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Summary
Background PfSPZ Vaccine, a promising pre-erythrocytic stage malaria vaccine candidate based on whole, radiation-
attenuated Plasmodium falciparum (Pf) sporozoites (SPZ), has proven safe and effective in mediating sterile protection
from malaria in malaria-naïve and exposed healthy adults. Vaccine-induced protection presumably depends on
cellular responses to early parasite liver stages, but humoral immunity contributes.

Methods On custom-made Pf protein microarrays, we profiled IgG and IgM responses to PfSPZ Vaccine and
subsequent homologous controlled human malaria infection (CHMI) in 21 Tanzanian adults with (n = 12) or
without (n = 9) HIV infection. Expression of the main identified immunogens in the pre-erythrocytic parasite
stage was verified by immunofluorescence detection using freshly purified PfSPZ and an in vitro model of
primary human hepatocytes.

Findings Independent of HIV infection status, immunisation induced focused IgG and IgM responses to circum-
sporozoite surface protein (PfCSP) and merozoite surface protein 5 (PfMSP5). We show that PfMSP5 is detectable on
the surface and in the apical complex of PfSPZ.

Interpretation Our data demonstrate that HIV infection does not affect the quantity of the total IgG and IgM antibody
responses to PfCSP and PfMSP5 after immunization with PfSPZ Vaccine. PfMSP5 represents a highly immuno-
genic, so far underexplored, target for vaccine-induced antibodies in malaria pre-exposed volunteers.
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Research in context

Evidence before this study
PfSPZ Vaccine, based on live, radiation-attenuated
sporozoites, is a promising malaria vaccine candidate shown
to induce protective immunity in healthy African adults.
Protection is suggested to be mainly attributed to cellular
immune responses, while the contribution of antibodies is
not clear. Wide implementation of PfSPZ Vaccine in sub-
Saharan Africa requires better understanding of
immunogenicity in HIV-infected persons.

Added value of this study
We profiled individual antibody responses to PfSPZ Vaccine by
protein microarray and detected no significant difference in
the response patterns of HIV positive and negative Tanzanian
adults. Independently of the HIV infection status, merozoite

surface protein 5 (PfMSP5) was one of the main targets of
vaccine-induced antibodies. We demonstrated that this
antigen is expressed in the apical complex and on the surface
of sporozoites.

Implications of all the available evidence
It has been shown that within the study, HIV negative
individuals showed enhanced Inhibition of Sporozoite
Invasion (ISI); nevertheless, our data suggests that HIV
infection does not affect overall antibody levels to PfSPZ
Vaccine. Additionally, PfMSP5 is an interesting candidate
antigen in further malaria vaccine development, as this
antigen is strongly recognized by PfSPZ Vaccine induced IgM
antibodies.
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Introduction
Following decades of intensive efforts to reduce the
global burden of malaria, the numbers of annual cases
and malaria-associated deaths are similar to those in
2012.1 In 2022, an estimated 249 million malaria cases
occurred worldwide causing 608,000 deaths.2 Plasmo-
dium falciparum (Pf) is the deadliest malaria parasite,
and by far the most prevalent in sub-Saharan Africa.
Current control efforts rest on a combination of inten-
sive vector control, rapid detection and treatment of
infections.3 An effective malaria vaccine targeting Pf
would be an important, complementary tool to facilitate
malaria control and eventual elimination.4

Several vaccine development approaches are
currently pursued that target the pre-erythrocytic stage
of malaria, a bottleneck in the parasite life cycle
composed of the sporozoite (SPZ) and liver stages.
RTS,S/AS01, a subunit vaccine targeting the Pf cir-
cumsporozoite protein (PfCSP) is the first vaccine to be
endorsed by WHO for use in children living in mod-
erate to high malaria endemic regions.5 RTS,S/AS01 has
shown a significant reduction in severe malaria cases yet
fails to meet the goal of 75% vaccine efficacy against
clinical malaria.6 Results of a phase 2b clinical trial in
Burkina Faso as well as a phase 3 clinical trial in four
countries (Burkina Faso, Mali, Kenya and Tanzania)
investigating the vaccine candidate R21/Matrix-M, a
biosimilar of the RTS,S vaccine with a different PfCSP
stoichiometry and an alternative adjuvant, were pub-
lished recently.7,8 In the phase 3 clinical trial, R21/Ma-
trix-M mediated vaccine efficacy against clinical malaria
was described as 75% at the seasonal sites and 67% at
the perennial transmission sites over a follow-up period
of 12 months. Both vaccines are now recommended to
be used in national vaccination programs in several
countries in Africa for use in young children.9 Never-
theless, there is an urgent need for further vaccines
which can be applied also in adults and with higher
vaccine efficacy, thus is able to prevent not only disease
but also infection with Pf parasites per se. This is of
high importance, as adults also significantly contribute
to transmission and morbidity in high-transmission
areas.10,11

An alternative vaccine approach rests on direct
venous inoculation (DVI) of aseptic, purified, cry-
opreserved, metabolically active PfSPZ attenuated by
either irradiation (PfSPZ Vaccine), genetic engineering
(PfSPZ-GA1 and PfSPZ-LARC2 Vaccine) or concomi-
tant anti-malaria drug treatment (PfSPZ-CVac).12,13

Vaccination with PfSPZ-CVac has provided up to
100% sterile protection for 10–12 weeks in malaria-
naïve volunteers against both homologous (using the
same Pf vaccine strain) and heterologous (using a
genetically different Pf strain) Pf challenge administered
as standardised controlled human malaria infection
(CHMI).14–16 Live attenuated, whole organism based
malaria vaccines expose the human immune system to a
broad range of antigens with the potential to induce
both cellular and humoral immunity mediating high
levels of sterile protection against re-infection.17 For
PfSPZ Vaccine, it is commonly accepted that the PfSPZ
rapidly reach and infect hepatocytes but stop develop-
ment at early liver stages due to radiation-induced DNA
damage.18

A series of clinical trials has been published over the
past years describing PfSPZ Vaccine immunogenicity,
safety and protective efficacy against CHMI or field
malaria exposure in sub-Saharan Africa.19–21 However,
these trials were restricted to HIV negative individuals.
Aiming at mass vaccination programs for malaria
elimination, it is crucial to understand the interaction
between HIV infection status and vaccination safety and
outcome, as HIV prevalence varies between below 1%
and up to 25% in some countries of sub-Saharan Af-
rica.22,23 RTS,S/AS01 has been proven safe in HIV pos-
itive vaccinees24 but PfSPZ Vaccine as a live, yet non-
www.thelancet.com Vol 108 October, 2024
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replicating vaccine needs to be evaluated carefully in
immunocompromised individuals.25

A randomised, double-blind, placebo-controlled
clinical trial was recently conducted to evaluate the
safety, immunogenicity, and protective efficacy against
homologous CHMI of PfSPZ Vaccine administered as
five doses, each 9.0 × 105 PfSPZ, at study days 1, 3, 5, 7
and 29 to HIV negative and HIV positive volunteers
compared to normal saline (NS) controls.26 It showed
that 1) PfSPZ Vaccine was well tolerated and safe in
HIV positive individuals, 2) sera from HIV negative
vaccinees had significantly higher inhibition of PfSPZ
invasion of hepatocytes in vitro and antibody-dependent
complement deposition (ADCD) and Fcγ3B binding by
anti-PfCSP and ADCD by anti–cell-traversal protein for
ookinetes and SPZ (anti-PfCelTOS) antibodies, and 3)
80% of HIV negative and none of HIV positive vacci-
nees were protected against controlled human malaria
infections.

