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ARTICLE OPEN

Ef� cacy, T cell activation and antibody responses in
acceleratedPlasmodium falciparumsporozoite
chemoprophylaxis vaccine regimens
Javier Ibanez1,2,8, Rolf Fendel 1,2,3,8, Freia-Raphaella Lorenz 1, Patricia Granados-Bayon1, Sina Brückner1, Meral Esen1,2,3,
Mihály Sulyok1, Zita Sulyok1, Steffen Borrmann1,2,3, Petra Bacher4,5, Alexander Scheffold 4, Stephen L. Hoffman 6,
Peter G. Kremsner 1,2,3 and Benjamin Mordmüller 1,2,3,7�

Repeated direct venous inoculation ofPlasmodium falciparumsporozoites (PfSPZ) together with antimalarial chemoprophylaxis
(PfSPZ–CVac) is the most potent way to induce sterile immunity againstP. falciparuminfection in malaria-naive volunteers. However,
established schedules are complex and long. Here, we tested two accelerated three-dose schedules (28- and 10-day regimen)
assessing ef� cacy by controlled human malaria infection (CHMI) against placebo, comparing vaccine-speci� c T cell and antibody
responses by antigen-reactive T cell enrichment (ARTE) and protein microarray, respectively. Both regimens were similarly ef� cacious
(67 and 63% vaccine ef� cacy) but different in the induction of vaccine-speci� c T cells and antibodies. The 10-day regimen resulted in
higher numbers of antigen-speci� c CD4+ effector memory pro-in� ammatory T cells and a broader antibody response compared
with the 28-day regimen. Usually in nature,P. falciparumliver stage lasts about 6.5 days. The short vaccination-interval of the 10-day
regimen prolongs the time of continuous exposure to liver-stage parasites, which may explain the stronger response. Besides dose
and number of vaccinations, duration of liver-stage exposure is a factor to optimize PfSPZ–CVac immunogenicity.

npj Vaccines           (2022) 7:59 ; https://doi.org/10.1038/s41541-022-00473-1

INTRODUCTION
The global burden of malaria declined in the� rst � fteen years of the
XXI century, but since then, it has reached a plateau. The latest world
malaria report published in 2021 by the World Health Organization
even shows that the malaria cases and deaths increased in the last
year to reach 241 million cases and 627 000 malaria deaths1.

The COVID-19 pandemic has compromised the goals of the
Global Technical Strategy to Combat Malaria 2016–20302 and put
the progress made over the past decades at risk. Effective SARS-
CoV-2 vaccines were developed within less than a year and have a
major impact on the pandemic. Likewise, an effective vaccine
against malaria3 could be a game changer. Proof-of-concept
studies for malaria vaccines in humans were� rst conducted about
50 years ago using irradiatedPlasmodium falciparum(Pf)-infected
mosquitoes4,5. Only very recently, the WHO endorsed the� rst
malaria vaccine, RTS,S, for widespread use6. Even though this new
vaccine might save thousands of lives per year, it is far from
optimal as it protects children in endemic areas only for
approximately 30%7.

The recent development of methods to manufacture aseptic,
puri� ed, cryopreserved Pf sporozoites (PfSPZ) from mosquito
salivary glands under GMP conditions for injection into humans
has great potential to further improve the malaria vaccine
landscape and makes attenuated whole-parasite vaccines a
leading candidate in the� eld8.

The most potent immunization strategy known so far uses
replication-competent sporozoite (SPZ)-stage parasites that are
attenuated in vivo. Here, attenuation is achieved using an
antimalarial drug that allows progressing of infection from

inoculation to maturation in the liver, the clinically silent phase
of the infection, but is highly active against asexual blood-stage
parasites (e.g., chloroquine). The concept of in vivo attenuation or
“infection-treatment” is uncommon in human medicine, but
successfully established in veterinary medicine and widely used
in the prevention of East Coast Fever (ECF), a disease of cattle
caused by Theileira parva. This veterinary vaccine shows high
ef� cacy in preventing clinical ECF and mortality9.

A second approach to immunize individuals using attenuated
PfSPZ is the so-called PfSPZ Vaccine, in which sporozoites are
rendered replication-defective by � -irradiation. The superior
potency of in vivo attenuation over approaches using
replication-incompetent PfSPZ is likely due to the prolonged
exposure to liver-stage parasites, a higher antigen load, and a
broader immune response10.

Previously and as part of the present study, we established an
immunization regimen dubbed PfSPZ chemoprophylaxis vaccine
(PfSPZ–CVac), with three inoculations of cryopreserved PfSPZ
(PfSPZ Challenge), given every four weeks to volunteers under
chloroquine chemoprophylaxis for 10 weeks10. Three direct
venous inoculations (DVI) of 5.12 × 104 PfSPZ (on days 0, 28, and
56) protected all volunteers from infection, whereas lower doses
dose-dependently led to partial protection10.

The immunological mechanism behind PfSPZ-mediated protec-
tion is not known. We have previously shown that vaccine ef� cacy
(VE) is associated with a higher number of circulating memory
CD4+ T cells producing IFN-� , IL-2, and/or TNF-� following in vitro
stimulation with PfSPZ or infected red blood cells (iRBC)10.
Antibody titers against Pf circumsporozoite protein (CSP), the

1Institute of Tropical Medicine, University of Tübingen, Tübingen, Germany.2German Center for Infectious Diseases (DZIF), Partner Site Tübingen, Tübingen, Germany.3Centre de
Recherches Médicales de Lambaréné (CERMEL), Lambaréné, Gabon.4Institute of Immunology Christian-Albrechts-University of Kiel, Kiel, Germany.5Institute of Clinical Molecular
Biology, Christian-Albrechts-University of Kiel, Kiel, Germany.6Sanaria Inc, Rockville, MD 20850, USA.7Department of Medical Microbiology, Radboud University Medical
Center, Nijmegen, The Netherlands.8These authors contributed equally: Javier Ibanez, Rolf Fendel.� email: benjamin.mordmueller@radboudumc.nl
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main surface protein of PfSPZ, increased with dose, but were not
associated with protection10. However, the immunization scheme
of our previous study was still very complex and lengthy. For the
development toward a vaccine with better applicability in travel
medicine as well as in endemic settings, the time span of the
regimen needs to be signi� cantly shortened. The present study
reports the results of two more realistic vaccination regimens. The
number of interventions was reduced and the schedule shortened
to 28 and subsequently down to 10 days.

