported in online supplemental figures
S40-S43.

Seroprotection

Meta-analysis showed that there was no evidence of a
difference between aluminium adjuvants compared with
placebo or no intervention when assessing seroprotection
(RR 0.95, 95% CI 0.77 to 1.18; trials=14; I* 78%. Bayes
factor 3.11; low certainty of evidence) (figure 6, online
supplemental figure S44). Visual inspection of the forest
plot and I? statistics indicated high heterogeneity (1

78%).

Subgroup and sensitivity analyses for seroprotection
Subgroup and sensitivity analyses for seroprotection is
reported in online supplemental text and figure S45 and
S46.

DISCUSSION

This review included 102 randomised clinical trials
assessing a total of 26 457 participants. Aluminium adju-
vants versus placebo or no adjuvants may have no effect
on the proportion of participants with one or more
serious adverse events and on all-cause mortality, but
the evidence was very uncertain. Two trials reported on
the proportion of participants with the disease they were
vaccinated against. However, only one event was reported.
None of the trials reported on quality of life. Aluminium
adjuvants versus placebo or no adjuvants seem to increase
the proportion of participants with one or more adverse
events considered non-serious, but the evidence was very
uncertain. We found no or little evidence of a difference
between aluminium adjuvants vs placebo or no interven-
tion when assessing geometric mean titres or concen-
trations. Aluminium adjuvants versus placebo or no
intervention may have no effect on participants without
seroprotection, but the evidence was very uncertain.

Strengths and weaknesses

We seem to be the first to conduct a systematic review
comparing aluminium adjuvants versus placebo or no
intervention in any type of vaccine. We followed our
peerreviewed protocol which was published before the
literature search begam,35 and we conducted the review
using the methods recommended by Cochrane.’” 12
We reported our review according to the PRISMA state-
ment"® (online supplemental table S4).

Our systematic review has several limitations. Despite
our inclusion criteria being broad, we could only find
phase I or II trials that met our inclusion criteria. This
limitation is because phase III or IV trials of marketed
vaccines are mainly designed with an active comparator
(another vaccine or alleged ‘placebo’ with aluminium),
and therefore, these trial designs did not match the inclu-
sion criteria of our review.

Another limitation of the applicability of our results is
that we chose maximum follow-up as our time point of
primary interest. This approach does not allow us to make
conclusions on the effect of aluminium adjuvants on
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Mean Difference

