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ABSTRACT

Vaccine efficacy varies globally, often showing reduced immune responses in low- and middle-income countries, possibly
due to the immunomodulatory effects of parasitic infections like malaria. This systematic review evaluates the impact of
malaria on immune responses to unrelated vaccines in humans and animals. We systematically searched five databases—
MEDLINE, Web of Science, Global Health, Scopus and Embase—up to 5th December 2023. Eligible studies compared
immune responses to WHO-approved vaccines between malaria-infected and uninfected groups, or between antimalarial-
treated and untreated groups. Meta-analysis was performed using random-effects models with standardised mean differ-
ences (SMDs) as summary statistics. The study is registered with PROSPERO (CRD42022298053). Twenty-four articles
(17 human, 7 animal) met the inclusion criteria, with 13 human articles contributing data for the meta-analysis. Significant
heterogeneity was observed. Vaccine responses were higher in malaria uninfected individuals (SMD 0.34, 95% CI 0.07 to
0.60, I’=87.15%) with weaker differences between antimalarial-treated and untreated groups (SMD 0.07, 95% CI —0.01
to 0.16, I?*=85.01%). The overall SMD for malaria uninfected/treated vs. infected/untreated was 0.15, 95% CI 0.05-0.26,
I’=90.91. Narrative analysis suggested malaria's adverse impact on vaccine responses in animals. Malaria infection may
impair vaccines responses; with preventive treatment of malaria partially reversing these effects, highlighting the need for
targeted public health interventions.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
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1 | Introduction

Vaccines are indispensable tools in public health, annually
averting an estimated 2-3 million deaths globally [1]. Disparities
in both efficacy and immunogenicity across different geographic
regions, remain a significant challenge [2]. The response to BCG
vaccine, for example, varies from 0% to 80% as one moves from
a lower to a higher latitude [3]. Similarly, oral vaccines includ-
ing rotavirus and polio exhibit poorer responses in low-income
compared to high-income settings [4]. One hypothesis for these
differences in vaccine responses may be the immunomodula-
tory effects of parasitic infections such as malaria, prevalent in
LMICs, where vaccine specific responses have often been ob-
served to be impaired [5].

Malaria continues to impose a substantial burden globally, with
approximately 249 million malaria cases and 608,000 malaria
deaths reported in 2022 [6]. Of these, Sub-Saharan Africa (SSA)
accounted for 94% cases and 96% deaths [6]. Among the five spe-
cies of Plasmodium (Plasmodium falciparum, Plasmodium vivax,
Plasmodium ovale, Plasmodium Malariae and Plasmodium
knowlesi) known to infect humans, P. falciparum causes the
greatest morbidity and mortality, predominantly affecting
young children in SSA [6].

A previous narrative review suggested that the indirect im-
pact of malaria on child survival extends to vaccine responses,
reporting reduced efficacy of both routine and experimental
vaccines among the infected compared to the uninfected [5].
A growing body of literature has explored the relationship
between malaria and vaccine effectiveness. However, there
is still uncertainty regarding the extent of malaria's influ-
ence on vaccine responses, fuelling ongoing debate over its
true impact. The main objective of this systematic review and
meta-analysis was to comprehensively evaluate and synthe-
sise findings from relevant studies on the impact of malaria
infection or its treatment on immune responses to unrelated
vaccines in human and animal models.

2 | Methods

This systematic review and meta-analysis adhered to PRISMA
guidelines (Supporting Information S1) and had a preregistered
protocol in PROSPERO (CRD42022298053), also provided in the
Supporting Information (Appendix S2).

2.1 | Data Sources and Search Strategy

We searched Ovid MEDLINE, Web of Science, Ovid Global
Health, Scopus and Ovid Embase from inception to 5th
December 2023. The search focused on papers published
in English and encompassed terms related to malaria in-
fection and its treatment, vaccine and immune response
(Appendix S3). We included articles reporting on the effect
of malaria or of antimalarial treatment on vaccine responses,
covering all malaria species and WHO-approved vaccines in
both animals and humans. Grey literature, such as disser-
tations and theses, was also searched, and reference lists of
identified papers were screened for further relevant studies.

Duplicate publications were identified using Endnote X20 ref-
erence manager and verified manually.

2.2 | Inclusion and Exclusion Criteria

We included studies that assessed immune responses to WHO-
approved vaccines between malaria-infected and uninfected
groups or between malaria-treated and untreated groups. These
studies had to evaluate the effect of symptomatic or asymptom-
atic malaria infection, with participants’ malaria status being
laboratory-diagnosed at the time of vaccination and subsequent
immunological outcomes were measured. We only included
randomised controlled trials or observational studies (cohort or
longitudinal). The included publications were in English and
encompassed both peer-reviewed and grey literature.