Regarding immunogenicity, we characterized humoral
responses by ELISA and protein microarrays, as well as cellular
immune responses. The antigen-reactive enrichment methodol-
ogy11 (ARTE) using Pf-infected red blood cells (iRBC) as proxy of Pf-
infected hepatocytes was implemented to monitor ex vivo, the
CD40L+ CD4+ T cell speci� city during immunization and before
the day of challenge (C-1). ARTE has been successfully employed
previously to explore antigen- speci� c CD4+ T cell subsets
generated against various infections and immune pathologies12–15

but not yet to characterize the immune response of any malaria
vaccine candidate. The two-step technique, based on the
magnetic isolation of fresh cells bearing the surface ligand
CD40L (CD154) plus the intracellular detection of the same
CD40L marker in combination with other pro-in� ammatory
cytokines such as TNF-� 14, aimed not only to detect the bona
� de T-helper cells, but also allowed to distinguish cognate
responses within the naive (CD45RO� ) or memory (CD45RO+ ) T
cell repertoire.

The longer PfSPZ–CVac regimen with PfSPZ inoculations on
days 0, 14, and 28 using repeat inoculations with a timing that
allows three separate liver-stage developments had a similar VE
but surprisingly was less immunogenic than the shorter one with
PfSPZ inoculations on days 0, 5, and 10. In the shorter vaccination
schedule, the booster vaccinations are given when the parasites of
the previous dose are still in the liver stage. This results in a total
period of 16 days during which parasites are constantly present in
the liver.

RESULTS
Participants, safety, and reactogenicity
Volunteers were allocated to a placebo group (normal saline,
n = 6) or to a vaccine group with three direct venous inoculations
(DVI) of 51,200 PfSPZ either 14 days (n = 10) or 5 days (n = 9)
apart, for a total immunization regimen of 28 and 10 days,
respectively. Basic demographic data are summarized in Supple-
mentary Table 1 and the CONSORT diagram is shown in
Supplementary Fig. 1. All volunteers received chemoprophylaxis
with chloroquine. In addition, half of the volunteers (n = 5 verum,
n = 2 placebo) of the 28-day regimen also received 2 g of
extended-release azithromycin (Zithromax Uno) on the day of
the � rst vaccination. The rationale to use azithromycin was based
on studies in mouse models in which the drug allowed the
plasmodial liver stage to undergo schizogony, but meanwhile
blocked the biogenesis and inheritance of the apicoplast. The
azithromycin-treated animals did not develop patent asexual
blood-stage parasitemia and azithromycin-mediated attenuation
led to pre-erythrocytic immunity comparable to chloroquine
prophylaxis16,17.

Twenty-� ve volunteers were enrolled in the study and received
at least one immunization (intention-to-treat—ITT), 22 participants
completed the trial as per protocol (PP). Two volunteers
(1 placebo, 1 PfSPZ–CVac 10-day regimen) withdrew from the
study following the third vaccination (98 and 74 days, respec-
tively) and before controlled human malaria infection (CHMI)
(Supplementary Fig. 2). In all but one volunteer (PfSPZ–CVac 28-
day regimen without azithromycin), chloroquine treatment was
fully effective in treating parasitemias in the� rst asexual blood

cycle (Supplementary Fig. 2). The individual that unexpectedly
developed the parasitemia (178 parasites/µL) during immuniza-
tion was excluded from the study. Circulating parasites isolated
from this participant were fully sensitive to chloroquine ex vivo
(50% inhibitory concentration: 3 nM). Traces of chloroquine were
detected in plasma, although concentration was below the level
of quanti� cation of the assay (<5 ng/mL). In contrast to this, three
other randomly selected volunteers had chloroquine plasma
concentrations of 98, 119, and 115 ng/mL, which is well above
the inhibitory concentrations. Chloroquine was administered at
the clinical trial site in the presence of a physician and a second
team member, but swallowing was not monitored (e.g., by oral
inspection). It is most likely that the participant who unexpectedly
developed the parasitemia did not swallow the tablet but kept it
in the oral cavity and discarded it when leaving the examination
room. The volunteer was successfully treated with atovaquone-
proguanil but disagreed with further pharmacokinetic
investigations.

A total of 313 adverse events (AE) were reported in 25
randomized volunteers. No serious AE (SAE) occurred. In total, 194
AEs were reported during the immunization (Supplementary Fig. 3
and Supplementary Table 2) and 119 AEs during the challenge
infection were solicited (Supplementary Table 3). The most frequent
clinical AEs were headache (20 episodes), fatigue (20), and diarrhea
(12). The most frequent laboratory AEs were increased alanine (7)
and aspartate (5) aminotransferases (ALT and AST, respectively),
elevated lactate dehydrogenase, LDH (8), and high monocyte count
(9). In total, 276 AEs were mild (Grade 1), and 27 were moderate
(Grade 2). Six severe Grade 3 AEs were reported, including increased
ALT, lymphopenia, and thrombocytopenia associated with the case
of malaria during immunization. Lymphopenia and two Grade 3
gastrointestinal bleedings were reported in the 10-day group. All
Grade 3 AEs resolved uneventfully.

Parasitemia kinetics during vaccination and vaccine ef � cacy
Circulating asexual blood-stage parasites were detectable 7–9 days
following each vaccination in the 28-day regimen. Peak parasitemia
tended to decrease during sequential vaccinations. This trend was
more pronounced in volunteers who were later protected against
CHMI (Fig.1a, Table1). Parasitemia also peaked approximately 8 days
after each vaccination in the 10-day regimen with decreasing peak
parasitemia after the second and third DVIs. Here, the decrease in
peak parasitemia was not associated with protection. All� ve placebo
recipients developed parasitemia following inoculation of PfSPZ
Challenge. VE was 67% (6/9,p = 0.000045) and 63% (5/8,p = 0.012)
in subjects immunized at 14- and 5-day intervals, respectively, as we
have reported before10 (Fig.1b).