m, 95% CI Footnotes

Aluminium Placebo/no intervention Mean Difference

Study or Subgroup Mean SD_Total SD__ Total Weight IV, Random, 95% CI
164 Vi fic serum 1gG by ked assay (ELISA)
Aichinger 2011 (1) -6.26 212 42 -468 1936051 44 45% -15812.44,-072)
Aichinger 2011 (2) -5.93 203 47 -515 2261176 42%  -0.78[168,0.12)
Aichinger 2011 (3) -6.08 18 49 -4.44 1235381 47 B6% -1.62(2.24,-1.00]
Alchinger 2011 (4) 615 213 49 -552 2242763 41 41%  -063F154,028)
Beran 2018 -68 1448141 110 -665 1342548 111 96% 015052022
Bezay 2016 (5) -6.44 1782580 14 -7.26 1667861 11 23%  082(054,218
Bezay 2016 (8) 732 1604658 12 -7.06 1586189 8 20% -0.26[1.72,1.20)
Gantt 2018 -8.16 358 25 822 38 23 11% -084}303,1.15]
Glenn 2013 (7) 878 084758 18 -831 179993 17 39%  -0.47(1.41,047)
Glenn 2013 (8) 4813 097279 13 -B57 1481074 18 44%  -056(1.42,030]
Glenn 2016 (9) -873 0881023 26  -8.42 1203429 23 B5% -0.31(0.93,031)
Glenn 2016 (10) 4935 0833773 25  -B.96 1202241 26  69% -0.39(0.98,020]
Glenn 2016 (11) -9.29 09953 25  -843 1381333 20 56% -0.86F1.58,-0.14]
Glenn 2016 (12) 887 1246321 30 -B.58 1641412 28 53%  -0.20(1.04,045)
Greenberg 2018 <184 1909587 275 16 1854489 298 105%  -0.24[055,0.07)
Harro 2001 (13) 789 2685695 10  -9.23 4999311 9 04%  154[213,521
Harro 2001 (14) -802 5423950 B -546 3538812 9 03% -1.56[597,285
LerouxRoels 2019 (15)  -8.79 1003835 24 -85 1003945 22 64% -020(0.92,034]
LerouxRoels 2019 (16)  -874 0843717 22 -8.84 0948435 23 73%  0.10(0.45,065)
LerouxRoels 2019(17)  -9.07 09311 22 -873 082317 22 73% -034£089,021]
NCTO1447407 -9.95 324 39 037 593 40 10%  -0.58[2.68,152)
Subtotal (95% CI) 885 882 100.0% -0.47 [-0.69,-0.24]
Heterogeneity: Tau*= 0.10; Chi*= 36.03, df= 20 (P = 0.02); = 44%
Testfor overall effect 7= 4.08 (P < 0.0001)
1.6.2 Haemagglutination inhibition assay (HAI)
Bernstein 2008 (18) 4196 140193965 28 -2.32 2547069 29 26%  036(070,142)
Bermstein 2008 (19) 2221 22230201 58 -2.37 2207073 60  30%  0.16(0.66,098
Brady 2009 (20) 218 248250 51 -1.88 1523544 52 30% -0.30(1.10,050]
Brady 2009 (21) <231 2305286 58 -2.56 2709401 56 28%  025[067,1.17]
Brady 2009 (22) -298 24647068 52  -295 3177361 106 28% -0.03(0.93,087)
Brady 2009 (23) 228 3185607 111 -24 2931350 59 28%  0.12(0.83,1.07)
Bresson 2006 (24) -389 3893484 51  -3.34 3786599 50 20% -0.56(-2.05,095]
Bresson 2006 (25) -234 3084875 50 -298 3.83506 49 21%  064(073,201)
Bresson 2006 (26) 285 3571789 50 -2.91 3687474 50 21%  0.06[1.36,1.48]
Chichester 2012 4192 2024826 20 377 0.01 20 29%  185[0.96,274]
Cummings 2014 (27) ~ -3.36 226936 10 -3.13 3.026411 10 12%  -0.23(257,241)
Cummings 2014 (28) ~ -398 2707500 9 -32 3.00599 10 10% -078(3.39,183
Cummings 2014 (29)  -359 3088274 8 -43 1333451 9 12%  0.71[164,3.06
Falsey 2008 -282 211197851 392 -2.97 2135131 377 37%  015[0.15,045)
Keitel 2008 (30) -209 2031551 61  -214 2255539 58 30% 005(072,082
Keitel 2008 (31) -269 3095047 120  -248 2778327 119 31%  -0.21[086,054)
Keitel 2008 (32) <189 0871274 61  -169 0777142 59 37%  0.00(0.30,030)
Keitel 2008 (33) -204 193853 60  -167 0647052 59 34% -037(0:89,015]
Keitel 2009 (34) <167 068588351 50 1.7 0881405 48 36%  003(0.28,034]
Keitel 2009 (35) -1.87 163547906 48 -1.86 1409765 49 33%  -0.01[063,061]
Liang 2010 (36) -5.49 23474 201 -567 2650722 2884 37%  0.18[0.11,0.47)
Liang 2010 (37) -459 2064457 690  -B54 2684007 861 37%  1.96[1.72,2.20)
Liang 2010 (38) -495 2282021 674  -B51 2641855 3724 37%  156[137,1.75