We excluded studies investigating the effects of maternal vacci-
nation on newborns or infants under 1 year of age. Additionally,
non-primary research articles, including conference proceed-
ings, letters to the editor, review articles and case reports, were
not considered. Finally, studies lacking detailed descriptions of
the laboratory methods used to assess both malaria exposure
and vaccine-associated outcomes were excluded.

2.3 | Data Extraction and Preparation of Data

Two reviewers independently screened titles and abstracts for
human studies (L.Z. and E.L.W.) and animal studies (L.Z. and
J.N.). Full-text screening and data extraction were conducted in-
dependently by the same pair of reviewers for both human and
animal studies. All full texts considered eligible by both reviewers
were included in the final review, with disagreements resolved
through discussion and consensus with a third reviewer (A.M.E.).

A pre-designed Microsoft Excel spreadsheet, covering study
characteristics, participant demographics, vaccine details, ma-
laria species, antimalarial treatment and immunological out-
comes, facilitated data extraction. Articles were included in the
quantitative synthesis if data for meta-analysis were available.
Authors were contacted to request for data if the article de-
scribed that relevant data were collected but not shown.

The antibody outcome measures were extracted for narrative
summaries. In the quantitative synthesis, the reported measure
(mean [SD], median [IQR], geometric mean [95% CI]) was ex-
tracted and categorised by malaria infection or treatment status.
When the median (IQR) or geometric mean (95% CI) were pre-
sented as the summary measure, they were converted to mean
(SD) on the log, ; scale for analysis [7, 8].

To obtain an overall effect size, studies reporting results at mul-
tiple time points were combined using a weighted average. If a
vaccine had multiple reported antibody outcomes, the best cor-
relate of protection was prioritised. Studies examining human
immune response to various vaccine serotypes yielded multiple
effect sizes. If each serotype had a corresponding effect size, all
eligible effect sizes were included in the meta-analysis. A sensi-
tivity analysis, detailed below, assessed the impact of including
only one serotype per study.

2 0f 26

Parasite Immunology, 2024

5UB0 1] SUOWILIOD BRI 8]0l ddke 3 Ad PauRAC 8.2 SOOI O ‘35N J0 S[NI J0J ATeJgITUIIUD A3 1A UO (SUONIPUOO-PUE-SLLIBILICO"AB| W ARG PUIUO//STTIY) SUOIIPUOD) PUE SWS | 8U) 295 *[G20Z/90/vZ] U0 AIqIT8U1IUO AB1m ‘(‘oul eANge T) agnopeay AQ Z90ET Wid/TTTT 0T/I0pLc0"AB] W AIRIGIPUIIUO//SNY WO Papeolumod ‘0T ‘¥Z0Z ‘7Z0ES9ET



2.4 | Statistical Analysis

Analysis was conducted using the ‘meta’ suite for meta-analysis
in Stata version 18. The standardised mean difference (SMD) was
employed as the summary statistic. Hedges' g effect size was cal-
culated to compare the effects of malaria infection or treatment
status [9]. A random-effects model (REM), which assumes that
true effects vary across studies, was used to estimate pooled ef-
fect sizes and their corresponding 95% confidence intervals [10].

The malaria infected or antimalarial-untreated group was used
as the reference category, acting as the baseline for comparing
antibody responses. In this context, an SMD of 0 indicates no
effect of infection or treatment on vaccine responses, SMD >0
indicates a positive effect (higher response in the uninfected or
treated group), and SMD <0 indicates a negative effect (lower
response in the uninfected or treated group).

The I? statistic quantified heterogeneity among study specific
SMDs [11]. Stratified analysis by malaria infection or treatment
status was conducted comparing antibody responses between
malaria uninfected and infected, as well as between those who
received antimalarial treatment and those who did not. This
analysis aimed to assess whether the observed effects were con-
sistent across different groups with respect to malaria infection
status and antimalarial treatment; differences between these
two groups were quantified by Cochran's Q statistic. Stratified
analyses by vaccine estimated vaccine-specific SMDs. Meta-
regression analysis was further conducted to assess the effect
of three factors on effect size: vaccine type, sample size, and
whether the study investigated the effect of malaria or its treat-
ment. Additionally, a sensitivity analysis was conducted to as-
sess the effect of including only one vaccine serotype per study
(retaining the most prevalent serotype), for those that reported
an effect size for each vaccine serotype. Publication bias was
assessed using a funnel plot and Egger's test.

2.5 | Quality Assessment

Quality assessment for human studies was conducted using
the Effective Public Health Practice Project (EPHPP) Quality
Assessment Tool for Quantitative Studies [12], while the
SYRCLE Risk of Bias (RoB) tool—an adapted version of the
Cochrane RoB tool—was employed for animal experiments [13].

2.6 | Participant and Public Involvement
Participants were not involved in designing or executing the sys-
tematic review, but our aim is to provide findings that inform
public health interventions.