Effect of azithromycin
We explored if a single dose of 2 g of extended-release
azithromycin, given at the day of vaccination, can block develop-
ment of (transient) asexual blood-stage parasitemia, as described
above. Seven of the 14 volunteers (2 placebo and 5 vaccinees) of
the 28-day regimen received azithromycin in addition to
chloroquine prophylaxis at their� rst vaccination. All � ve who
received PfSPZ developed transient asexual blood-stage parasite-
mia, although at a lower level, compared with chloroquine alone
(p = 0.027, Kruskal–Wallis test on AUC) (Supplementary Fig. 2).

Vaccination induces parasite-speci� c CD40L+ CD4+ CD45RO
+ T-helper cells with a pro-in � ammatory signature
To pro� le T cell reactivity following vaccination with high
sensitivity, antigen-reactive T cell enrichment11 (ARTE) was
performed following in vitro iRBC or uRBC stimulation of PBMC.
Thereby, the pro-in� ammatory CD40L+ TNF-� + IFN-� + CD45RO
+ /CD4+ T (Th1) memory helper-cell response and the stimulated
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naive T cell response (CD40L+ TNF-� + IFN-� + CD45RO–/CD4+ )
speci� c for Pf was monitored during the whole vaccination
period. The frequencies of iRBC-reactive T cells were measured by
� ow cytometry. The gating strategy is summarized in Supple-
mentary Figs. 3 and 4 and the calculation scheme to estimate the
frequency of stimulated T cells is given in Supplementary Fig. 5.

At baseline, iRBC treatment did not stimulate any memory
Th1 or naive T-helper cells (Fig.2). At day 14 (II, 28-day
regimen) and day 15 (III5, 10-day regimen) respectively, the
memory Th1 frequency increased only in vaccinated subjects,
but not in the placebo group (Fig.2a). The naive T-helper cells
did not react to the iRBC stimulation after vaccination (Fig.2b).
Interestingly, two individuals of the 28-day regimen group who
did not develop any parasitemia during the� rst immunization,
also had the lowest frequency of iRBC-speci� c memory
Th1 cells in that group (0.007 and 0.006%, median 0.021%),
which is in the range of placebo (median 0.005%) and the 10-
day vaccinee group at� ve days after the� rst immunization
(median 0.003%) (Fig.2, black dots). This observation indicates
that in these individuals, iRBC-speci� c reactivity could not be

induced by a single dose of PfSPZ alone and exposure to late
liver stage/asexual blood stage eventually might be required.
Despite this observation that these two individuals showed
very low reactivity, the frequency of memory Th1 cells did not
directly correlate with the overall exposure to parasites in the
blood, represented by the calculated area under the curve of
the parasitemia during the� rst immunization (Supplementary
Fig. 6).

PfSPZ–CVac induces iRBC-speci� c CD40L+ CD4+ pro-
in� ammatory Th1 cells one day before CHMI (C-1)
Both immunization regimens (28-day and 10-day) signi� cantly
increased the frequency of polyfunctional effector memory (TEM,
CD40L+ TNF-� + IFN-� + CD45RO+ CD197–/CD4+ ) parasite antigen-
speci� c T cells by day C-1 (Fig.3). The 28-day vaccine regimen
tended to generate about two times lower frequencies of
polyfunctional TEM cells than the 10-day regimen, but the
difference was not statistically signi� cant. Also, TNF-� monofunc-
tional TEM was signi� cantly elevated in both regimens (Fig.3b),

Table 1. Kinetic of transient parasitemia during the vaccination period in the 28-day and 14-day regimen in protected and unprotected individuals.

Vaccine dose
(PfSPZ)

Vaccination
time points

CHMI outcome Immunization Median parasitemia (# PCR positive/# total
participants)

Day peak parasitemia

51200 0,14,28 Protected I 204 (5/6) 8 (+ 8)

51200 0,14,28 Unprotected I 933 (2/3) 8 (+ 8)

51200 0,14,28 Protected II 457 (6/6) 21 (+ 7)

51200 0,14,28 Unprotected II 2378 (3/3) 22 (+ 8)

51200 0,14,28 Protected III 3 (4/6) 36 (+ 8)

51200 0,14,28 Unprotected III 14 (3/3) 36 (+ 8)

51200 0,5,10 Protected I 6953 (5/5) 8 (+ 8)

51200 0,5,10 Unprotected I 6556 (3/3) 7 (+ 7)

51200 0,5,10 Protected II 215 (5/5) 13 (+ 8)

51200 0,5,10 Unprotected II 1372 (3/3) 13 (+ 8)

51200 0,5,10 Protected III 813 (5/5) 17 (+ 7)

51200 0,5,10 Unprotected III 545 (3/3) 18 (+ 8)

Fig. 1 Submicroscopic infected red blood cells (iRBC) are detectable during the vaccination period. a The kinetics of the parasites
detectable by RT-qPCR in the peripheral blood during the vaccination period using PfSPZ–CVac is shown. The left panels represent the
parasitemia during the 28-day regimen and the right panel represents the 10-day regimen. Individuals being protected against the
subsequent CHMI are shown in blue, unprotected are shown in red. Gray vertical bars represent the expected 7–9-day prepatent period after
direct venous inoculation (DVI). Arrows indicate the time points when participants received chloroquine (CQ) tablets.b Proportion of slide
positivity after CHMI is depicted using a Kaplan–Meier plot.
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and IFN-� monofunctional TEM was only signi� cantly elevated in
the 10-day regimen (Fig.3c).

Polyfunctional central memory cells (TCM, CD40L+ TNF-� + IFN-�
+ CD45RO+ CD197+ /CD4+ ) were similarly elevated in both the
10-day and the 28-day regimen after immunization as compared

with the respective placebo controls (Fig.3a). Only in the 28-day
regimen, TNF-� monofunctional TCM was signi� cantly elevated, all
other estimated monofunctional TCM populations were elevated
compared with the placebo control, although not statistically
signi� cant (Fig.3b, c).