2014 -35 2362899 43 -425 2996135 39 24%  075(043,193
NCT00309647 (39) 412 3592689 48 -3.36 3432109 49 21%  -0.76(2.16,064]
NCT00309647 (40) 382 3458316 49 -371 3637545 48 22%  -021(157,1.15]
NCTO0309647 (41) -284 3550839 49 -23 2436013 60 24% -0.54(1.71,063
NCTO0309647 (42) 281 3648699 49 -248 1709851 72 25% -013(1.23,097]
Nolan 2008 (43) -422 2475955 71 -4.02 2960436 47 27%  -0.20(1.22,082)
Nolan 2008 (44) 52 2230363 65  -429 3742544 48 24%  -091(210,028)
Pan 2013 (45) <21 1578961 14 -1.8 1420838 15 25%  -0.30(1.40,080]
Pan 2013 (46) 214 1712657 13 175 1071713 15 26% -0.39(1.47,069]
Wu 2017 (47) -308 1428652 48 -318 1548947 45 33%  010F051,071]
Wu 2017 (48) 4350 1641221 48 -3.49 1649728 49 32%  -0.10(0.75,055]
Zhu 2009 (49) 504 2228489 411 -541 2292201 414 36%  037[0.06,068]
Zhu 2009 (50) 546 2050427 311 56 2010579 312 36%  0.14[0.18,0.46)
Subtotal (95% C1) 4223 10011 100.0%  0.15[0.16,0.46]

Heterogeneity: Tau?= 0.64; Chi*= 355.94, df = 35 (P < 0.00001); = 30%
Test for overall effect 7= 0.96 (P = 0.34)

1.6.3 Serum bactericidal assay

Chen 2018 884 257919491 20  -B63 222526 20 62% -0.21(170,1.28]
Tapia 2021 873 166743725 144  -B74 1649618 144 938%  0.01[037,0.39)
Subtotal (95% C1) 164 164 100.0%  -0.00(-0.37,0.37]

Heterogeneity: Tau= 0.00; Chi*= 0.08, df=1 (P = 0.78); F= 0%
Testfor overall effect: 2= 0.02 (P = 0.98)

1.6.4 Plaque reduction neutralisation test

Durbin 2020 -348 248470488 8 -4.2 2485406 8 1000%  072[172,3.16)
Subtotal (95% CI) 8 8 1000%  072[1.72,3.16]
Heterogeneity: Not applicable

Testfor overall effect Z= 0.58 (P = 0.56)

1.6.5 Virus-specific serum neutralizing antibodies.

Hung 2018 (51) 802 1537569 14 -6.46 0409075 19 27.5%  -1.562.39,-0.73
Ruckwardt 2021 (52) 775 382041874 13 -7.58 4463754 20 40% -0.16(3.01,269]
Ruckwardt 2021 (53) -7.42 339173547 13 -7.68 3887235 15 44%  0.26(2.44,296]
Ruckwardt 2021 (54) 781 382089465 15  -8.03 2900531 15 53%  022(221,265]
Zhu 2013 (55) -412 3037686 112 -3.36 3385191 16 27.2%  -076(1.59,0.07)
Zhy 2013 (56) -392 2507168 105  -371 2808376 111 316%  -0.21[0.93,0.51)
Subtotal (95% CI) 2712 296 100.0% -0.69[-1.27,-0.10]

Heterogeneity. Tau*= 0.15; Chi*= 7.13, df= § (P = 0.21); F= 30%
Testfor overall effect Z= 2.2 (P = 0.02)

hlhoi“ll'“l“” §

|“\|‘|IM|| .

(1) 2.5 mcg vaccine
(2) 5 mcg vaccine
(3) 1.25 mcg vaccine
(4) 10 mcg vaccine
(5) 75 mcg vaccine
(6) 200 mcg vaccine
(7) 30 mcg vaccine
(8) 60 mcg vaccine
[ (9) 60 mcg vaccine 1 dose
(10) 90 mcg vaccine 2 doses
(11) 60 mcg vaccine 2 doses
[ (12) 90 mcg vaccine 1 dose
[ (13) 10 mecg vaccine
(14) 50 mcg vaccine
(15) 45 mcg vaccine
(16) 90 mcg vaccine
(17) 135 mcg vaccine
(18) 15 mcg vaccine
(19) 30 mecg vaccine
(20) 3.7 mcg vaccine
(21) 7.5 mcg vaccine
(22) 15 mcg vaccine
(23) 45 mcg vaccine
(24) 30 mcg vaccine
(25) 7.5 mcg vaccine
(26) 15 mcg vaccine
(27) 15 mcg vaccine
1 (28) 45 mcg vaccine
— (29) 90 mcg vaccine
. (30) 15 mcg vaccine with 600 mcg aluminium
(31) 45 mcg vaccine with 600 mcg aluminium
(32) 3.75 mcg vaccine with 150 mcg aluminium
(33) 7.5 mcg vaccine with 600 mcg aluminium
(34) 15 mcg vaccine
(35) 7.5 mcg vaccine
(36) 30 mcg vaccine
(37) 7.5 mcg vaccine
(38) 15 mecg vaccine
(39) 15 mcg vaccine
(40) 27 mcg vaccine
(41) 3.8 mcg vaccine
(42) 7.5 mcg vaccine
(43) 7.5 mcg vaccine
(44) 15 mcg vaccine
(45) 3 mcg vaccine
(46) 6 mcg vaccine
(47) 15 mcg vaccine
(48) 30 mcg vaccine
(49) 15 mcg vaccine
(50) 30 mcg vaccine
(51) 3-6-years
(52) 150 mcg of antigen
(53) 50 mcg of antigen
(54) 500 mcg of antigen
(55) 6-11 months
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Testfor subgroup differences: Chi*= 14.54, df= 4 (P = 0.006), F'= 72.5%