Protein microarrays are an elegant tool to screen for
antibodies against larger parts of a pathogen’s proteome
in a largely unbiased approach.27 Pf-specific arrays have
been widely used to profile naturally acquired immunity
against malaria,28–30 identifying markers of exposure31–33

or correlates of protection after natural exposure and
vaccination.34–36 Serum samples were collected from
study volunteers pre-and post-vaccination and post-
CHMI to probe a custom-made protein microarray
covering 228 Pf proteins. Our study aimed to compare
IgG and IgM antibody profiles before and after immu-
nisation with PfSPZ Vaccine in HIV positive and
negative Tanzanian adults, as well as to study the impact
of CHMI on antibody profiles. Specific antibody re-
sponses were confirmed using ELISA. To verify the
expression of the PfSPZ Vaccine-induced immune-
dominant antigens, we stained for these targets using an
immunofluorescence assay (IFA) using freshly isolated
sporozoites and Pf infected hepatocytes.
Methods
Study design and samples
Study samples originate from a phase 1 clinical trial
designed to test safety, immunogenicity and efficacy of
PfSPZ Vaccine in 21 Tanzanian adults, including 12
HIV seropositive participants and 9 HIV seronegative
participants.26 There were no predetermined objectives
regarding male vs. female enrollment, and all female
volunteers were required to complete a supplementary
written informed consent form to verify that the
volunteer understood that in order to participate in this
study, one should neither be pregnant nor breastfeeding
and take specific measures not to get pregnant for the
duration of the trial. Sex of participants was self-
reported and can be found in supplement 1 of the
publication describing the clinical trial.26 HIV serology
was performed using SD BIOLINE HIV-1/2 3.0 test
www.thelancet.com Vol 108 October, 2024
(03FK10, Abbott diagnostics, Korea) and confirmed us-
ing the UniGold HIV test (1206502, Trinity Biotech,
Ireland). All HIV positive subjects were on continuous
anti-retroviral treatment and had a CD4+ T cell count
above 500 cells/μl at screening visit. The study started
with the HIV negative group (group 1), with blinded
randomization to five immunisations of Sanaria®
PfSPZ Vaccine with a dose of 9.0 × 105 PfSPZ per in-
jection (n = 6) or normal saline placebo (n = 3), both
administered by direct venous inoculation (DVI) on
study days 1, 3, 5, 7 and 29. There followed an open label
HIV positive pilot group (group 2a) receiving 4.5 × 105

PfSPZ of PfSPZ Vaccine on the same schedule (n = 3),
followed after a three week stagger (a week before the
day 29 immunization of pilot group) by a second blin-
ded, randomized cohort of 9 HIV positive volunteers
(group 2b), also divided between PfSPZ Vaccine
(9.0 × 105 PfSPZ per injection) (n = 6) or normal saline
placebo (n = 3) administered on the same schedule.
Efficacy was assessed via homologous CHMI of the two
main groups (excluding the pilot group) three weeks
after fifth dose. One HIV negative and one HIV positive
vaccinee were excluded from the study during immu-
nisation and challenge phase, respectively, resulting in a
total of 5 participants in both groups undergoing CHMI.
Out of these, 4/5 HIV negative vaccinees were sterilely
protected following CHMI, while 5/5 HIV positive and
6/6 placebo recipients developed asexual blood stage
parasitaemia (Fig. 1a). One of the 5 HIV positive in-
dividuals was detected to have a parasitaemia with a
local strain during vaccination period, was treated, and
received CHMI 3 weeks later.26

Ethics
The study was conducted from February to August
2018 at the Ifakara Health Institute in Bagamoyo,
Tanzania, and is registered at ClinicalTrials.gov as
NCT03420053. The trial was approved by the Institu-
tional Review Board for the Ifakara Health Institute
(IHI-IRB) (ref No. IHI/IRB/No.22-2017), Tanzanian
Food and Drug Administration (TFDA) (TFDA Auth.
No. 0017/CTR/0016/6), Tanzanian National Institute
for Medical Research (NIMR) (ref. NIMR/HQ/R.8a/
Vol.IX/2642), the Ethical Committee of Northern and
Central Switzerland (EKNZ), and the US Food and Drug
Administration under an IND. Written informed con-
sent was obtained from participants prior to enrolment.
All trial procedures were conducted in accordance with
good clinical practices (GCP) and under the Declaration
of Helsinki.

Serum sample collection and processing
Whole blood samples were collected in 10 ml blood
collection tubes with clot activators (Becton Dickinson)
and allowed to stand for 1 h at room temperature (RT) to
facilitate serum formation followed by centrifugation at
2000g for 10 min. Serum was then collected, aliquoted
3
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Screening      V1    V2    V3    V4 V5 CHMI

day -2 0 +2 +4 +6 +28 V5+3 weeks

„baseline“ „immunized“ „challenged“

V1-2 V5+14 C+28
Microarray sampling

Study schedule

Study population – 21 Tanzanian adults aged 18 - 45 years

Controls (n = 6)
HIV - (n = 3) and HIV + (n = 3)

Group 1 
HIV - (n = 6) 

Group 2b 
HIV + (n = 6) 

Group 2a 
HIV + (n = 3) 

Mock immunization (normal saline)

Controls (n = 6)
0 PfSPZ total

1 dropout

Immunization (PfSPZ Vaccine)

Group 1 (n = 5)
4.5 × 106 PfSPZ total

Group 2b (n = 6)
4.5 × 106 PfSPZ total

Group 2a (n = 3)
2.25 × 106 PfSPZ total

CHMI (PfSPZ Challenge)

Controls (n = 6)
0/6 protected

Group 1 (n = 5)
4/5 protected

Group 2b (n = 5)
0/5 protected

1 dropout

1 dropout

a

b

Fig. 1: Study design and sampling time points for microarray analysis. (a) Volunteer group allocation. The trial included an HIV positive
pilot group (group 2a) that received 4.5 × 105 PfSPZ of PfSPZ Vaccine in each inoculation and did not undergo CHMI. Group 1 and group 2b
comprised each six HIV negative and HIV positive volunteers that received five times 9 × 105 of PfSPZ Vaccine in direct venous inoculation.
The placebo control group had six volunteers that were HIV negative (n = 3) or HIV positive (n = 3). (b) Serum sample collection and study
flow chart. Serum samples for microarray analysis were collected at baseline (V1–2), 14 days after the fifth injection (V5 + 14) and 28 days
after CHMI (C + 28).
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and stored at −80 ◦C until analysis. Time points of
serum samples taken from volunteers and analysed in
this study included baseline (before first vaccine inoc-
ulation), 14 days past last vaccination and 28 days post
CHMI.

Protein microarray
Microarray slides were obtained from the University of
California Irvine, Irvine, California, US.29 262 protein
fragments, comprising 228 defined Pf antigens were
expressed in an E. coli-based cell-free in vitro system and
printed onto 16-pad ONCYTE AVID® (PolyAn GmbH,
Berlin, Germany) nitrocellulose slides. Expressed frag-
ments ranged in size from 100 bp to 1800 bp and
covered both full proteins and protein domains
(Table S1). The antigens are a selection of frequently
observed antigenic targets in previous larger scale
microarray studies, depicting both naturally acquired
immunity37,38 and vaccination trials,29,30,35 and were
already successfully applied using samples obtained
from individuals with acute disease, individuals from
endemic areas or in PfSPZ-CVac vaccine trials.16,39

A multiplex assay allowed the screening for both IgG
and IgM antibodies simultaneously.40 Serum samples
were diluted 1:50 in 0.05x Super G Blocking Buffer
(Grace Bio-Labs, Inc., Oregon, US), supplemented with
10% E. coli lysate (GenScript, Piscataway, New Jersey,
US) and incubated for 30 min on a shaker at RT. The
positive control, a pool of sera sampled in a malaria
hyperendemic area in Ghana, and the negative control,
serum of a malaria-naïve European donor, were treated
likewise. Microarray slides were rehydrated at RT by
addition of 100 μl 0.05x Super G blocking buffer per
pad. After removal of the rehydration buffer, 100 μl/pad
www.thelancet.com Vol 108 October, 2024
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of diluted sera samples were added onto the slides and
incubated overnight at 4 ◦C on an orbital shaker at
180 rpm. Serum dilutions were removed the following
day and slides were washed three times using 1x TBST
buffer (Grace Bio-Labs, Inc.). During each washing step,
200 μl wash buffer/pad was applied and slides were
incubated for 5 min on the shaker. Secondary anti-IgG
(goat anti-human IgG QDot™800, Grace Bio-Labs,
Cat# 110635) and anti-IgM antibodies (biotin-SP-con-
jugated goat anti-human IgM, Jackson Immuno-
Research Labs Cat# 109-065-043, RRID:AB_2337625)
were diluted 1:200 and 100 μl were added onto the
slides. Following an incubation period of 2 h at RT on
the shaker, slides were washed three times before
application of 100 μl/pad of a tertiary Qdot™585
Streptavidin Conjugate (Invitrogen, Cat# Q10111MP) at
a 1:250 dilution. Slides were incubated for 1 h at RT on
the shaker, subsequently followed by another three
washing steps before rinsing with (ultrapure) water and
drying by centrifugation in 50 ml Falcon tubes at 500 g
for 10 min. Images of arrays were taken in the Array-
CAM® Imaging System (Grace Bio-Labs) with an
acquisition time of 4 s and an exposure time of 200 ms
and 5 ms for IgG and IgM images, respectively. Median
raw signal intensities of the single array spots and sur-
rounding background areas were obtained using the
ArrayCAM® 400-S Microarray Imager Software. All
pictures were manually checked for correct recognition
of spot locations and potential noise signals.