Fig. 2 Ex vivo level of iRBC-speci� c polyfunctional memory and naive helper T cells (Th1). PBMCs were stimulated with iRBCs. Frequency of
(a) memory Th1 cells (CD40L+ CD4+ TNF-� + IFN-� + CD45RO+ ) and (b) naive Th1 cells (CD40L+ CD4+ TNF-� + IFN-� + CD45RO–) were quanti� ed
by � ow cytometry. Black � lled squares represent the frequency of Th1 iRBC speci� c for two participants who did not develop detectable
parasitemia after receiving the� rst immunization dose. Kruskal–Wallis test was used to assess the difference in the frequency of stimulated T
cell population during the vaccination period. Statistical signi� cance was considered whenp < 0.05.

Fig. 3 Pf-iRBC-speci� c activated mono- (TNF-� + or IFN-� + ) and polyfunctional (TNF- � + and IFN-� + ) effector memory and central
memory CD4+ T cells one day before CHMI. iRBC-speci� c cell frequencies obtained following ARTE are shown, comparing the in� uence of
each regimen in the acquisition of circulating effector (TEM) or central (TCM) memory cells. (a) Polyfunctional T cells, (b) TNF-� + IFN-� –
monofunctional T cells, and (c) TNF-� – IFN-� + monofunctional T cells. Squares: 28-day regimen vaccinees; Triangles: 10-day regimen
vaccinees; open circles: placebo. Red: no protection after CHMI; blue: protection after CHMI. Bar plots represent median and error bars show
the interquartile range (IQR). The nonparametric Kruskal–Wallis with Dunn’s test is performed to analyze the differences between PfSPZ
vaccinees (28-day, open squares and 10-day regimen, open triangles) and the nonimmunized volunteers (placebo, Pcbo). Differences between
groups are considered statistically signi� cant (bold) if p < 0.05.
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ELISA shows similar IgG kinetics against the P. falciparum
circumsporozoite protein (CSP)
IgG and IgM antibodies speci� c for the main surface protein of
PfSPZ, CSP, were investigated in all volunteers by ELISA on each
vaccination day, 14 days after the� nal boost and one day before
CHMI. Both, CSP-speci� c IgG and IgM were negative at baseline in
all participants. Participants following the 28-day regimen reached
peak levels about 4 weeks after receiving the� rst vaccination
(II14), and remained at similar levels until C-1 (Fig.4a). This was
unexpected since the third vaccination was expected to further
increase the anti-CSP antibody levels. In the 10-day regimen
group, the CSP-speci� c antibodies were not detectable before the
last immunization on day 10, in 7 out of 8 individuals. In one
individual, CSP-speci� c IgG could be detected just before the third
immunization. In this group, antibody levels peaked by day 24
after the � rst vaccination (Fig.4b). In parallel, the CSP-speci� c IgM
response peaked after receiving the second or the third
immunization dose following the 28- or 10-day regimen,
respectively (Fig.4). The IgM relative area under the curve was
on average higher than the IgG response by II14 (28-day regimen,
Fig. 4a) or III14 (10-day regimen, Fig.4b), but declined between
III14 and C-1. By contrast, the IgG levels remained at similar levels
from III until C-1. Furthermore, differences between protected and
unprotected vaccinees were not statistically signi� cant at C-1 for
any of the explored antibody isotypes. However, the anti-CSP IgG
level was higher in protected (median relative area under the
curve (rAUC)= 0.45) than in unprotected volunteers (median
rAUC= 0.2) (Student’s t-test, two-sided,p = 0.073).

Protein microarray
The overall IgG antibody response against Pf was estimated by
protein microarray in PfSPZ-exposed vaccinees (n = 9, 28-day
regimen and n = 8, 10-day regimen), as well as in the placebo
controls (n = 5) one day before CHMI (Fig.5). The array comprises
262 Pf protein fragments representing 228 unique proteins as
described before18.

IgG antibodies recognizing pre-erythrocytic malaria proteins
such as the liver-stage antigen 1 (LSA1) and the liver-speci� c
protein 2 (LISP2) were strongly induced in PfSPZ–CVac vaccinees.
In addition, antigens associated with late liver stage and blood
stage, like MSA180 and MSP10, were signi� cantly elevated in the
vaccinated group (Fig. 5a). Interestingly, the only antigen
associated with protection in this study is MSP5, and antibodies
speci� c for the liver-stage antigen LISP2 are even more elevated in
the unprotected individuals (Fig.5b).

Strikingly, when both vaccination regimens were compared, the
parasite antigen-speci� c IgG antibody levels following the 10-day
regimen were signi� cantly higher than in the 28-day regimen (Fig.
5c). These antibodies were speci� c to several late liver-stage/early
blood-stage antigens (PHISTb; Pf helical interspersed subtelomeric
b, ApiAP2; Pf Apicomplexa plant-like transcription factor proteins,
and MSP10; Pf merozoite surface protein 10).

DISCUSSION
Exposure to whole pre-erythrocytic-stage parasites has been one of
the � rst successful vaccination approaches to malaria and at the
moment seems still to be the most ef� cacious method to

Fig. 4 IgM and IgG ELISA titers against the malaria circumsporozoite protein (CSP). Analysis of IgM and IgG relative area under the curve
(rAUC) against the CSP protein is represented for each vaccine regimen assessed. Sera were collected to perform ELISA (28-day= I-3, I14, II14,
III14, and III69. 10-day= I-3, I5, II5, III14, and III69). B1B2 participants following 28-day regimen (a) and volunteers in B3 following the 10-day
regimen (b). Blue lines describe IgM or IgG anti-CSP when vaccinees resulted protected after CHMI. Red lines by contrast, represent
unprotected vaccinees and black dashed lines those who received placebo control (Pcbo). Vertical dotted lines indicate immunization days (0,
14, and 28 at 14-D interval and 0, 5, and 10 at 5-D interval). Arrows indicate the antibody levels against the CSP protein one day before
challenge (C-1). Bottom tables summarize rAUC titers against CSP protein for each regimen, immunoglobulin isotype, status obtained after
PfSPZ challenge (CHMI), and day of the study. (*) rAUC median per subgroup and immunoglobulin isotype backward slash separated (IgM
(left)/IgG (right)).
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immunize against malaria in vertebrate hosts19. Seminal studies on
human hosts receiving x-irradiated sporozoites by mosquito bite
performed in the 1970s, showed that vaccination with attenuated
sporozoites is safe and generates high antibody titers against the
main surface protein of the sporozoite, the CSP protein4. Since
then, the concept was reproduced with different modes of
attenuation20,21 but it was only about twenty years ago that it
was turned into an approach to develop a vaccine rather than
being a proof-of-concept to develop other, mostly recombinant
vaccines. The technical challenges of manufacturing and preser-
ving billions of pharmaceutical-grade sporozoites for human use
were overcome by the company Sanaria Inc.22 and clinical
development was led by an international effort, including
institutions from America, Europe, Asia, and Africa. In this
framework, clinical trials have used whole sporozoites that were
physically (PfSPZ Vaccine)23–27, chemically (PfSPZ–CVac)10,18,28,29 or
genetically (PfSPZ–GAP1)30 attenuated in both malaria-naive and
lifelong malaria-exposed human subjects.