R

(56) 12-36 months

-2 2 4
Aluminium - Placeboino intervention

Figure 4 Meta-analysis of the effect of aluminium adjuvants compared with placebo or no intervention on the geometric mean

titres grouped by analytical assay. IV, inverse variance.

safety and immunogenicity after each individual vaccine
dose (for those trials having multiple vaccine injections).

Another limitation is that we identified high clinical
heterogeneity, especially within the immunogenicity
outcome. Included trials did not use the same assays to
assess the serological response and most of the trials had
multiple assays performed. We chose to analyse only the
geometric mean titre or concentration reflecting the data
from the first assay presented in the publication; however,
we are aware that this might limit the strength of our
findings.

We chose to merge multiple groups in those trials that
used vaccines with different antigen concentrations. In
so doing, we were unable to conclude whether the effect
of aluminium adjuvants is correlated to the effect of
different antigen concentrations.

Only two trials (one event in total) reported on the
proportion of participants with disease they were vacci-
nated against and none of the authors provided us

with such data when contacted by email. Therefore,
our conclusion regarding the effect of aluminium adju-
vants on the immunogenicity is based on the surrogate
outcome of the serological response to vaccine measured
by different assays and on the seroprotection values as
defined by the trialists.

Of the 62 trials that reported on serious adverse events,
8 trials reported only vaccine-related serious adverse
events,*? P ST 100104107108 115 ¢ he 62 trials that reported
on serious adverse events, 14 trials reported that serious
adverse events occurred but these were not assigned per
intervention group because they were considered unre-
lated to the vaccine (a total of 107 serious adverse events
reported to having occurred but not described per inter-
vention group). 0668 7783 8486 9197 LIS 121134 146 (310 7 /109
authors contacted provided us with all or some of the data
requested (see characteristics of included studies in the
online supplemental appendix 1).
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Aluminium Placebo/no intervention Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, 95% CI IV, Random, 95% CI
1.7.1 Bacteria-specific serum IgG by ELISA
Bologa 2012 -6.60975347  1.0048398 18 -6.84193594 1.10341594 18 158% 0.23[-0.46,092] s
Camphell 2007 (1) -2.11625551 2.27974189 10 -1.7227666 2.73908569 10 31%  -0.39[2.60,1.82] [— —
Camphell 2007 (2) -2.2617631 1.30856828 10 -0.58778666 1.57114594 10 7.8% -1.67[2.94,-041] —
De Bruyn 2016 (3) -2.88 3.959066 61 -4.39 3.234033 57 7.5% 1.51[0.21,2.81] —
De Bruyn 2016 (4) -4.34 3.286791 70 -4.09 3.080544 68 99% -0.25[1.31,081] T
De Bruyn 2016 (5) -4.52 3161533 73 -4.42 4.447345 73 79%  -0.10[1.351.19) -
Harro 2012 -4.74840435 183 32 -459612944 1.66 32 128% -015[1.01,0.70] —