Pre-processing of microarray data
Microarray data analysis was performed in R statistical
software package version 3.6.2.41 Data pre-processing
comprised the removal of noise signals, followed by
background correction, data transformation and nor-
malisation steps. Every spot intensity signal was cor-
rected for local background reactivity by applying the
normal-exponential convolution model42 (available in
the LIMMA package)43 in combination with a saddle-
point approximation for initial parameter estimation.44

The model assumes exponentially distributed true spot
signals overlaid by normally distributed background
signals and is suggested as preferred correction method
to reduce variability in the low-intensity signal range.42

Resulting antigen signal intensities were log2-trans-
formed to approach a normal distribution. Normalisation
between arrays and thus adjustment for sample-dependent
background reactivity to E. coli lysate was ensured by
subtraction of the median signal intensity of mock
expression spots on that particular array.

Statistics
Antigens were defined as differentially recognized be-
tween the test groups if they yielded a p < 0.05 (using
the Welch-corrected Student’s t-test to take potential
unequal variances into account) and a fold change >2 in
mean signal intensities for the estimation of specific
www.thelancet.com Vol 108 October, 2024
antibodies on the protein microarrays. Differential re-
sponses were classified as relevant if they further
reached p < 0.05 following Benjamini-Hochberg (BH)
correction for multiple testing and a high effect size
(Hedge’s g > 0.8). The effect of intervention (“placebo”,
“vaccine”) and sample collection time point (“baseline”,
“immunised”, “challenged”) on the measured signal
intensity of single antigens was assessed using a two-
way mixed ANOVA model.

An antigen-specific threshold for seropositivity was
set at a signal intensity of 3 log2-levels above the median
intensity in the naïve controls. The antibody breadth of
every sample described the number of seropositive an-
tigens at one particular time point. Baseline differences
in antibody breadth between the HIV positive and
negative study population were estimated by Wilcoxon-
Mann-Whitney tests. The change in antibody breadth
over immunisation and CHMI was assessed in an
aligned rank transform ANOVA using the function
provided in the “ARTool” package.45 Seroconversion
within one participant was defined as exceeding the
seropositivity threshold between two time points with
signal increase of at least 2 log2-levels; seroreversion was
defined as drop below the threshold with a signal
decrease of 2 log2-levels. Signal fluctuations around the
threshold with intensity changes smaller than 2 log2-
levels within one sample at different time points were
designated as borderline reactivity. Volcano plots were
generated in Graph Pad Prism 8, all other plots in
R using the ggplot2,46 gplots,47 ggbeeswarm,48 lemon49

and PAA packages.50

Immunological assays
IgG antibodies to PfCSP as well as IgG and IgM anti-
bodies to PfMSP5 were assessed quantitatively by ELISA
as described before.16,51 For the estimation of IgG anti-
bodies, 96-well plates (Costar 96 well microtiter high
binding plates) were coated overnight at 4 ◦C either with
0.5 μg/ml of the recombinant PfCSP protein (sequence
from PfNF54, Genbank: XP_001351122, amino acid
199–377, expressed in E. coli) in 100 μl coating buffer
(0.1 M Sodium Bicarbonate, pH 9.6) or 0.5 μg/ml of
recombinant PfMSP5 protein in 100 μl coating buffer.
The sequence of PfMSP5 (amino acid 23–255) was
retrieved from PlasmoDB (PF3D7_0206900.1), and the
N-glycosylation site, which showed full jury agreement
according to NetNGlyc 1.0, was removed during codon
optimization (T194A). After expression in HEK293F
cells, the antigen was tested on SDS-PAGE (Fig. S1),
and the protein expression was confirmed by mass
spectrometry analysis. After coating the ELISA plates
with the antigen, they were washed three times with 1X
PBS, 0.1% Tween 20 (PBST) and blocked with PBST
supplemented with 5% bovine serum albumin (BSA)
and 0.5 mM EDTA. Plates were washed three times.
Subsequently, serial dilutions of serum samples (in
blocking buffer) were added in duplicate and incubated
5
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at RT for 1 h. After three washes, peroxidase labelled
goat anti-human IgG (Jackson ImmunoResearch, Cat#
109-035-098, RRID:AB_2337586) was added at a dilu-
tion of 1:10,000 and incubated at RT for 1 h. Plates were
washed three times, TMB peroxidase substrate was
added for plate development, and the plates were incu-
bated for 10 min at RT. Reactions were stopped with
1 M hydrochloric acid (HCl) stop solution. For the
estimation of PfMSP5 specific IgM antibodies, the same
procedure was applied, with the exception that the
blocking buffer was 1X RotiBlock (Roth) and the sec-
ondary antibody was HRP-conjugated goat anti-human
IgM (ImmunoReagents, Cat# GtxHu-006-E2HRPX,
RRID: AB_3624299) at a dilution of 1:5000. The plates
were immediately read with a CLARIOstar microplate
reader (BMG) at 450 nm. Data analysis was performed
with Clariostar Software Version 5.40 R2 and MARS
Data Analysis Software Version 3.31. A negative control
(serum from a malaria-naïve individual) was included in
all assays. Serum of a pool of individuals with anti-
PfCSP and PfMSP5 antibodies was used as positive
control. Antibody concentrations were estimated relative
to dilution series of highly pure human IgG (Thermo
Fisher Scientific Cat# 31154, RRID:AB_243591) or
highly pure IgM (Sigma–Aldrich Cat# I8260, RRID:AB_
1163621), which were precoated on the same plates. To
calculate the relative IgG and IgM concentration, a four-
parameter logistic curve was fitted to the results of IgG
and IgM positive control standards and the respective
concentrations in the sera using R statistical software
package version 4.0.4. The results are given as AU. One
AU corresponds to the signal of 1 μg/ml of coated highly
purified human IgG or IgM antibody.

Immunofluorescence assay for PfSPZ and liver
stages
PfNF54 SPZ were harvested from infected Anopheles
stephensi mosquitoes on day 17–21 post blood meal by
homogenizing the salivary gland and counted using a
haemocytometer. The immunofluorescence assay was
performed in a solution of 250,000 PfSPZ for each
antibody combination following a similar method as
described by Tibúrcio, Yang.52 For the non-
permeabilized samples, PfSPZ were fixed in 4% para-
formaldehyde and stained with the mouse anti-PfCSP
monoclonal antibody 2A10 (BEI Resources; NIAID
Cat# MRA-183A, RRID:AB_3626318) at 1:1000 and
rabbit Polyclonal anti- PfMSP5 antiserum (BEI Re-
sources; NIAID Cat# MRA-320, RRID:AB_3626320,
generated against P. falciparum strain B8, AA 147–207
of the MSP5 ORF) at 1:150 dilution for 1 h at RT. For
permeabilized samples, the PfSPZ were also fixed at 4%
paraformaldehyde, permeabilized in 1% Triton X-100
for 10 min and stained with anti-PfGAPDH (The Eu-
ropean Malaria Reagent Repository Cat# 7.2, RRID:AB_
3626324 at 1:15,000 dilution) and the polyclonal anti-
PfMSP5 (BEI Resources; NIAID Cat# MRA-320,
RRID:AB_3626320). Anti-mouse Alexa 488 (Thermo
Fisher Scientific Cat# A-11029, RRID:AB_2534088) and
anti-rabbit Alexa 594 (Thermo Fisher Scientific Cat# A-
11037, RRID:AB_2534095) were incubated with the
samples for 1 h at RT (1:200 dilution). All antibodies
were diluted with 3% bovine serum albumin in PBS.
The staining was completed with DAPI (Thermo Fisher
Scientific Cat# D1306, 300 nM final concentration) for
1 h. The solution was spun down for 5 min at 10,000 g,
resuspended in 5 μl of PBS and air dried onto cover
slides. VectaShield (Vector Laboratories, Cat# H-1000)
was added to the samples and coverslips were mounted
on top.