The method and timepoint of attenuation of the parasites is
important for achieving successful immunization, with killed
sporozoites being not protective31 and strategies that allow full
parasite development in the liver being the most effective32. One
elegant way of achieving such late attenuation is the use of
chemoprophylaxis based on a drug that kills asexual blood-stage
but not liver-stage parasites. Proof-of-concept in mice33 and
humans34 showed that this approach is highly effective.

Previously, we have translated this approach into a highly
ef� cacious vaccine candidate using cryopreserved PfSPZ10. As the
current immunization schedule is complex and therefore dif� cult
to implement as a vaccine to be used in endemic regions and for
travelers, we aimed at shortening and simplifying the regimen
using CHMI as a measure of vaccine ef� cacy.

Healthy, malaria-naïve European young adults immunized with
two regimen of three inocculations with fully infectious Pf
sporozoites under chloroquine prophylaxis (PfSPZ–CVac) showing
similar VE levels (28-day, 67% and 10-day regimen, 63%)10. Both
regimens were safe and well tolerated in line with the previous 56-
day regimen10 using the same PfSPZ dose. Recently, the 10-day

regimen was assessed in US subjects and showed high VE (75%)
using double number of PfSPZ per dose35. However, both 10-day
regimens followed the same pattern regarding number and grade
of AEs reporting more AEs after receiving the� rst vaccination shot
at the time of peaking parasitemia. A subsequent trial conducted
in Tübingen, allowed us to study a PfSPZ–CVac regimen partially
inspired by the 10-day regimen with three immunizations of 1.1 ×
105 PfSPZ given at days 1, 6, and 29 under similar chloroquine
dosage. Of interest, we achieved a high degree of heterologous
protection (77% VE) challenging the vaccinees immunized using
parasite strain PfSPZ NF54 of African origin with the genetically
distant Pf 7G8 strain, which was isolated in South America18.

Volunteers receiving 5.12 × 104 PfSPZ per dose developed
adverse events related to the blood and lymphatic-system,
including thrombocytopenia, lymphopenia, or leukopenia. General
symptoms such as chills or fatigue were present in ~80% of all
subjects. Mild nervous-system disorders such as dizziness or
headache were similarly frequent. The use of twice the amount of
PfSPZ per dose given at days 1, 6, and 29 further increased the
likelihood of dizziness and headache18. In addition, the present
study found an increase in both alanine and aspartate amino-
transferase liver enzymes, which is consistent with the study
published by Murphy et al.35 but not consistent with the study
using the 56-day regimen10.

One participant allocated to chloroquine in the 28-day regimen
became thick blood-smear positive following the� rst vaccination.
At this time, he had no malaria symptoms but became
symptomatic during treatment (Supplementary Fig. 2b). It is most
likely that he did not swallow the chloroquine tablets as post hoc-
measured plasma levels detected only traces of the drug (in
agreement with a short exposure while keeping the tablets in the
mouth). This shows that despite observed intake, parasite
attenuation with an orally given drug has nonnegligible risks,
which could lead to severe consequences when such an approach
is used outside a tightly controlled clinical trial. Coformulation
with PfSPZ or, at least, parenteral administration of the drug,
would circumvent this problem. Chloroquine could have been
given by intramuscular injection, but is not well tolerated and

Fig. 5 Screening of elicited humoral immune response using protein microarrays. Sera from all volunteers collected one day before CHMI
(C-1) were assessed on protein microarrays containing 262 Pf proteins representing 228 unique antigens. Analysis was performed on C-1 data
after subtraction of the individual background reactivity. Volcano plots represent the protein microarray data analyzed by the groups of the
(a) antigen reactivity in vaccinated donors against placebo controls (immunogenicity), (b) reactivity of protected individuals against
unprotected individuals, and (c) reactivity in the 28-day regimen vs. the 10-day regimen. Differentially recognized antigens (p-value <0.05 and
fold change >2) are depicted in red. P- values are estimated using the two-sided Welch-corrected Student’s t-test.

J. Ibanez et al.

6

npj Vaccines (2022)    59 Published in partnership with the Sealy Institute for Vaccine Sciences27



would require large volumes36. Intravenous injection is life-
threatening, particularly when given as a bolus37.

The exploratory use of azithromycin in one of the two 28-day
groups was done to assess if it can be used as an alternative to
chloroquine but with a better adverse-event pro� le because the
asexual blood stage could be omitted16 and its general good
safety pro� le. Unfortunately, all participants developed asexual
blood-stage parasitemia, albeit at lower levels (Supplementary Fig.
8). Thus, chemoprophylaxis in the two 28-day regimen groups (B1
and B2) was based on chloroquine alone, as per-protocol10.
Nevertheless, the effect of azithromycin on parasitemia permits to
hypothesize that a higher dose given either over a longer period
or later during liver stage, could prevent blood-stage parasitemia.
In a similar fashion, the use of pyrimethamine has recently shown
that full protection is possible when the drug is given late during
liver stage, preventing the asexual blood-stage development38.

In agreement with other PfSPZ–CVac studies involving malaria-
naive PfSPZ vaccinees10,18,34,35, parasite-speci� c activated Th1
memory cells were equally expanded at C-1, irrespective of the
regimen adopted, although the time between the third immuni-
zation and C-1 was key for the 10-day regimen vaccinees to catch
up similar frequencies. Furthermore, we could associate the
condensed regimen of 10 days with an elevated frequency of
parasite-speci� c pro-in� ammatory TEM cells, even though TEM
cell number was not associated with protection against CHMI
(Fig.3).