3 | Results

3.1 | Study Selection

We identified 9016 records through electronic database searching,

80 more through screening relevant internet resources to iden-
tify grey literature such as unpublished reports, dissertations and

theses. After removing duplicates, 6045 unique records remained.
Following screening, 129 records were selected for full text review
and a total of 24 records met the inclusion criteria (see Figure 1).

3.2 | Characteristics of Included Human Studies

Seventeen eligible articles were included in the systematic review
on humans. Of these, 13 (76%) were conducted in children, 2 (12%)
in adults and 2 (12%) in both adults and children. Seven (41.2%)
were randomised trials and 10 (58.8%) observational studies.
These studies spanned various regions including Africa, Asia and
South America with publication dates ranging from 1962 to 2022.

Of the 10 articles investigating the effect of malaria infection on
vaccine responses, five focused on the impact of acute malaria
[14-18], while five examined the influence of asymptomatic par-
asitaemia [19-23].

Of'the seven articles reporting trials involving antimalarial treat-
ment, six investigated whether intervention to prevent malaria
influenced immune responses to the vaccines [24-29]. Only one
study where antimalarial treatment was administered investi-
gated the effect of treating acute malaria with chloroquine on
vaccine response [30].

Articles contributed data on a total of 13 vaccines: tetanus
toxoid (9 articles), hepatitis B (1), measles (6), yellow fever (1),
Haemophilus influenzae type b (2), diphtheria (4), polio (2),
cholera (1), typhoid (4), meningococcal (4), Ebola (2), pertussis
(3) and pneumococcal (1). Eight articles reported studies ad-
ministering more than one vaccine [15, 17, 24-29]. In instances
where study outcomes were stratified by vaccine serotypes
such as polio 1, 2 and 3, meningococcal A and C, 10-valent con-
jugated pneumococcal antigens, this resulted in separate effect
sizes for each vaccine serotype for these studies. Characteristics
of the human studies are summarised in Table 1.

Four articles were included in the systematic review but not in
the meta-analysis, as two reported proportion of participants
seroconverting as the primary outcome [24, 30] and two did not
have data for extraction [19, 20]. The remaining 13 articles were
included in the meta-analysis. We received raw or study-level
summary data for 2 studies directly from study authors [28, 31].

3.3 | Meta-Analysis of Effects of Malaria Infection
or Antimalarial Treatment on Vaccine Responses

In this section, we first offer a detailed summary for each vac-
cine individually. Subsequently, we present a meta-analysis of
the combined results across all vaccines. For each of the vac-
cines included in the meta-analysis, details of the study specific
SMDs, their contribution to the overall SMD and heterogeneity
measure (I%) are presented in Appendix S4.

3.4 | Tetanus Toxoid Vaccine

Nine articles investigated the impact of malaria on tetanus tox-
oid vaccine: four focused on the effect of malaria infection while
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= Ovid Embase = 2,570 through other sources.
S Ovid Global Health = 1,949 (n = 80)
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Scopus = 1,821
—
v
Records after duplicates removed.
(n=5,965)
2
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o
G Records screened. _ | Records excluded:
@ (n = 6,045) > (1=5916)
Full-text articles excluded.
R— Full text articles assessed for Humans (n = 81)
. eligibility (n = 129). N Case report 1, conferenge
Humans (n = 98) abstracts 18, letter to editor
Animals (n = 32%) 3, non-english 1, no full text
2 1, not exposure of interest 13,
= indirect malaria exposure 13,
§=) A4 not vaccine outcome of
w Studies included in systematic interest 13, no vaccine
review (n=24). specific outcomes 5,
Humans (n = 17) investigational vaccines 4,
Animals (n = 7) reviews 2 , malaria exposure
- assessed after vaccination 7.
[}
= v Animals (n = 25%)
Té — - conference abstracts 7, non-
- Stud|e§ included in meta- english 4, not exposure of
analysis. interest 6, not outcome of
___J Human (n = 13) interest 3, investigational
vaccines 5

FIGURE1 | Prism flow diagram of study selection and screening. *Banga et al. [32] record has both human and animal data, so it is considered

as two separate articles.

five were on the effect of antimalarial treatment on vaccine re-
sponses. Six studies were included in meta-analysis; three were
excluded, two because they reported binary outcomes for teta-
nus toxoid vaccine response [15, 24| and one did not have data
for extraction [19]. The meta-analysis indicated no difference in
immune response in the malaria uninfected or treated group
compared to the infected or untreated group (SMD —-0.02, 95% CI
—0.46 to 0.43, I’=96.9%) (Figure 2). Of the six studies included
in the meta-analysis, two compared vaccine response between
malaria infected and non-infected [14, 16], while four assessed
vaccine responses in malaria treated vs. untreated participants
[25, 26, 28, 29]. Of three articles excluded from meta-analysis,
one concluded that antimalarial treatment did not affect tetanus
vaccine responses (RR 1.04, 95% CI 0.96 to 1.14) [24], the other
observed suppression of tetanus vaccine responses by acute

malaria infection (p <0.02) [15] while the third reported no sta-
tistically significant differences in vaccine response between the
parasitaemic and aparasitaemic participants (p>0.16) [19].