The liver stage assay closely followed the method
reported by Miyazaki et al.53 Briefly, PfSPZ were har-
vested from infected A. stephensi mosquitoes between
day 17 and 21 post blood meal in William’s B media (see
Miyazaki et al.53 for the composition) and supplemented
with 10% heat-inactivated human serum (HIHS). A total
of 62,000 PfSPZ (multiplicity of infection (MOI) of 1:1)
were added to the hepatocytes 48 h post plating and
spun down at 100 g for 10 min without brakes. The
cultures were incubated at 37 ◦C in an atmosphere of
5% CO2 for a further 3 h, before media was refreshed
with William’s B medium supplemented with 10%
HIHS. The cultures were incubated at 37 ◦C in an at-
mosphere of 5% CO2 for seven days, with daily media
refreshments. On day 7, the cultures were fixed in 4%
PFA, permeabilized with 1% Triton X-100 and blocked
in 3% BSA. Mouse anti-MSP1 (Sanaria Cat# AD223,
RRID:AB_3644263), mouse anti-EXP2 (The European
Malaria Reagent Repository Cat# 7.7, RRID:AB_
3626326) and rabbit anti-PfMSP5 were diluted to
1:100, 1:1000 and 1:150 respectively in 3% BSA and
incubated with the samples for 1 h at RT. Anti-mouse
Alexa 488 (Thermo Fisher Scientific Cat# A-11029, RRI-
D:AB_2534088) and anti-rabbit Alexa 594 (Thermo
Fisher Scientific Cat# A-11037, RRID:AB_2534095) were
incubated with the samples for 1 h at RT (1:200 dilution).
Nuclear content was stained using DAPI at a final con-
centration of 300 nM. All images were acquired using the
Zeiss LSM880 with Airyscan on the 63× objective at 8×
zoom for PfSPZ or 2x zoom for liver stages.

Role of the funding source
The funders had no role in study design, in the collec-
tion, analysis and interpretation of data, in the writing of
the report and the decision to submit the paper for
publication.
Results
Study population and serum sampling
Serum samples for protein microarray analyses were
collected at three time points during the study, namely
“baseline” (two days before first immunisation), “immu-
nised” (14 days past the fifth immunisation) and
www.thelancet.com Vol 108 October, 2024
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“challenged” (28 days past CHMI; Fig. 1b). Baseline study
samples were collected from the HIV positive groups
(n = 12, including groups 2a, 2b and placebo recipients)
and HIV negative groups (n = 9, including group 1 and
placebo recipients, Fig. 1a). Analysis of later time points
(after immunisation and challenge) focused on the three
main study groups of placebo controls (n = 6), the higher-
dosed HIV positive vaccine group 2b (n = 6 after immu-
nisation, n = 5 after challenge) and the HIV negative
vaccine group 1 (n = 5) (Fig. 1a). All volunteers included in
the study had no asexual blood stage parasitaemia at
screening visit and before CHMI, as measured by malaria
thick blood smears (TBS) and quantitative PCR (qPCR).
Details of the clinical study itself are elaborated in the
corresponding clinical trial publication.26

Baseline immunity of the HIV positive and HIV
negative study population
Malaria-specific humoral immunity was characterised
by comparing the baseline microarray reactivity of HIV
naide
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Fig. 2: Baseline immunity of study population stratified by HIV infect
(n = 12) study participants were collected at baseline and probed on a p
viations). Individual breadths of IgG (a) and IgM (b) antibody responses
Antibody breadth was defined as number of seropositive antigens exceed
control. The boxplots give median antibody breadths, interquartile rang
according to their overall median signal intensity, weighted for the diffe
deviation of the median signal intensities in the HIV negative (dark blu
Table S2 list of antigens).
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negative (n = 9) and HIV positive participants (n = 12).
The number of individual Pf antigens recognized by
IgG antibodies at baseline was highly variable between
volunteers. Samples from HIV positive volunteers dis-
played a lower overall antibody breadth (median, range:
11, 0–82) compared to the HIV negative group (median,
range: 23, 2–41) but no statistically significant differ-
ences were observed (p = 0.6, Wilcoxon-Mann-Whitney
test, Fig. 2a). IgM reactivity was generally very low in
both HIV positive (median, range: 0.5, 0–67) and
negative subjects (median, range: 0, 0–11; Fig. 2b).
When comparing the deviation of median signal in-
tensities of samples from all HIV positive and negative
volunteers from the overall weighted median intensity
across all microarray antigens, both groups displayed a
similar pattern of the IgG (Fig. 2c) and IgM responses
(Fig. S2). Notably, IgG antibody levels against merozoite
surface protein 2 (PfMSP2) and liver stage antigen 1
(PfLSA1) were lower in the HIV negative group, while
antibody levels against merozoite surface protein 8
HIV- (n = 9)
HIV+ (n = 12)

ay antigens

HIV+ HIV-

ion status. Serum samples of HIV negative (n = 9) and HIV positive
rotein microarray (see Table S1 for array design and antigen abbre-
were compared between HIV positive and HIV negative participants.
ing a signal intensity threshold of 3 log2-levels above a malaria-naïve
es (IQR) and whiskers of length 1.5 × IQR. (c) Antigens are sorted
rent sizes of the HIV positive and HIV negative group. Bars give the
e) and HIV positive group (light blue) from the overall median (see
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(PfMSP8) and several intracellular and core proteins
(PfApiAp2, PfCryPH, PfPhLP1, PfCOG4, conserved
protein PF3D7_0513200) were higher. HIV positive
volunteers displayed an elevated recognition of an
exported protein (PfPHISTc, PF3D7_0801000), but
lower reactivity against a variety of proteins, including
the rhoptry neck protein 2 (PfRON2) or a nucleoprotein
(PHAX domain-containing protein, PF3D7_1021900).
Highest overall IgG baseline responses were observed
against some well-described markers of
exposure29,35,37,38,54 such as liver stage antigen 3 (PfLSA3)
or merozoite surface protein 2 (PfMSP2) but also
against functionally uncharacterised proteins (Table S2).

Antibody response induced by PfSPZ Vaccine
immunisation and association with protection
The humoral immune responses after five DVIs of
PfSPZ Vaccine were investigated next. Changes in
specific reactivity to antigens between baseline and after
immunisation were assessed amongst placebo re-
cipients (n = 6), HIV negative vaccinees (n = 5, study
group 1) and HIV positive vaccinees (n = 6, group 2b).
As expected, in the placebo group, limited changes in
median signal intensities were observed between these
two time points, with few median signal changes
exceeding 1 and none exceeding 2 log2--levels (Fig. 3a).
Irrespective of the vaccineeś HIV status, immunisation
induced significant IgG reactivity against PfCSP,
PfMSP5 and a conserved asparagine-rich protein of
unknown function (PfARP, PF3D7_0108300) with a
mean fold change >2 and p < 0.05 (uncorrected paired
Welch-corrected student’s t-test) (Fig. 3a and b). A sta-
tistically significant increase after vaccination was
observed for anti-PfCSP-IgG (Benjamini-Hochberg
(BH) adjusted p = 0.03, Hedge’s g = 1.40). Data stratified
by HIV status of volunteers is given in Fig. S3a and b.