Leroux-Roels 2016a (8) -1.10194008 435425357 27 -1.24703229 43820341 32 3% 0.15[-2.09, 2.38] —
Leroux-Roels 2016a (7) -1.62924054 442427725 29 -1.54543258 440229568 36 33% -0.08[2.24, 208 I m—
Leroux-Roels 2016h (8) -6.1218347 335976526 25 -5.3546977 2.207843%1 27 57%  -077[2.33,079 T
Leroux-Roels 2016b (3) -1.30562646 439516008 33 -1.13462273 4.35840263 28 32% -017[2.352.01] I —
Leroux-Roels 2016h (10} -6.57312135 250984511 30 -5.08264583 267118764 26 7.0% -1.49[2.85-013] I
Leroux-Roels 2016h (11) -0.77472717 438774514 31 -1.1568812 4.38390264 il 3.2% 0.38 [1.80,2.57] —
Meulen 2015 -0.40546511  2.2236087 30 -0.91629073 214140017 24 87% 0.51 [-0.66, 1.68] T
Paoletti 2001 -1.18784342 569741148 15 -1.2781522 4.44804488 15 1.2% 0.09[-3.57,3.79] e
Subtotal (95% CI) 494 488 100.0% -0.14[-0.55,0.28] 4
Heterogeneity: Tau®= 0.16; Chi*= 18.85, df=14 (P =0.17); F= 26%
Test for overall effect: Z= 0.65 (P=0.51)
1.7.2 Bacteria-specific serum neutralising antibodies
Sheldon 2016 {(12) -5.79307458 201631134 7 -6.69383159 1.53535076 8 137% 0.90[-0.93,273] -
Sheldon 2016 {13) -6.38851098 2.53678013 11 -B.66359236 1.26193645 9 158% 0.28 [-1.44,1.99] T
Sheldon 2016 (14) -7.00751011 2.87343641 9 -7.13582269 0.85078226 10 12.2% 0.13[1.82,2.08] I —
Sheldon 2016 {15) -6.55245082 2.41768605 9 -6.90454012 1.49314058 i 11.0% 0.35[-1.70, 2.40] T
Sheldon 2016 (16) -5.96760721 133202585 8 -6.76495823 176355109 3 21.1% 0.80 [-0.68, 2.28] -
Sheldon 2016 (17) -6.03787092 1.78313444 9 -6.87048945 1.12299036 12 26.2% 0.83[-0.49, 2.16] T
Subtotal (95% CI) 53 53 100.0% 0.61[-0.07,1.29] >
Heterogeneity: Tau®= 0.00; Chi*= 0.71, df= 4 (P = 0.98); F= 0%
Testfor overall effect: Z=1.75 (P = 0.08)
1.7.3 Electrochemiluminescence (Pn Ecl) assay
EUCTR2008-015103-58-FI -0.40546511 211152759 30 -0.91629073 1.92018047 23 8.3% 0.51 [-0.58, 1.60] =
EUCTR2010-019775-29-AT  -0.37843644 2 274 -0.33647224 2 298 91.7%  -0.04 [-0.37,0.29]
Subtotal (95% CI) 304 321 100.0% 0.00[-0.31,0.32]
Heterogeneity: Tau®= 0.00; Chi*= 0.91, df=1 (P =0.34); F=0%
Test for overall effect: Z=0.02 (P = 0.98)

I TN

Testfor subgroup differences: Chi*= 3.44, df=2(P=0.18), F= 41.8%
Footnotes

(1) 25 mcg vaccine

(2) 5 mcg vaccine

(3) 50 mcg vaccine

(4) 100 mcg vaccine schedule 0, 7, 30 days

(5) 100 mcg vaccine 0,7,180 days vs 0, 30, 180 days
(6) High dose vaccine

(7) Low dose vaccine

(8) 20 mcg vaccine 1 injection

(9) 5 mcg vaccine 1 injection

(10) 20 mcg vaccine 2 injections

(11) 5 mcg vaccine 2 injections

(12) 65-85 year of age, 50 mcg vaccine

(13) 50-80 year of age, 50 mcg vaccine

(14) 50-60 year of age, 100 mcg vaccine

(15) 65-85 year of age, 100 mcg vaccine

(16) 65-85 year of age, 200 mcg vaccine

(17) 50-60 year of age, 200 mcg vaccine

t
Aluminium Placebo/no intervention

Figure 5 Meta-analysis of the effect of aluminium adjuvants compared with placebo or no intervention on the geometric mean

concentrations grouped by analytical assay. 1V, inverse variance.