3.5 | Hepatitis B Vaccine

Two articles investigated the impact of malaria on hepatitis B
vaccine [25, 28]. Both articles assessed responses in malaria
treated vs. untreated. Only one was included in the meta-
analysis and showed no significant effect of malaria on vaccine
responses (SMD —0.02, 95% CI —0.15 to 0.11) [28]. The second
article [25] was excluded because its results were already incor-
porated in the findings of the included study, which was itself a
meta-analysis.
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Quality
assessment?

Type of

Compared groups

Finding

Outcome

malaria

(sample size) Age, gender

Population description

Polio vaccine serological

Antibodies Strong

Plasmodium

IPT treated vs. placebo 2-24Months

All children presenting
for the DTP2 vaccination

responses were not

falciparum

treated groups. The study
was done in a subset of

adversely affected
by IPTi with various

in Navrongo, Ghana;
Kilimanjaro, Tanzania;

8416 children enrolled

antimalarial drugs

in 5 randomised trials of
IPTi in Navrongo, Ghana;

Manbhica, Mozambique;

Kisumu, Kenya; and

Kilimanjaro, Tanzania;

Bungoma, Kenya

Manbhica, Mozambique;

were eligible

Kisumu, Kenya; and

Bungoma, Kenya

3Quality assessment based on EPHPP (Effective Public Health Practice Project) tool.

bSome results from Macete et al. [25] are included in the results of Crawley et al. [28]. To avoid duplicate counting, data from Macete et al. [25] was excluded from the meta-analysis when this overlap occurred.

3.6 | Measles Vaccine

Six articles investigated the impact of malaria on measles
vaccine responses [24-26, 28-30]. All six studies assessed re-
sponses in malaria treated vs. untreated groups but only three
were included in the meta-analysis. The meta-analysis results
suggest no significant effect of malaria on measles vaccine re-
sponses (SMD 0.004, 95% CI —0.14 to 0.15 and I>=41.45%). One
article [25] was excluded because its results were already incor-
porated in the findings of one of the included articles [28]. Two
other articles were excluded from the meta-analysis because
their outcome data were binary [24, 30]. Both studies showed
that treatment of malaria does not affect vaccine responses.

3.7 | Yellow Fever Vaccine

One article assessed the effect of malaria on immune response
to yellow fever vaccine [28]. It compared vaccine responses be-
tween treated and untreated groups. This article was excluded
from the meta-analysis because its outcome data were binary. It
showed that antimalarial treatment compared to no treatment
does not affect vaccine responses.

3.8 | H. Influenza Type b Vaccine

The impact of malaria on immune responses to H. Influenzae
type b vaccine was investigated in two articles [18, 28]. One fo-
cused on the effect of malaria infection [18] while the second
focused on the effect of antimalarial treatment [28]. Both studies
were included in the meta-analysis which showed no significant
effect of malaria on vaccine responses (SMD 0.47, 95% CI —0.47
to 1.41, I’=93.72%).

3.9 | Diphtheria Vaccine

Four articles assessed the effect of malaria on diphtheria vaccine
responses [24, 25, 28, 29]. All compared vaccine responses be-
tween treated and untreated groups. Only two were eligible for
meta-analysis and showed no significant effect of antimalarial
treatment on vaccine responses (SMD 0.04, 95% CI —0.04 to 0.13,
I’=0%). One was excluded from the meta-analysis as its results
were binary in nature [24] and that antimalarial treatment had
no effect on vaccine responses (RR 0.86, 95% CI 0.76 to 0.96).
The second article [25] was excluded from the meta-analysis be-
cause its results were already incorporated in the findings of one
of the included papers [28].

3.10 | Polio Vaccine

Bl g

7)) 1] 7]
= 2lz2a5 . ) . .
e > € =& Two articles reported on the impact of malaria on polio vac-
;E E U§), 3w cine responses, providing effect sizes for different polio
3 ©n vaccine serotypes [28, 29]. Both studies compared vaccine
j responses in the treated and untreated groups but only one
- - g article that provided data for polio vaccine serotypes 1, 2 and 3

el . . .