For IgM, the highest increase in signal intensity was
observed for PfMSP5 in both groups of vaccinees. Addi-
tional changes in IgM antibody profile appeared amongst
the HIV positive vaccinees, including responses to several
pre-erythrocytic stage antigens like PfCSP, serine repeat
antigen 4 (PfSERA4) and the parasitophorous vacuole
membrane protein Pfs16, the liver stage protein trans-
locon component PfPTEX150 and a zinc finger protein
(PF3D7_1208800; Fig. 3c). Further reactive antigens
observed amongst vaccinees were nucleoporin
PfNUP138 and an SAP domain-containing protein
(PF3D7_0912500; Fig. 3d). The strongest, statistically
significant vaccination-induced IgM response was detec-
ted against PfMSP5 (BH adjusted p = 0.003, Hedge’s
g = 1.9). Data stratified by HIV status of the volunteers
are provided in Fig. S3c and d.

PfSPZ Vaccine-induced anti-PfCSP-IgG and anti-
PfMSP5-IgM responses were also observed in the three
HIV positive vaccinees of study group 2a, receiving
4.5 × 105 PfSPZ per injection (Fig. S4 for effects of
different vaccine doses).
In addition, the humoral immune response was
analysed for its association with protection against
infection induced by challenge with CHMI. Across all
study groups receiving the challenge (placebo recipients,
group 1 and 2b), absolute antibody signal intensities
after immunisation were compared between protected
(n = 4) and unprotected participants (n = 12). Our results
demonstrate that a specific set of antibodies is indeed
correlated with protection against infection. Among
protected individuals, the IgG antibodies with the
highest reactivity were specific to PfCSP, PfRON2, and
PfAMA1, while for IgM antibodies, the highest reactivity
was detectable for PfCSP and PfMSP5 (Fig. 3e–f). The
complete lists of antigens ranked according to their as-
sociation with protection are provided in the supple-
ments (Tables S7 and S8).

Antibody response induced by homologous
controlled human malaria infection
Sera of vaccinees (HIV negative (n = 5), HIV positive
(n = 5)) and placebo recipients (n = 6) collected four
weeks after CHMI display fundamentally different
antibody profiles. Comparing the median change of IgG
signal intensities before and after the CHMI across all
microarray antigens, no significant booster effect of the
PfSPZ Vaccine-induced IgG was seen in vaccinees but
rather a decline in most antibody levels. In contrast,
placebo recipients display a very broad antibody
response to many antigens after CHMI. Strongest signal
increases were observed in placebos for the early tran-
scribed membrane protein PfETRAMP10.2, an exported
protein (PfEXP2), the Pf erythrocyte membrane protein
VAR2CSA and the liver stage proteins PfLSA1 and
serpentine receptor PfSR10 (Fig. 4a). Comparisons of
mean changes of IgG signal intensities before and after
the challenge in all vaccinees vs. placebo recipients
revealed a paucity of increased reactive antigens
in vaccinees compared to many antigens recognized in
placebos (mean absolute fold change >2 and p < 0.05 in
Welch-corrected student’s t-test). PfLSA1, the serine
repeat antigen 3 (PfSERA3) and PfCSP were amongst
the antigens differing most strongly between placebos
and vaccines before and after CHMI (Fig. 4b). However,
differences in signal intensities were not statistically
significant following Benjamini-Hochberg (BH) adjust-
ment but a strong effect with Hedge’s g > 0.8 was seen
for almost all identified reactive antigens (Fig. 4b).

Similarly, changes in the IgM antibody profile
before and after CHMI in placebos with median signal
increases >2 log2-levels were observed for a variety of
blood stage antigens (including the merozoite surface
proteins PfMSP2 and PfMSA180, the ring exported
protein PfREX1 and the parasite-infected erythrocyte
surface protein PfPIESP2) alongside with PfLSA1, the
DNA repair antigen PfRAD14, the parasitophorous
vacuole membrane protein S16 (Pfs16) and an
uncharacterised conserved protein (PF3D7_0407700;
www.thelancet.com Vol 108 October, 2024
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Fig. 3: Antibody responses after vaccination using PfSPZ Vaccine. To identify vaccination-induced antibodies, microarray reactivity in samples
collected after the completed immunisation phase were compared to their individual baseline reactivity. (a, c) Median changes in IgG (a) and
IgM (c) signal intensities across 262 microarray antigens over the immunisation phase were assessed amongst placebo recipients (n = 6), HIV
negative (n = 5) and HIV positive vaccinees (n = 6). Antigens are sorted by median intensity changes in the HIV negative vaccineeś group. (b, d)
Volcano plots of fold change in IgG (b) and IgM (d) and p-values (paired Student’s t-test) of average signal intensity in all vaccinees (n = 11)
compared to their baseline for all microarray antigens. In addition, antibodies correlating with sterile protection (protected group: n = 4;
unprotected group: n = 12) against CHMI were analysed for both IgG (e) and IgM (f). Differentially recognized antigens (p-value <0.05 and fold
change >2) are depicted in red (see Table S1 for antigen abbreviations and Table S3–S8 for summary of data).
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Fig. 4: Changes in antibody responses after homologous challenge. Changes of microarray reactivity due to CHMI were identified by
comparing signal intensities in samples collected before and four weeks after inoculation. Study participants were grouped into placebos (n = 6)
and recipients of PfSPZ Vaccine (n = 10) with both groups containing equal numbers of HIV positive and HIV negative subjects. (a, c) Median
changes of IgG (a) and IgM (c) signal intensities over challenge given for the 262 microarray antigens. Antigens are sorted by median intensity
changes in the vaccineeś group. (b, d) Volcano plot of mean changes in microarray IgG (b) and IgM (d) signal intensities over CHMI in the
vaccinees compared to placebo group, as well as in the protected individuals (n = 4) compared to the unprotected individuals (n = 12) for IgG (e)
and IgM (f). Fold change and p-values (Welch-corrected Student’s t-test) are given for all microarray antigens. Significantly differentially
recognized reactive antigens (p-value <0.05 and fold change >2) are depicted in red (see Table S1 for antigen abbreviations and Table S9–S12 for
summary of data).
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Fig. 4c). In direct comparison of mean signal intensity
changes between vaccinees and placebos, no malaria-
specific antibody was elevated in the vaccinated
group compared to placebo recipients. In stark
contrast to this, the placebo group displayed a broad
range of reactive antigens with particularly strong
differences seen in various PfLSA1 fragments, PfCSP,
exported proteins (including the PHISTb family
member PF3D7_0532300) or a conserved protein
(PF3D7_0817300; Fig. 4d). Performing the same
analysis in protected vs. non-protected individuals, it
becomes apparent that following the CHMI, antibody
responses against a broad range of antigens were eli-
cited based on the boosted immune response from
transient parasitaemia. IgG as well as IgM antibodies
specific to both pre-erythrocytic as well as erythrocytic
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Fig. 5: Antibody kinetics of vaccine-induced antibodies. Individual prote
as for anti-PfMSP5-IgM (c, d) results are compared at baseline, 14 days aft
are represented as normalised, log2-transformed signal intensities (a, c).
comparison to human IgG and IgM controls, respectively (b, d). Sample
vaccinees (n = 5). The influence of intervention group and sampling tim
evaluated using a two-way mixed ANOVA model. The boxplots give m
length 1.5 × IQR.
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stage strongly increased in the non-protected in-
dividuals (Fig. 4e–f).

Kinetics of PfCSP and PfMSP5 specific antibody
responses
Next, we assessed the changes in antibody levels against
PfCSP and PfMSP5 before and after vaccination as well
as after CHMI when measured by microarray or quan-
titative ELISA. Effects of the intervention group (“pla-
cebo” and “vaccine”) and sample collection time point
(“baseline”, “immunised” and “challenged”) on the
measured antibody levels were evaluated using a two-
way mixed ANOVA model (Fig. 5).

For PfCSP-specific IgG measured by microarray, a
low baseline reactivity was detected in all study groups
(median microarray signal intensities <4 log2-levels).
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Antibody concentrations were estimated quantitatively by ELISA in
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e point on the measured microarray antigen signal intensity was
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Following immunisation, both HIV positive and HIV
negative vaccinees displayed elevated signals (median
intensities >6 log2-levels) compared to the placebo
group. CHMI induced no further increase in signal
intensities amongst vaccinees but elevated antibody
levels in placebo recipients, resulting in reduced group
differences. ANOVA revealed a significant interaction
between the effects of group and time point on the
measured level of PfCSP-specific IgG (F(2, 28) = 10.14,
p < 0.001) with significant simple main effects for both
factors (p < 0.0001 each) (Fig. 5a).