Out of the 67 trials that reported on adverse events
considered non-serious, 34 trials reported the overall
proportion of participants with one or more adverse
event considered non-serious > 6 58 64 66 6970 72 7779 82 83
85 87 90 92 95 97 102 103 105-107 110 113 117 124 126 133 137 139 145 149 154
From the remaining 33/67 trials reporting on adverse
events considered non-serious, we extracted data from
the highest proportion of participants experiencing an
individual adverse event, 6 49-5153 62 76 80 81 8486 91 95 100 101 109

111 114 115 118 120 121 124 125 128 129 135 136 140-143 150 §  pcn
number of trials reported only solicited adverse events
instead of solicited and unsolicited adverse events as a
combined outcome. This limitation may have resulted in
an underestimation of the unsolicited adverse events that
might have occurred but were not reported.

Agreements and disagreements with other studies or reviews
Jefferson et al reviewed evidence of adverse events after
exposure to aluminium-containing vaccines against
diphtheria, tetanus and pertussis, alone or in combina-
tion, compared with identical vaccines, either without
aluminium or containing aluminium in different

concentrations.’! They included three randomised trials,
four semirandomised trials, and one cohort study. They
found that in young children, vaccines with aluminium
hydroxide caused significantly more erythema and
induration than plain vaccines and significantly fewer
reactions of all types. In older children, there was an asso-
ciation with local pain lasting up to 14 days. Despite a lack
of good-quality evidence, the authors surprisingly recom-
mend against any further research on this topic.

Lin et al conducted the first meta-analysis on the effi-
cacy of aluminium salts as an adjuvant for prepandemic
influenza vaccines.” They included a total of nine
randomised clinical trials (published during 2006-2013),
including 22 comparisons in 2467 participants that
compared aluminium-adjuvanted H5N1 vaccines versus
non-adjuvanted counterparts.”® Their results showed
an inferior seroprotection after aluminium-adjuvanted
Hb5NI vaccines compared with that conferred by non-
adjuvanted counterparts. Furthermore, H5NI1 vaccines
with aluminium adjuvants were associated with a signifi-
cantly higher risk of pain/tenderness at the injection site
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Aluminium Placeboino intervention Risk Ratio Risk Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% CI| M-H, Random, 95% CI
Atsrmon 2014 16 30 17 0 48% 0.94 [0.60, 1.49] B
Basavaraj 2014 (1) 14 19 12 17 50% 1.04 [0.69, 1.57] -1
Basavaraj 2014 (2) 11 a7 15 58 37% 0.75[0.38, 1.48] e
Chen 2018 I 20 0 20 Mot estimahle
Ehrlich 2008 {3) 24 38 22 42 51% 1.17[0.80,1.72] T
Ehrlich 2008 {4) 35 41 30 41 8.7% 1.17[0.93, 1.46] ™~
Fries 2017 (5) 2 40 2 40 1.0% 1.00[0.15, 6.76]
Fries 2017 (8) 4 40 3 40  16% 1.33[0.32, 5.58] S —
Hung 2019 (7) 0 14 18 19  06% 0.03[0.00,052] 4
Hung 2019 (8) 1 23 19 19 1.4% 0.06 [0.01, 0.30]
Kunz 1976 (9) 33 65 7 65  345% 4.71[2.25,9.88] —
Kunz 1976 (10) 11 48 14 43 38% 0.79[0.40, 1.55] e
Liang 2010 (11} 4 (92 44 863  2.5% 0.11[0.04,0.31]
Liang 2010 (12) 72 630 26 861 4.9% 346[2.23,5.35] -
Liang 2010 (13) 34 691 71 862  51% 0.60[0.40, 0.89] -
Low 2014 20 43 10 3\ 40% 1.81[0.97, 3.38] |
MCTO0308647 (14) 14 48 14 47 40% 0.98[0.53,1.83) -
MCTO0309647 (15) g 49 14 43 28% 0.35[0.14, 0.90]
MCTO0309647 (16) 16 49 24 43  46% 0.67[0.41,1.09] I
MCTO0308647 (17) 18 48 20 43 46% 0.88[0.54,1.45] T
Pan 2013 (18) 13 14 14 15  58% 0.99[0.82,1.21] T
Pan 2013 (19 11 13 14 15  56% 0.91[0.69,1.19] -
Pillet 20149 21 73 15 T4 42% 1.42[0.80, 2.53] T
Wy 2017 (20) 29 48 26 45 53% 1.05[0.75,1.47] -
Wy 2017 (213 17 48 24 43 47% 0.72[0.45 1.17] T
Zhu 2008 (22) 4 3N ] M2 0% 0.67[0.19, 2.35] I E—
Zhu 2008 (23) 18 411 12 114 36% 1.51[0.74,3.10] T
Total (95% CI) 3665 4180 100.0% 0.95[0.77,1.18] ¢4
Total events 447 454
Heterogeneity: Tau®=0.19; Chi*=111.89, df= 25 (P = 0.00001); F= 78% 0 i:|1 051 150 160