EJ] E E % c was included in the meta-analysis [29]. The results showed no
: zs -3 8 = £ difference in immune response in the malaria treated group
3 =~ ° = compared to the untreated group (SMD —0.25, 95% CI —0.69
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Number of effect sizes SMD 95% CI p-value
Vaccine
Tetanus toxoid (6 articles) 7 —0.02 (—0.46, 0.43) 0.946
Hepatitis B (1 article) 2 —— —0.02 (-0.15, 0.11) 0.804
Measles (3 articles) 3 —— 0.00 (—0.14, 0.15) 0.958
H. Influenza (2 articles) 2 0.47 (—0.47, 1.41) 0.325
Diphtheria (2 articles) 4 T 0.04 (—0.04, 0.13) 0.326
Polio (1 article) 3 —0.25 (—-0.69, 0.18) 0.253
Cholera (1 article) 1 0.10 (—0.14, 0.34) 0.410
Typhoid (4 articles) 5 0.27 (—-0.18, 0.73) 0.237
Meningococcal (3 articles) 5 — 0.50 ( 0.25, 0.74) 0.000
Ebola (2 articles) 2 0.21 (—0.05, 0.47) 0.118
Pertussis (2 articles) 6 - —0.04 (-0.10, 0.01) 0.113
Pneumococcal (1 article) 10 _ 0.39( 0.09, 0.70) 0.012
Test of group differences: Q,(11) = 31.80, p = 0.00
Comparisons
Uninfected vs infected 19 - 0.34 ( 0.07, 0.60) 0.013
Treated vs untreated 31 o 0.07 (—0.01, 0.16) 0.102
Test of group differences: Q,(1) = 3.37, p = 0.07
Overall ? 0.15( 0.05, 0.26) 0.005
Better responses (infected/untreated) | Better responses (uninfected/treated)
T T

T
-5

1
0 5 1 1.5

FIGURE 2 | Forest plot of the effect of malaria infection or treatment on vaccine responses. References and study specific standardised mean

differences are presented in Appendix S4.

to 0.18, I?=41.85%). The excluded article reported binary out-
comes and did not show any effect of antimalarial treatment
on vaccine responses [28].

3.11 | Cholera Vaccine

One article examined the effect of malaria on responses to chol-
era vaccine comparing responses between treated and untreated
participants [27]. Its results showed slightly higher vaccine re-
sponse in the treated group compared to the untreated group
(SMD 0.10, 95% CI —0.14 to 0.34).

3.12 | Typhoid Vaccine

Four articles assessed the effect of malaria on typhoid vac-
cine responses, and all were included in the meta-analysis
[15, 17, 27, 29]. Two articles reported more than one effect size.
One article reported effect sizes for both Salmonella typhi H and
S. typhi S IgG antibody outcomes, comparing vaccine responses
between malaria infected and non-infected groups [15] while
the other reported effect sizes for both S. typhi IgG and IgA
antibody outcomes [27]. One additional article also compared
vaccine responses between malaria infected and uninfected
groups [17]. Two articles compared responses between malaria
treated and untreated groups [27, 29]. The meta-analysis results

indicated a slightly higher vaccine response in the uninfected
or treated groups compared to the infected or untreated groups,
although not statistically significant (SMD 0.27, 95% CI —0.18 to
0.73,I>=85.63%).

3.13 | Meningococcal Vaccine

Four articles investigated the impact of malaria on meningo-
coccal vaccine responses [17, 20, 26, 29]. Three articles were
included in the meta-analysis, and all compared vaccine re-
sponses between the treated and untreated groups [17, 26, 29].
Two studies contributed two effect sizes for both meningo-
coccal group A and C antibody outcomes [26, 29] and one
study only provided an effect size for meningococcal group
C antibody outcome [17]. The results indicated a statistically
significant higher vaccine response in the treated group com-
pared to the untreated group (SMD 0.50, 95% CI 0.25 to 0.74,
I?=57.99%). The excluded article did not have data suitable
for meta-analysis, however, it reported that parasitaemia neg-
atively affected vaccine responses [20].

3.14 | Ebola Vaccine

Two articles assessed the effect of malaria on Ebola vaccine re-
sponses, and both compared vaccine responses between malaria
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infected and uninfected groups [21, 22]. One article investigated
the recombinant vesicular stomatitis virus-Zaire Ebola virus
envelope glycoprotein vaccine (tVSVAG-ZEBOV-GP). The sec-
ond article evaluated a two-dose regimen: Adenovector express-
ing Zaire Ebola (Ad26.ZEBOV) followed by modified vaccinia
Ankara viral construct (MVA-BN-Filo). Both articles were in-
cluded in the meta-analysis. The results suggested that vaccine
response is higher in the malaria-uninfected group compared
to the infected group, though not statistically significant. (SMD
0.21, 95% CI —0.05 to 0.47, I’ =62.08%).

3.15 | Pertussis Vaccine

Three articles investigated the impact of malaria on pertussis
vaccine response, and all compared vaccine responses between
treated and untreated groups [24, 25, 28]. Two studies reported
outcome measures for both filamentous haemagglutinin anti-
bodies (FHA) and toxin antibodies, both of which were included
in the meta-analysis [25, 28]. The results suggested a trend to-
wards a lower immune response in the treated group compared
to the untreated group, however, not statistically significant
(SMD -0.05, 95% CI —0.10 to 0.01). One article was excluded
from the meta-analysis because its results were reported as a
binary outcome [24]. It showed that antimalarial treatment sig-
nificantly improved pertussis vaccine responses (RR 0.57, 95%
CI0.39 to 0.85).