The quantification of PfCSP-binding IgG by ELISA
confirmed low baseline reactivity in placebo recipients
and vaccinees (median below 2 AU) and an increase in
antibody levels following the immunisation phase in
vaccinees only (median level of 275 AU [95% confidence
interval (CI): 69–399 AU]). Interestingly, PfCSP-specific
IgG levels were higher in HIV negative study partici-
pants (median level of 392 AU [95% confidence interval
(CI): 66–1554 AU]) in comparison to HIV positive study
participants (median level of 136 AU [95% confidence
interval (CI): 69–320 AU]), even though the difference
was not statistically significant (Student’s test of log-
normalized data: p = 0.20). In contrast to the micro-
array analysis, the placebo recipients remained negative
for PfCSP-specific IgG after CHMI, while the antibody
levels in the vaccination group decreased slightly (me-
dian IgG concentration: 135 AU [95% CI: 32–396 AU]).
Overall, the ANOVA showed significant interaction of
time and group (F(2, 28) = 3.57, p = 0.042), with sig-
nificant simple main effects for both group (p = 0.046)
and the time factor (p = 0.042) (Fig. 5b).

IgM antibody levels against PfMSP5 followed a
similar kinetic. In the microarray analysis, almost no
reactivity at baseline was detected in any of the study
groups (median signal intensities close to zero). Placebo
recipients maintained a low reactivity throughout the
immunisation phase, whereas both HIV positive and
HIV negative vaccinees strongly responded to PfSPZ
vaccination with increased PfMSP5-binding antibodies.
Notably, antibody levels of placebo recipients
approached those of vaccinees after CHMI (median
signal intensities around 2 log2-levels). The interaction
of intervention group and time point was highly sig-
nificant in a two-way mixed ANOVA model (F(2,
28) = 13.38, p < 0.0001), with significant simple main
effects for both intervention group (p = 0.026) and time
(p < 0.0001) (Fig. 5c). The ELISA confirmed the
microarray results of low baseline reactivity for placebo
group and vaccinees below 4 AU. While the median
concentration in the placebo group remained below 4
AU after the vaccination phase, median levels increased
more than four-fold to 15 AU [95% CI: 8–41 AU] in
vaccinees. After CHMI, the antibody level within the
vaccination group decreased to 10 AU [95% CI: 5–35
AU]. Notably, the antibody concentration in the placebo
group increased after challenge, reaching median levels
of 8 AU [3–17 AU]. The two-way mixed ANOVA model
revealed a significant interaction of group and time (F(2,
28) = 6.11, p = 0.006), with a significant simple main
effect for time (p = 0.04), but not for the intervention
group (p = 0.4) (Fig. 5d). Interestingly, PfMSP5-specific
IgG was less prominently induced by the vaccine
(Fig. S5). Whereas an increase in PfMSP5-specific IgG
levels was detectable in all vaccinees by microarray
(Fig. S5a), only part of the measured individuals devel-
oped increased IgG levels after vaccination in compari-
son to baseline as estimated by ELISA (Fig. S5b). The
kinetics of other PfSPZ vaccination-induced antibodies,
as identified in Fig. 3b and d, are given in Fig. S6. In
summary, both microarray analysis and quantitative
ELISA measurements confirmed that PfCSP and
PfMSP5 are immunodominant antigens of PfSPZ
vaccination irrespective of the HIV infection status of
the volunteers.

Immunofluorescence assay
We have shown here that significant levels of PfMSP5-
specific antibodies were induced after immunisation
with PfSPZ Vaccine by microarray analysis and ELISA.
Therefore, we conducted an immunofluorescence assay
(IFA) to understand the subcellular localisation of
PfMSP5 in PfSPZ and late liver stage parasites. Live
PfSPZ extracted from A. stephensi salivary glands were
co-stained with antibodies specific for PfCSP (clone
2A10) and PfMSP5 (polyclonal rabbit antiserum). The
IFA showed the typical circumferential staining for
PfCSP, as well as a punctiform staining on the PfSPZ
surface for PfMSP5 (Fig. 6a). After permeabilization,
the antibody staining for PfMSP5 was very prominent at
the apical end of the parasite, suggesting expression in
the rhoptries (Fig. 6b). IFA was also performed on
in vitro cultivated late liver stage parasites (stained day 7
post invasion) using two different parasite strains:
PfNF54 (PfSPZ Vaccine strain) and PfNF175 (West
African strain with superior infectivity and maturation
in vitro).55 In both strains, low expression levels of
PfMSP5 were observed that did not seem to co-localize
with staining for PfEXP2 (Fig. 6c) or PfMSP1, a well-
known merozoite surface protein in later liver stage
(Fig. 6d). Negative control IFA, performed as IFA
without addition of primary antibodies, confirmed
specificity of the secondary antibodies used (Fig. 6e).

Acquisition of novel antibodies during
immunisation and challenge
Acquisition of novel antibody specificities following
immunisation and CHMI are presented for each
volunteer individually (Fig. 7a and b). An antigen-
specific threshold of seropositivity was set at 3 log2-
levels above the signal of a malaria-naïve control serum.
Seroconversion, the acquisition of a novel antibody
signal, was defined as a signal exceeding the seroposi-
tivity threshold together with an increase of intensity >2
www.thelancet.com Vol 108 October, 2024
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Fig. 6: Immunofluorescence of PfMSP5 on pre-erythrocytic stages. Non-permeabilized (a) and permeabilized (b) PfNF54 PfSPZ were stained
with rabbit polyclonal antibodies against PfMSP5, the nuclear stain DAPI, and either PfCSP or PfGAPDH respectively. Liver stage forms of
PfNF54 and PfNF175 (7 days post invasion) were stained with PfMSP5 and PfEXP2 (c) and PfMSP5 and PfMSP1 (d). The negative control
against the secondary antibody used for the PfMSP5 antibodies is shown in (e). Scale bar of 5 microns.
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log2-levels between the two time points compared.
Seroreversion, the disappearance of an antibody signal,
was defined as a decrease of signal intensity >2 log2-
levels. Borderline reactivity was defined as signal
fluctuations around the seropositivity threshold with
intensity changes <2 log2-levels between the time points
compared.

The majority of antigens spotted on the microarray
were not recognized by the serum of the study partici-
pants at any of the time points assessed (Fig. 7a and b).
Some antigens were recognized at baseline but
remained unchanged upon immunisation using PfSPZ
Vaccine and CHMI, while a selected number of anti-
gens showed seroreversion. As already seen in Fig. 3,
only few novel IgG or IgM antibody specificities were
acquired during the immunisation. Comparing serum
reactivity before and after CHMI, highly diverse re-
sponses were observed between the individuals tested
(Fig. 7a and b). Some participants barely reacted to the
challenge while others, all of whom developed asexual
blood stage parasitaemia after CHMI (non-protected),
acquired a broad range of novel antibody reactivities. In
summary, a highly personalised IgG and IgM antibody
profile was observed at baseline in these volunteers that
remained mostly unchanged after PfSPZ Vaccine inoc-
ulation. Changes in antibody profiles were found in
volunteers that developed asexual blood stage para-
sitaemia during CHMI.