Analysis of the IgM and IgG titers against the CSP protein,
showed similar antibody anti-CSP pro� les for both protected and
unprotected participants, regardless of the vaccine regimen
during the immunization phase (Fig.4). Similarly, a higher number
of PfSPZ per dose assessed in malaria-naive subjects following
both the 56-day regimen10,21 and a shorter 10-day regimen35 did
not change the pattern. Moreover, not only the dose, but also the
use of pyrimethamine as PfSPZ–CVac partner drug instead of CQ
has lately demonstrated a similar pattern38. The fact that in a 56-
day regimen with lower PfSPZ number per dose (1.28 × 104), there
was no difference between protected (n = 6) and unprotected (n
= 3)10 individuals, but in a study using higher dose of PfSPZ per
dose (1.1 × 105), a signi� cant difference could be detected18,
which may suggest a threshold for the anti-CSP IgG level that
correlates with protection.

Furthermore, the antibody-response analysis performed after
vaccination but before challenge (C-1) showed to be stronger
following the regimen of 10 days compared with the 28 days (Fig.
5c). Consistent with the previous 56-day regimen performed in
Tübingen using 5.12 × 104 PfSPZ10, or the 28-day regimen (with
immunizations at days 0, 5, and 28) using 1.1 × 105 PfSPZ18 per
dose, the antibody pro� le revealed an increased IgG reactivity
against liver-stage markers such as LSA1 and LISP2 in all
PfSPZ–CVac vaccinees (Fig.5a). Moreover, vaccinees following
the 10-day regimen showed 4–6 times higher IgG-reaction
intensity towards Pf proteins associated with the liver-to-blood
interface such as PHISTb, ApiAP2, or MSP10 than the 28-day
regimen (Fig.5c). This strong difference is surprising, but might be
explained by the extended exposure of the immune system to
liver-stage parasites of approximately 16 consecutive days,
whereas the exposure to liver-stage parasites in the 28-day
regimen is approximately 3 times 6.5 days with intermittent
periods of blood-stage parasites, and a few days without any
exposure to the parasite (Supplementary Fig. 9). Interestingly, the
results presented here also show that MSP5 is strongly associated
with protection after homologous PfSPZ Challenge. This protein is
expressed in sporozoites, late liver stage, as well as the blood
stage, and has been found to be immunogenic10. Likewise, it has
been shown to be highly immunogenic in other vaccine trials
using PfSPZ Vaccine before (Tumbo et al., in preparation). In
agreement with it, the 28-day regimen (with vaccination at days 0,
5, and 28) using a higher number of PfSPZ per dose also revealed

that protection against PfSPZ Challenge is strongly associated with
another protein anchored in the merozoite surface protein 2
(MSP2). In the same way, MSP2 is associated with later stages of Pf
infection in the liver39. Thereby, it is reasonable to believe that
generating protective antibodies against two immunogenic
antigens covering both initial and later phases of the pre-
erythrocytic malaria such as CSP and MSP5, should offer a superior
degree of protection against Pf.

Despite the interesting� ndings, the present work has some
limitations affecting the extent of their conclusions. The sample
size of the study is small. While this allows determination of
clinically signi� cant VE, it is dif� cult to determine immune
parameters responsible for protection. Further studies should
investigate, in addition to other parasite-speci� c CD4+ T cell
subtypes, the contribution of the innate cell types (e.g., NK, NKT,
and � 9� 2-T cells) to control parasite growth. In addition, immune
response to whole sporozoites or to speci� c highly relevant
antigens such as CSP might have revealed the role of single
antigens in the overall immune response. Overlapping peptides
might have been used to investigate speci� c CD4+ and CD8+ T
cell response. For the future vaccine development, it also will be
indispensable to extend the follow-up period to investigate the
durability of protection.

In summary, study evidence shown here in addition to the
� ndings by Murphy et al.35 highlights that it is safe to compress
the PfSPZ–CVac regimen to ten days maintaining yet a high VE,
which might be even further improved by increasing the number
of PfSPZ number per dose.

METHODS
TÜCHMI-002 Stage-B study design
This single-center, randomized, placebo-controlled, double-blinded phase-
I/-II study was conducted from April 2015 to December 2015 at the
Institute of Tropical Medicine in Tübingen, Germany. The PfSPZ formula-
tion team was unblinded and thus was not involved in clinical or
diagnostic activities.

Approval was obtained from the Ethics Committee of the Eberhard Karls
University and University Clinics (EudraCT number 2013-003900-38,
National Clinical Trial number (NCT): NCT02115516). The study was
performed in accordance with Good Clinical Practice/International Con-
ference on Harmonization guidelines. The sample size was calculated using
the function nBinomial of the R package gsDesign40 which estimates the
sample size required to detect a difference between two rates. According
to study protocol, treatment allocation was random and blinded with a
ratio of 2:1 (PfSPZ: placebo). A dedicated member of the formulation team,
who was not involved in volunteer management or diagnostic activities,
was responsible for keeping the randomization envelopes and dosing
schedule, while a third party outside the study team and sponsor,
generated and distributed the randomization list.

The primary ef� cacy endpoint was assigned to the proportion of
volunteers parasitemic within 21 days after CHMI, while the secondary
ef� cacy endpoint considered the time to detect parasitemia (prepatent
period). The primary safety endpoint was set as the occurrence of related
Grade-3 adverse events (AEs) from the� rst chemoprophylactic dose
uptake (I-2) and PfSPZ challenge administration (I) until the end of the
study. The secondary safety point focused on the appearance of any
related AE from the time of the� rst administration of an immunizing
regimen (PfSPZ–CVac) until the end of the study.

We recruited healthy, nonpregnant, malaria-naive volunteers aged
between 18 and 45 years using the university email list.