3.16 | Pneumococcal Vaccine

One article investigated the impact of malaria on the immune
response to a 10-valent conjugated pneumococcal antigen vac-
cine [31]. It compared vaccine responses between malaria in-
fected and uninfected groups and contributed 10 effect sizes,
one for each of the Streptococcus pneumoniae serotypes 1, 4, 5,
6B, 7F, 9V, 14, 18C, 19F, and 23F. All were included in the meta-
analysis, the results showed statistically significant higher im-
mune response in the malaria uninfected group compared to the
infected group (SMD 0.40, 95% CI 0.09 to 0.7, I>=74.4%).

3.17 | Primary Combined Meta-Analysis

Overall, pooling the results from all vaccines, we observed sta-
tistically significant higher responses in the malaria uninfected
or treated groups compared to the malaria infected or untreated
groups (SMD 0.15, 95% CI 0.05 to 0.26, I?’=90.91%, p 0.005)
(Figure 2).

3.18 | Stratified and Exploratory Analysis

We calculated overall SMDs separately for articles reporting on
the impact of malaria infection and those reporting on the effect
of antimalarial treatment. We found significantly higher vac-
cine responses among individuals without malaria compared
to those who were infected (SMD 0.34, 95% CI 0.07 to 0.60).
Comparing those who received antimalarial treatment with
those who did not, the effect estimate favoured treatment, al-
though the confidence intervals included 0 (SMD 0.07, 95% CI

—0.01 to 0.16). The overall SMD between studies reporting on
the impact of malaria infection and those reporting on the effect
of antimalarial treatment using Cochran's Q statistic, there was
weak evidence of a difference in effect sizes between the two
(p=0.07) (Figure 2).

Meta-regression analysis was conducted on three major vari-
ables: vaccine type, sample size and whether effect of malaria
infection or treatment was reported. For the latter, there was
a significant difference in effect sizes between malaria in-
fection/uninfected and treated/untreated groups (p=0.03),
similar to the results generated using Cochran's Q statistic.
Meta-regression found no evidence of differences by vaccine
type or sample size. We conducted a sensitivity analysis by in-
cluding only the outcome for the most common vaccine serotype
from papers reporting multiple antibody outcomes for the same
vaccine. This analysis was performed for the pneumococcal,
pertussis, meningococcal, typhoid and polio vaccines. An aver-
age SMD of 0.11 (95% CI —0.01 to 0.24), suggesting a slightly
higher vaccine response in the uninfected or treated group com-
pared to the infected or untreated group. This result was broadly
consistent with the overall findings but with a wider confidence
interval (Appendix S6).

3.19 | Quality Assessment and Publication Bias

Quality assessment, guided by the EPHPP, was conducted
on 17 articles. Of these, 9 (53%) were rated as weak, 5 (29%)
as moderate, and 3 (18%) as strong. Publication bias assessed
using funnel plots and Egger's test indicated its presence
(Appendix S5).

3.20 | Characteristics of Included Animal Studies

One article [32] presented outcomes for both human and ani-
mal studies. We treated each as a separate study, resulting in
a total of 32 animal articles selected for full text review. After
thorough evaluation based on inclusion criteria, only seven
were suitable for inclusion (Figure 1). All the studies were con-
ducted in mice and were published between 1974 and 2022.

Two articles assessed the impact of malaria on BCG vaccine re-
sponses [33, 34], two focused on pneumococcal vaccine [35, 36],
one examined meningococcal vaccine responses [37], another
assessed both diphtheria and tetanus toxoid vaccine responses
[38] and one investigated the impact on pertussis vaccine re-
sponses [39].

The malaria strains utilised in the studies varied, with 3
studies using the Plasmodium yoelii species [34, 35, 38], one
using Plasmodium berghei [37], one using both P. berghei and
Plasmodium chabaudi [33] and two using both P. yoelii and P.
berghei [36, 39].

Given the diverse nature of outcomes in vaccine responses ob-
served in the animal studies, pooling the results was deemed
inappropriate. Instead, we provide a narrative summary of the
findings, including study characteristics and references for each
animal experiment (Table 2).
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3.21 | Effect of Malaria on Vaccine Responses in
Animal Models

Among the two articles [33, 34] that investigated the impact
of malaria on BCG vaccine responses, both studies utilised
C57BL/6 female mice aged between 6 and 8weeks. Tangie
et al. [33] demonstrated that BCG provided protection against
Mycobacterium tuberculosis irrespective of malaria infec-
tion whether induced by virulent P. berghei or non-virulent
P. chabaudi. Likewise, Parra et al. [34] found that BCG con-
ferred protection in the presence of P. yoelii NL. Notably, both
malaria-infected and uninfected BCG-vaccinated mice exhib-
ited significant anti-tuberculosis protection 4weeks after the M.
tuberculosis challenge (p <0.01).