Next, we measured the antibody breadth defined as
the number of seropositive antigens in a sample and
www.thelancet.com Vol 108 October, 2024
volunteer at a certain time point (Fig. 7c and d). As ex-
pected, few changes in the IgG or IgM breadth were
observed in both placebos and vaccinees over the
immunisation phase. CHMI in contrast induced a
considerable expansion of antibody specificities in par-
ticipants developing asexual blood stage parasitaemia
(median of 5.5 and 6 novel antigens recognized for IgG
and IgM, respectively), while protected subjects did
barely respond at all (median of zero novel antigens
recognized by both IgG and IgM). In accordance with
these highly personalised humoral immune responses,
no general impact of intervention phase (“immunisa-
tion” or “challenge”) and group (“placebo” or “vaccine”)
on the IgG or IgM antibody repertoire could be proven
in an aligned ranked transformed ANOVA model. The
interaction effect for group and study phase on the
change in antibody breadth was determined as p = 0.3
for IgG (F(1, 28) = 0.83) and p = 0.15 for IgM (F(1,
28) = 4.33).
Discussion
We report a comparative proteomic analysis of serum
samples collected from HIV positive and negative vol-
unteers in a malaria-endemic area in Tanzania, under-
going either immunisation with radiation-attenuated
PfSPZ (PfSPZ Vaccine) or placebo inoculation followed
by homologous CHMI. IgG and IgM antibody profiles
were assessed at baseline, two weeks after last immu-
nisation and one month after CHMI on a protein
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Fig. 7: Antibody acquisition and change in antibody breadth. Changes in antibody repertoire over the immunisation and challenge phase were
compared between placebo recipients (n = 6), HIV positive (n = 5) and HIV negative vaccinees (n = 5). The individual antibody breadth gives the
number of seropositive antigens at a certain time point (signal intensity of >3 log2-levels above a malaria-naïve control). Seroconversion, the
acquisition of a novel antigen, was defined as exceeding the seropositivity threshold accompanied by a signal increase of >2 log2-levels between the
time points compared. Seroreversion was defined as drop below the threshold with a signal decrease of >2 log2-levels. Smaller signal fluctuations
around the threshold were designated as borderline reactivity. (a, b) Changes in antigen recognition after immunisation and challenge are shown as
heatmap for IgG (a) and IgM (b) with antigens depicted in rows and samples in columns. (c, d) Changes in the IgG (c) and IgM (d) antibody breadth
over immunisation and challenge are compared between the three study groups of placebos, HIV positive and negative vaccinees. The influence of
study group and phase on the change in antibody breadth was evaluated using an Aligned Rank Transform (ART) ANOVA model. The boxplots give
median antibody breadths, interquartile ranges (IQR) and whiskers of length 1.5 × IQR.
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microarray comprising 262 selected P. falciparum anti-
gen fragments.

At baseline, serum samples of both the HIV positive
and negative study population displayed highly person-
alised Pf-specific IgG repertoires or “fingerprints”32 with
both groups recognizing a limited number of antigens.
Coinfections of HIV and malaria were previously asso-
ciated with reduced antibody response to an array of Pf
antigens.56,57 In this study however, no obvious differ-
ences were detected in the Pf-specific antibody
www.thelancet.com Vol 108 October, 2024
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responses of HIV positive vs. HIV negative participants.
A tendency of increased IgG responses against several
liver and blood stage antigens including PfLSA1,
PfMSP2, PfMSP4, PfMSP11, PfMSA180 and PfPHISTc
were measured in HIV positives. IgG directed against
PfMSP2 has been described as a marker of recent ma-
laria exposure before,31 pointing towards a higher pre-
exposure level due to increased malaria susceptibility
in the HIV positive study population.58,59 As expected in
a non-hyperendemic area, IgM baseline reactivity was
hardly detectable in any of the groups.

Study participants assessed received either a
normal saline inoculation or five doses of 9 × 105

PfSPZ of PfSPZ Vaccine. Radiation-attenuated PfSPZ
efficiently invade hepatocytes but stop development in
early liver stages.60 In accordance to previously pub-
lished results, our data confirm that immunization
with PfSPZ Vaccine does not considerably change the
pattern of humoral immune reactivity but rather
maintains the personal immune “fingerprints”.
Despite the broad range of potential antigenic targets
presented on whole PfSPZ, immunization with the
radiation-attenuated PfSPZ Vaccine, which is non-
replicating, only induces a limited range of Pf-
specific antibodies, as compared to immunization
with the chemo-attenuated PfSPZ-CVac (CQ), which
is fully replicating.14,29,32,61 These particularly include
anti-PfCSP-IgG and anti-PfMSP5-IgM, both display-
ing comparably low baseline reactivity and a sharp
increase in signal intensities amongst all vaccinees,
regardless of their HIV infection status.

PfCSP, the target protein of the RTS,S/AS01 subunit
vaccine, is also the immunodominant antigen after
PfSPZ Vaccine inoculation, inducing high levels of
specific IgG.32,62 Despite the evidence that some of these
anti-PfCSP antibodies are indeed functional if directed
against certain PfCSP epitopes, their overall contribu-
tion to protection induced by PfSPZ Vaccine remains
unknown.21,26,61,63 Interestingly, a recent study in PfSPZ
Vaccine immunised Tanzanians focusing on PfCSP-
specific IgM found that these antibodies efficiently
activate complement and block PfSPZ invasion of he-
patocytes in vitro, supporting the potential functional
relevance of PfCSP-specific IgM in vaccine induced
protection.64 Similarly sera from protected individuals
had higher inhibition of PfSPZ invasion.26

All vaccinees developed IgM against PfMSP5
following immunisation when measured by microarray
and ELISA, and microarray data revealed an increase of
PfMSP5-specific IgG for all individuals, whereas the
ELISA suggest an increase only in a subpopulation (2
HIV negative individuals, and only in 1 HIV positive
individual who was also infected by a local strain during
the vaccination period). The msp5 gene codes for a 272-
residue protein with a C-terminal EGF-like domain and
a GPI attachment motif.65 PfMSP5 is located on the
surface of merozoites and seems to be highly
www.thelancet.com Vol 108 October, 2024
conserved.66 So far, IgG against PfMSP5 was commonly
known to correlate with naturally acquired immunity
and was associated with protection from parasitaemia in
a malaria mouse model67,68 and from clinical malaria in
the field,69,70 qualifying PfMSP5 as potential candidate
for blood stage malaria vaccines.71 However, the bio-
logical function of PfMSP5 appears to be dispensable
for intra-erythrocytic parasite survival since viable
knockout mutants have been described.72

Notably, IgG antibodies binding PfMSP5 have been
detected and described in recipients of PfSPZ Vaccine
and PfSPZ-CVac before.14,73 Recently, it was proposed
that cross-reacting PfCSP-specific antibodies might ac-
count for increased PfMSP5 reactivity observed in a
large scale protein microarray analysis following RTS,S/
AS01E vaccination.74,75 Such an underlying phenome-
non cannot be excluded here; however, quantitative
ELISA using recombinantly expressed and purified
PfMSP5 strongly supported the microarray results,
indicating a specific binding of vaccine-induced IgG and
especially IgM to PfMSP5. Furthermore, both published
proteomic and transcriptomic studies suggested the
potential expression of PfMSP5 not only during the
blood stage, but already in the salivary gland PfSPZ
stage,76–78 rendering it a potential antigenic target of any
PfSPZ vaccine.

Here, using immunofluorescence detection, we
demonstrated that PfMSP5 indeed seems to be
expressed on the surface of PfSPZ. In permeabilized
PfSPZ, PfMSP5 localizes within the apical end, sug-
gesting its potential association with rhoptries. Across
the PfSPZ surface, PfMSP5 occurs in a punctiform
distribution, possibly integrated in lipid rafts, and
potentially positioned above the PfCSP layer. A similar
pattern was observed for PLP1 and SPECT, two PfSPZ
surface proteins required for hepatocyte cell traversal.79