Test far overall effect: 2= 0.47 (P = 0.64)

Footnotes

(1) vaccine with or without aluminium
(2) placebo with or without aluminium

(3) 7.5 mcg vaccine
(4) 15 mcg vaccine
(5) 60 mcg vaccine
(6) 90 mcg vaccine
(7) 3-6 years of age
(8) 2-35 months of age
(9) subunit vaccine
(10) whole virus vaccine
(11) 30 mcg vaccine
(12) 7.5 mcg vaccine
(13) 15 mcg vaccine
(14) 3.8 mcg vaccine
(15) 7.5 mcg vaccine
(16) 15 mcg vaccine
(17) 27 mcg vaccine
(18) 3 mcg vaccine
(19) 6 mcg vaccine
(20) 15 mcg vaccine
(21) 30 mcg vaccine
(22) 30 mcg vaccine
(23) 15 mcg vaccine

Aluminium Placebo/no intervention

Figure 6 Meta-analysis of the effect of aluminium adjuvants compared with placebo or no intervention on seroprotection. M-H,

Mantel-Haenszel.

during the 7 days after the first vaccination and after the
second dose vs the non-adjuvanted counterparts.
Jorgensen et al set out to assess the benefits and harms
of the HPV vaccines in clinical study reports obtained
from the European Medicines Agency and GlaxoSmith-
Kline from 2014 to 2017.'” They included 24 randomised
clinical trials comparing an aluminium-adjuvanted HPV

vaccine vs a placebo or active comparator in healthy partic-
ipants of all ages. They found that at four years follow-up,
the HPV vaccines decreased HPV-related precursors to
cervical cancer and treatment procedures but increased
serious nervous system disorders (exploratory analysis)
and general harms.”” As the trials included in their
review were primarily designed to assess benefits and not
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adequately designed to assess harms, the extent to which
the benefits outweigh the harms was unclear.

In agreement with Lin ef al,* our systematic review does
not find an increased serological response of aluminium-
adjuvanted vaccines compared with that conferred by
non-adjuvanted counterparts. Also, in agreement with
both Jefferson et af’' and Lin et af* we find an increase
in local injection site reactions after administration of
aluminium-adjuvanted vaccines.

Implications for practice and research

Considering the lack of good-quality evidence to assess
beneficial and harmful effects of adding aluminium to
vaccines as presented here, relevance of this adjuvant
should be investigated in future studies. Questions on
aluminium form, concentration and size remain unan-
swered due to scarcity or lack of data. Questions on the
effects of aluminium adjuvants on vaccine effectiveness
also remain unanswered.

Future randomised clinical trials in humans should be
conducted according to the ethical principles that have
their origin in the Declaration of Helsinki, and that are
consistent with the International Council for Harmonisa-
tion Good Clinical Practice guidelines and the applicable
regulatory requirement(s)."”® " Such trials should be
designed in accordance with guidelines for clinical trials
(Standard Protocol Items: Recommendations for Inter-
ventional Trials)'”® and reported in accordance with the
Consolidated Standards of Reporting Trials.'”’
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