In the two articles investigating the impact of malaria on immune
response to the pneumococcal polysaccharide (SSSIII) vaccine,
Morges and Weidanz [35], used both male and female BALB/c
mice aged between 6 and 8 weeks while McBride et al. [36] em-
ployed 3-month-old female inbred CBA/Lac mice. The study by
Morges and Weidanz [35] had a sample size of five mice per group,
whereas McBride et al. [36] had four to five mice per group. The
Morges and Weidanz [35] study demonstrated that malaria signifi-
cantly suppressed the immune response, resulting in a notable de-
crease in both serum antibody levels and splenic plaque-forming
cell (PFC) responses to the vaccine. Specifically, euthymic nu/+
mice immunised 10days after infection with P. yoelii exhibited
markedly depressed responses, whereas athymic nu/nu mice in-
fected with the same parasite showed normal vaccine responses.
This could suggest possible role of T cells in malaria immunosup-
pression. Similarly, McBride et al. [36] reported a severe reduction
in antibody response during acute malaria induced by both P. yo-
elii, and P. berghei, with some degree of immunosuppression per-
sisting for several weeks following infection resolution.

The study by Oyeyinka, investigated the effects of malaria
on the immune response to meningococcal (groups A and C
combined) polysaccharide vaccine using BALB/c mice aged
6-10weeks [37]. Mean meningococcal haemagglutinating an-
tibody titres were lower in P. berghei malaria infected mice
compared to uninfected mice. Specifically, 7days after vac-
cination, the antibody titres were significantly lower in the
malaria-infected group (p<0.05). Although the difference
was not statistically significant at 14 days post-vaccination
(p>0.05), a trend towards lower antibody titres persisted in
the infected mice.

The study conducted by Tarzaali et al. investigated the impact of
malaria on the immune response to both tetanus and diphtheria
toxoid vaccines [38]. For the tetanus vaccine experiment, white CF
1 mice (Canadian Breeding Farm) were used, consisting of female
mice weighing 17-22g, while for the diphtheria vaccine experi-
ment, male mice weighing 20-25g were utilised. The results from
the tetanus vaccine experiment revealed that P. yoelii malaria in-
fection suppressed antibody titres in parasitised mice compared
to non-parasitised ones across all dilutions. Similarly, in the diph-
theria vaccine experiment, lower antibody titres were observed in
the P. yoelii malaria infected mice compared to uninfected mice.

The study by Viens et al. investigated the impact of malaria on
pertussis vaccine responses using 244 male albino mice from

the Canadian Breeding Farm weighing between 12 and 20 g [39].
The study found that mice infected with Plasmodium berghei yo-
elii exhibited a diminished antibody response to the pertussis
vaccine. Furthermore, the study observed a notable lack of pro-
tection against intracerebral challenge with virulent Bordetella
pertussis in the infected mice indicating compromised vaccine
efficacy in the presence of malaria infection.

We conducted quality assessment using the SYRCLE Risk of
Bias (RoB) tool. All seven papers included in the systematic re-
view were scored as ‘unclear’ on domains such as incomplete
outcome data, selective outcome reporting and other potential
sources of bias. Consequently, all papers were deemed to have a
high risk of bias overall.

4 | Discussion

Our systematic review and meta-analysis aimed to elucidate the
impact of malaria on immune responses to unrelated vaccines
in humans and animals. Overall, we found that malaria infec-
tion may attenuate vaccine responses, with infected individuals
exhibiting lower antibody responses compared to non-infected
individuals. Antimalarial treatment did not exhibit a statisti-
cally significant effect on vaccine responses in our analysis, but
it is noteworthy that there appeared to be a positive trend in the
treatment effect.

To our knowledge, this is the first systematic review with a meta-
analysis to explore whether malaria affects immune responses
to unrelated vaccines in humans. Our results align with a pre-
vious systematic review on parasite-vaccine interactions, that
concluded that parasite infections, including those caused by
Plasmodium spp., detrimentally impact immunisation outcomes
[40]. Additionally, our findings are consistent with the conclu-
sions drawn in an earlier review which reported impairment of
vaccine responses in individuals with clinical malaria and as-
ymptomatic parasitaemia [5]. The observed decrease in vaccine
responses among malaria-infected individuals carries significant
implications for public health, especially in regions where malaria
is endemic. Reduced vaccine responses may compromise efforts to
control infectious diseases in these areas, highlighting the impor-
tance of understanding and addressing contributing factors.

We observed variability in the effect of malaria or its treatment on
vaccine responses across different vaccine types. Specifically, we
noted higher antibody responses, for pneumococcal, meningococ-
cal, and Haemophilus B conjugate vaccines among uninfected or
treated groups. However, for other vaccine responses, we found no
difference. These findings suggest that malaria may have a more
pronounced impact on vaccines targeting encapsulated bacteria,
which often utilise polysaccharide antigens. This aligns with a
previous review which showed that malaria impairs immune re-
sponses to heterologous polysaccharide antigens, further empha-
sising the need for targeted interventions for vaccines against this
particular group of organism in malaria-endemic regions [5].