Since the study was performed ambulatory, special safety precautions
were applied to minimize risks of Pf malaria. To check the volunteers’
understanding of the trial, after providing informed consent, participants
had to correctly � ll out a questionnaire of ten questions about risks and
obligations. If they failed their� rst attempt, volunteers had the opportunity
to discuss the study and retry once. A second failed test led to study
exclusion. Moreover, volunteers had to provide full contact details and
name two contact persons, of which at least one had to live nearby and
know about the participants’ whereabouts during the trial.
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Out of the 46 volunteers screened, 21 were not eligible and 25 were
enrolled and randomized to receive either 5.12 × 104 PfSPZ Challenge of
the NF54 strain or placebo (Supplementary Fig. 1).

Early conceptual design counted with three study groups, including two
placebo controls each and randomization, was as follows: 5:2 participants
for Group B1 (5.12 × 104 PfSPZ: placebo), 5:2 participants for Group B2
(5.12 × 104 PfSPZ NF54: placebo), and 9:2 participants for Group B3 (5.12 ×
104 PfSPZ NF54: placebo).

In Group B1, participants received 51,200 PfSPZ NF54 two weeks apart,
using a chemoprophylactic regimen with CQ (10 mg/kg CQ base-loading
dose, followed by weekly dosing with 5 mg/kg CQ base) for 6 doses.

Volunteers of Group B2 received the same PfSPZ dose two weeks apart
and CQ chemoprophylaxis, but 2 g of extended–released azithromycin (ER-
AZ) upon the� rst PfSPZ Challenge inoculation was also administered.

Volunteers of Group B3 received the most condensed immunization
regimen with simultaneous administration of CQ and PfSPZ on days 0, 5,
and 10 followed by an additional CQ dose on day 15.

Ten weeks after the last immunization, a challenge via CHMI was
performed in all groups and individuals. CHMI was done by DVI of 3200
PfSPZ of the NF54 strain. Active follow-up of the participants was
conducted 140 days after CHMI.

TÜCHMI-002 Stage-B study-design modi� cations
Twenty-two healthy malaria-naive young adult volunteers out of 46
assessed for eligibility were chosen following a randomized double-
blinded placebo-controlled immunization trial to explore and compare
immunogenicity. In brief, volunteers were randomly distributed into two
exploratory groups. The� rst one was the result of fusing previous B1 with
B2 groups after azithromycin failure con� rmed by qPCR data after the� rst
PfSPZ DVI (I). Therefore, subjects receiving thereafter remaining two
immunizations (II and III) fourteen days apart, remained as the 28-day
regimen group (n = 14). There, 9/12 participants received PfSPZ Challenge
under chloroquine (PfSPZ–CVac), while 3/12 were administered with
placebo (NaCl 0.9%). The original B3 group remained as 10-day regimen
group (n = 11, 9/11 receiving PfSPZ–CVac and 2/11 receiving placebo).

Safety assessment
Safety was assessed through capture of adverse events (AE) (Supplemen-
tary Tables 2 and 3). The allocation ratio of 2:1 between immunized and
placebo-treated volunteers was used to maximize the amount of safety/
tolerability data related to PfSPZ Challenge with chemoprophylaxis. AE
(and as part of these adverse reactions [AR]) was graded according to a
prede� ned scale, whereas a study physician did the grading of unexpected
AEs. Clinical AEs were elicited by spontaneous reporting and a de� ned set
of open questions to improve discriminative capacity. Laboratory
abnormalities were reported as AE when outside the reference range.
The clinical team judged small deviations from the reference range as“non
clinically signi� cant”. Nevertheless, from day three after the“� rst
immunization” (I-3) on, all laboratory abnormalities were regarded as AE.
Laboratory-safety analyses were done before inoculation of the vaccine or
administration of the loading dose (I-3, II-3, and III-3), one day before CHMI
(C-1), on the day of the� rst parasitemia after CHMI for those who get
positive, twenty-eight days after challenge (C28), and at any time the
clinical team decided that a laboratory analysis was required. Due to the
condensed immunization schedule of Group B3, the second and third
laboratory-safety analyses were done on the day of PfSPZ Challenge
inoculation.

PfSPZ Challenge product
Cryopreserved NF54 PfSPZ was produced by Sanaria Inc. (Rockville, US).
The parasites were isolated from infected mosquitoes bred under sterile
conditions. Sporozoites were stored and transported in liquid nitrogen
vapor phase at� 140 to � 196 °C. Formulation and reconstitution were
made in Tübingen on the day of infection. Volunteers were inoculated
within 20 min after thawing of PfSPZ.

Parasitemia monitoring
qPCR and thick blood smears (TBS) were performed daily from 6 to 21 days
after DVI according to the methods published elsewhere10. TBS were
reviewed once daily by at least two delegated and trained members of the
study team. Positivity was accepted in the case of concordant results.

Antimalarial treatment (atovaquone/proguanil or artemether lumefantrin)
was initiated in the case of TBS positivity.

Sample collection
From all volunteers, heparinized whole blood was collected three days
before the � rst immunization (I-3), before the second and the third
immunizations (II and III), 5 days after the third immunization (III5), and one
day before challenge (C-1). Sera were collected at days I-3, II, III, III14, and
C-1 from all participants.

Statistical analysis
Ef� cacy analyses were performed on the per-protocol (PP) population.
Primary ef� cacy was calculated using the unconditional exact Boschloo
test, vaccine ef� cacy was expressed as (1 minus relative risk) x100%.
Survival analysis was performed by using the log-rank test and plotted
with inverse Kaplan–Meier curves. Malaria positivity was accepted when
qPCR detected� 100 parasites per milliliter of blood. Ap-value < 0.05
deemed to indicate statistical signi� cance. Statistical analyses were
performed under R version 3.1.2.1 with exact2x2 and rms packages. All
statistical tests were performed two-sided.

Antigen-reactive T cell enrichment (ARTE)
Peripheral blood mononuclear cells (PBMCs) were obtained by� coll-paque
plus density gradient centrifugation (GE Healthcare Life Science, ref# 17-
1440) from the heparinized whole blood. All assays were performed using
fresh PBMC samples.