This may suggest an involvement of PfMSP5 in a
similar process rather than in liver cell invasion or
maturation. Cell traversal is essential for parasites to
escape skin and blood vessels before reaching the liver.
Traversal-deficient PfSPZ may still be capable of
invading hepatocytes and maturation in vitro but fail to
establish an infection under natural conditions.79 In
contrast, during late liver stage development, PfMSP5
seemed to be expressed at low levels in two different
parasite strains. Its lack of co-localisation with PfMSP1,
a critical component of erythrocyte-binding complexes,80

in addition to its dispensability during blood stage
development based on knockout parasites72 might point
to a biological function during PfSPZ and/or liver stage.
Previous studies primarily focused on the monitoring of
PfSPZ Vaccine-induced IgG responses. However, there
is growing awareness that Pf-specific antibodies of other
subclasses, especially IgM, might contribute to malaria
immunity and require further study. Our results indeed
suggest that even though both IgG and IgM directed
against PfMSP5 are found, the IgM response is more
15
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pronounced. Recently, Boyle et al. found merozoite-
specific IgM, including antibodies targeting PfMSP5,
to be rapidly acquired following CHMI in both malaria-
naïve and pre-exposed persons. Longevity and kinetics
of decay did not substantially differ from the respective
IgG response, but merozoite-specific IgM proved
considerably more effective in complement activation
and high serum titers were associated with protection
from clinical malaria.81 This also deserves particular
consideration in the context of PfSPZ Vaccine, since
efficient complement activation is essential in protective
immunity against PfSPZ.82 Furthermore, induction of
optimal protective efficacy has been determined to
require 3 doses of 9 × 105 PfSPZ83 suggesting that a
significant number of parasites might not reach the liver
but the spleen. Splenic marginal B-zones contain a
special subtype of B-cells allowing a rapid, T-cell inde-
pendent IgM response to systemic infections including
malaria.84 Both T-cell-dependent and independent IgM-
secreting B-cells have lately been reported to undergo
somatic hypermutation following Pf infection and
persist as IgM memory B-cells.85 Notably, PfSPZ vacci-
nation indeed induces durable PfCSP-targeting IgM
antibodies that efficiently fix complement and inhibit
hepatocyte invasion.64 We hypothesize that a similar
effect might exist with regard to PfMSP5, and that anti-
PfMSP5-IgM could contribute to PfSPZ Vaccine-
induced protection from malaria.

Given the small number of only four protected par-
ticipants, associating specific antibodies or antibody
profiles with sterile protection is rather elusive but
might still give some insight into the role of synergising
naturally acquired antibodies in a pre-exposed popula-
tion. Comparing the protected subjects with the
remaining unprotected study population, we indeed
identified a set of antigen-specific IgG antibodies that
showed correlation with protection. Notably, these did
not only include the vaccine-induced PfCSP-specific
antibodies but also IgG directed against PfAMA1 and
PfRON2. Both antigens have been prominent vaccine
candidates over the years.86 Regarding IgM, antibodies
targeting both PfCSP and PfMSP5 showed higher levels
in protected compared to unprotected individuals,
although the difference was not statistically significant.

CHMI triggered a highly personalised malaria anti-
gen specific humoral immune response amongst the
study participants developing asexual blood stage para-
sitaemia. In placebo recipients as well as unprotected
vaccinees, antibodies against a broad range of different
antigens were induced. Breadth and composition of
antibody profiles strongly differed between individuals
but did not correlate with the HIV infection status.
Highest increases in antibody reactivities were observed
against known markers of malaria infection such as
PfETRAMP10.2,87,88 reflecting the development of blood
stage parasitaemia in the placebo group (0% protection
rate). In contrast, both HIV positive and negative
vaccinees barely reacted to any of the antigens with
antibody titers rather declining over the challenge
phase. In particular, no further boosting effect on the
vaccination-acquired IgG and IgM antibodies directed
against PfCSP and PfMSP5 was observed. The only
exception is again an IgG response to PfETRAMP10.2
and IgM response to PfREX1 in HIV positive vaccinees,
again marking a short-term blood stage infection in
those individuals.89 The lack of immunogenicity of
CHMI in HIV negative vaccinees is well explained by
the fact that most of these volunteers were sterilely
protected against CHMI (80% protection rate), indi-
cating little exposure to blood stage infection as parasites
do not egress from the liver or are immediately
cleared.90 Previous protein microarray studies similarly
found protection from both Pf and P. vivax infection to
be associated with an attenuated response to CHMI.29,91

The only HIV negative vaccinee with considerably
expanded antibody reactivity was indeeed unprotected
(Fig. 7d). None of the HIV positive vaccinees was pro-
tected from CHMI, thus the lack of a broad humoral
immune response as observed in the placebo group
might be surprising. It is conceivable that immunisation
might still impact on the parasite burden in unprotected
vaccinees. Indeed, an extended pre-patent period and
time-to-treatment was observed in unprotected vacci-
nees compared to placebo recipients.26

Our findings support similar antibody baseline pro-
files and comparable responses to PfSPZ vaccination
and CHMI in HIV positive and negative subjects. All
HIV positive participants enrolled in this trial were
under antiretroviral treatment and displayed stable
CD4+ lymphocyte counts >500 cells/μl, which should
ameliorate the impaired immune response to novel
stimuli or loss of existing immunity as observed under
progressing CD4+ cell decline.25 Still, none of the HIV
infected vaccinees were protected against CHMI,
compared to 80% sterile protection in the HIV negative
group. This stark difference in vaccine efficacy in the
absence of clear differences in antibody patterns imply
that cellular immune effector mechanisms either
interacting with antibodies or on their own are essential
for PfSPZ Vaccine-induced protection. Recently, a re-
view also summarized that HIV and malaria co-
infection is associated with an expansion of atypical
memory B-cells as well as reduced opsonising anti-
bodies. In addition, HIV infection is associated with
dysregulated inflammatory immune response, which is
potentially leading to a perturbated immune response to
malaria.92 However, functional antibody and systems
serology analysis showed post immunization sera from
HIV negative vaccinees had significantly higher inhibi-
tion of PfSPZ invasion of hepatocytes in vitro and
antibody-dependent complement deposition (ADCD)
and Fcγ3B binding by anti-PfCSP and ADCD by anti–
cell-traversal protein for ookinetes and SPZ (anti-
PfCelTOS) antibodies.26
www.thelancet.com Vol 108 October, 2024
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Our study has several limitations, especially the
small number of samples available for analysis in a
phase 1 clinical trial. Clearly separating the impacts of
HIV infection, vaccination or CHMI protection status
on humoral immune responses is potentially biased due
to the lack of protected placebo recipients or HIV posi-
tive participants. Also, baseline antibody breadths
differed between the HIV positive and negative popu-
lation, even though variance in both was high. The HIV
positive study population described in this manuscript
was under well-controlled antiretroviral therapy, and
viral concentration was below the detection limit. Not all
people living with HIV are aware of the disease, take
antiretroviral therapy regularly, and are able to control
the viral load. In Africa, depending on the age,
population-wide viral suppression was estimated be-
tween 62% and 76%, so even though the inclusion
criteria of the study does not allow for the generalization
of the results on the overall HIV positive population, it
nevertheless is representative for a considerable pro-
portion of the HIV-seroconverted individuals.93 The
method of protein microarrays also comes with limita-
tions. Measured signal intensities correlate with actual
antibody levels but do not allow precise quantifications.29

Comparisons of signal intensities between individuals
and time points thus can only be considered as rough
estimates. Represented plasmodial antigens were
expressed in a prokaryotic expression system, so altered
protein conformations and therefore potential false-
negative29 or even false-positive findings are likely. A
rather strict definition of seropositivity thresholds in this
study, intended to avoid background interference, might
contribute to an underestimated effect of interventions
on increase of antibody responses. The microarray used
in this study comprised a limiting number of 262
fragments, representing 228 pre-selected antigens, with
some of them not being full-length proteins but
expressed as protein domains only. The good accor-
dance of our findings to previous PfSPZ Vaccine studies
based on a whole-proteome array32 yet suggests that
using microarrays covering carefully down-selected Pf
antigen subsets still provides meaningful insight into
immunodominance and dynamics of vaccine induced
responses.

In conclusion, we demonstrated that immunisation
of malaria pre-exposed Tanzanian adults with PfSPZ
Vaccine induces focussed IgG and IgM antibody
response patterns with no obvious difference detectable
between HIV positive and negative volunteers. As ex-
pected, and irrespectively of the HIV infection status,
PfCSP was one of the main targets of vaccine-induced
antibodies. However, PfMSP5 proved also highly
immunogenic and was frequently targeted by IgM an-
tibodies. We showed that this protein indeed seems to
be expressed on the surface of PfSPZ and therefore
might pose an interesting candidate for next generation
pre-erythrocytic stage malaria vaccines.
www.thelancet.com Vol 108 October, 2024
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