Several hypothesised mechanisms underlie the observed im-
pairment of vaccine responses in malaria-infected individuals.
Continuous exposure to malaria antigens may lead to the devel-
opment of atypical memory B cells (aMBCs), which negatively
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impact long-term B cell responses [41]. A positive correlation has
been shown between aMBCs and P. falciparum transmission
[42]. These aMBCs are associated with the upregulation of T-cell
inhibitory markers. Specifically, an increase of PD1+ and TIM3+
T-cell subsets (CD4+, CD8+, and DN) has been observed in the
malaria-exposed individuals, leading to T-cell exhaustion and
senescence [43, 44]. Additionally, the inflammatory nature of
malaria blood-stage infection can induce regulatory T cell (Treg)
responses, which suppress both malaria-specific and vaccine-
induced immunity [45, 46]. This increased Treg response may
cause T cell exhaustion, resulting in poor vaccine response [47].

It is essential to recognise potential confounding factors, such as
the timing of treatment relative to vaccination and variations in
treatment efficacy, as well as the potential impact of co-infections
like helminths, which are prevalent in malaria-endemic regions.
A systematic review and meta-analysis on malaria-helminth co-
infections in SSA found a comorbidity prevalence rate of 69%
[48]. Studies have demonstrated that helminth infections have
immunomodulatory effects, which may impair vaccine re-
sponses [49]. Additionally, helminths have been associated with
impairment of vaccine responses in humans and animals [50].
Therefore, caution is warranted when interpreting the observed
association between malaria and reduced vaccine responses due
to the complex interplay of multiple pathogens and other uncon-
trolled confounders. These confounders, such as prior exposure
to malaria, nutritional status and socioeconomic status, can in-
fluence the association between malaria and vaccine responses,
and were rarely controlled for in the analyses reported in the
included papers. Furthermore, there is a possibility that some
participants in the preventive treatment trials were not exposed
to malaria, which could further complicate the interpretation of
the results.

In animal studies, consistent with findings in human studies, ma-
laria infection preceding vaccination generally dampened vaccine
responses across a range of vaccines, including pneumococcal,
meningococcal, pertussis, tetanus and diphtheria vaccines. One
possible explanation for this greater consistency is that malaria
induces similar immunosuppressive effects across different spe-
cies. However, there were notable exceptions such as the BCG vac-
cine, where malaria infection did not significantly alter vaccine
responses. This discrepancy suggests potential variability in the
impact of malaria on different types of vaccines.

The strength of our review lies in its rigorous methodology,
which synthesises available evidence from both human and
animal studies. By utilising the SMD as a summary statistic in
the meta-analysis, we provided a comprehensive synthesis of
the literature. One major limitation is the significant hetero-
geneity among the included studies, both human and animal.
This heterogeneity can stem from differences in study design,
populations and methodologies. Additionally, most of the in-
cluded human studies were assessed to have a weak quality
rating, which may affect the reliability and generalizability of
the findings. We assessed all animal studies to have a high risk
of bias overall. Additionally, there was evidence of publication
bias in the human studies upon assessment. To enhance the reli-
ability and validity of our findings, we conducted a comprehen-
sive literature search, to include grey literature. Furthermore,
we performed meta-regression to explore factors contributing

to heterogeneity and conducted sensitivity analyses by focus-
ing on the response to the most common strain in studies with
vaccines targeting multiple strains to evaluate the robustness of
our conclusions (Supporting Information S6). While the meta-
regression suggests that some of the heterogeneity is due to
different effect sizes when comparing malaria-infected vs. unin-
fected and malaria-treated vs. untreated groups, the sensitivity
analysis indicated that overall, malaria infection or treatment
does not significantly affect vaccine responses of 0.11 (95% CI
—0.01 to 0.24). Therefore, caution is warranted when interpret-
ing and generalising these results.

5 | Conclusion

Our systematic review highlights the potential detrimental ef-
fect of malaria on responses to unrelated vaccines in humans
and animals. Despite significant progress in understanding this
phenomenon, several key questions remain unanswered re-
garding the underlying mechanisms and optimal strategies for
intervention. The observed impairment of vaccine responses in
malaria-endemic regions underscores the urgent need for public
health interventions to mitigate this negative impact. A possible
approach would be to undertake implementation research to as-
sess the benefits of treatment for malaria on vaccine responses
on a larger scale beyond traditional treatment trials. In sum-
mary, while malaria presents an obstacle to vaccine effective-
ness, strategic interventions and ongoing research endeavours
offer promising avenues to enhance immunisation outcomes in
malaria-endemic regions.
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