In brief, PBMCs from each participant were placed in RPMI 1640 medium
(Sigma-Aldrich), supplemented with 5% (v/v) AB serum (Lonza) and 2 mM
L-glutamine (PAA Laboratories) for 18 h at 37 °C at 5% CO2. Hence, in order
to enrich the Ag-speci� c T cells, plate wells containing 1 × 107 PBMCs were
stimulated for 5 h with the following stimulants: (a) negative control; 500� l
of thawed uninfected red blood cells (RBC) from a culture collection
aliquoted and stored at� 80 °C, (b) 500� l of a thawed aliquot containing
infected red blood cells (iRBCs, Pf3D7 laboratory strain; 90% schizonts by
microscopy), and (c) 5 µg/ml of Staphylococcus endotoxin B (SEB, Sigma-
Aldrich; ref# S4881) as a positive control. All samples reached a� nal
volume of 1500� l/well.

In addition to the stimulants cited above, all samples were incubated in
the presence of 1 µg/ml anti-CD40 (#Cat 130-094-133) and 1 µg/ml anti-
CD28 (#Cat 130-093-375) functional-grade pure antibody (Ab) (both
Miltenyi Biotec).

Brefeldin A (Sigma, #Cat B7151) was employed at 1 µg/ml for 2 h to stop
cytokine release. As a negative control, nonautologous uninfected RBCs
(uRBCs, type O+ ) obtained from the blood- donation center (Zentrum für
Klinische Transfusionmedizin Tübingen gemeinnützige GmbH) were used
for each participant.

After incubation, a small fraction of 30 µl from the original sample (ORI)
was taken to assess the original phenotyping before magnetic separation
by direct staining with 65� l of the original fraction staining mix. The
leftover sample was centrifuged at 300 ×g for 5 min. The pelleted cells
were labeled with 10� l of anti-CD40L-Biotin (Miltenyi Biotec, #Cat 130-092-
658) for 10 min at 4 °C. Samples were subsequently labeled using the Anti-
Biotin MicroBeads (#Cat 130-090-485) and washed two times with PEB
buffer (1xPBS, 2 mM EDTA, and 0.5% BSA) before being loaded into the
magnetic columns to perform the anti-biotin magnetic sorting separation
(MACS) (Miltenyi Biotec, #Cat 130-042-201).

Once the columns had retained the coated cells, 60� l of the staining
mix for the surface staining was added to each column. Following, 1xPBS
(Gibco, Life Technologies) was used two times before eluting the sample
with 500� l of PEB. The eluted cells were collected in 1.5-ml tubes
(Eppendorf) to be� xed with 200� l of Fixable Live/Dead (Inside stain kit,
Miltenyi Biotec, 1:100).

A second round of magnetic separation was performed over the� xed
suspension using a new set of columns. Previously, a rising step with 500� l
of PEB was done to prepare the new columns.

Once the � xed positive fraction was retained again, the columns were
washed out with 500� l of PEB before adding 200� l of Inside Perm buffer
(Inside stain kit, Miltenyi Biotec, #Cat 130-090-477) into the column. Then,
60� l of the intracellular staining cocktail was added to every column. After
15 min of incubation at room temperature, the columns were washed out
with 200� l of Inside Perm buffer. Eluted cells with 1000� l of PEB buffer
were collected into 1.5 ml of Eppendorf tubes to be centrifuged at 300 g
for 5 min. The pellet was resuspended in 200� l of PEB buffer to� ow
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cytometry analysis. If not mentioned otherwise, the monoclonal antibodies
were purchased from Miltenyi Biotech.

Original (ORI) staining. About 5� l of the following monoclonal antibodies
plus 35� l of PEB were used per sample. Monoclonal antibodies: anti-CD8-
PerCP (#Cat 130-008-057, 1:13), anti-CD14-PerCP (#Cat 130-098-072, 1:13),
anti-CD20-PerCP (#Cat 130-098-097, 1:13), anti-CD4-VioBlue (#Cat 130-099-
683, 1:13), anti-CD45RO-PE-Vio 770 (#Cat 130-099-692, 1:13), and anti-
CCR7-FITC (UCHL-1, Becton Dickinson Biosciences, 1:13).

Positive-selection (PS) staining. About 6� l of the following monoclonal
antibodies plus 20� l of 1xPBS were used per sample to stain the surface of
the CD40L+ � T cells: anti-CD8-VioGreen (#Cat 130-096-902, 1:10), anti-CD14-
VioGreen (#Cat 130-096-875, 1:10), anti-CD20-VioGreen (#Cat 130-096-094,
1:10), anti-CD4-APC-Vio770 (#Cat 130-100-457, 1:10), anti-CD45RO-FITC (#Cat
130-095-462, 1:10), and anti-CCR7-PE (#Cat 130-099-361, 1:10). Permeabilized
samples were stained with 6� l of anti-CD40L-VioBlue (#Cat 130-096-217,
1:10), in combination with markers for the following cytokines: anti-TNF-� -PE-
Vio 770 (6� l) (#Cat 130-096-755, 1:10), and anti-IFN-� -PerCP 5.5 (0.6� l)
(Biolegend, #Cat 502526, 1:100)

T cell monitoring data analysis
After PBMC isolation (step 0), 107 cells were placed in three separate wells.
Each well was stimulated with the uninfected red blood cells (uRBC), the
Pf-infected red blood cells (iRBCs, 90% Schizont), or the Staphylococcal
enterotoxin B (SEB) at each timepoint. In step 1, 30� l of each stimulated
sample (original sample, ORI) is used to calculate the number of CD4+
T cells stimulated with uRBCs, iRBCs, or SEB (Supplementary Fig. 5). The
remaining sample of each well is magnetically isolated to enrich the CD40L
+ population stimulated with uRBC, iRBC, or SEB (step 2). The resulting
positive samples (PS) are analyzed by� ow cytometry for the intracellular
staining of TNF-� and IFN-� . Moreover, each subpopulation of mono- or
polyfunctional T cells was classi� ed into effector memory T cells (TEM),
central memory T cells (TCM), and naive T cells (TN) using the antibodies
anti-CD45RO and anti-CCR7 (Supplementary Figs. 3 and 4).

In step 3, the net percentage of iRBC-speci� c CD40L+ CD4+ T cells is
calculated according to the formula (Equation 1, Supplementary Fig. 6).

Equation 1: Calculation of net percentage of iRBC-speci� c CD40L+ CD4+
T cells using the ARTE

net fraction iRBC specific TEM¼
iRBC stimulated TEM events� uRBC stimulated TEM events

fraction of iRBC stimulated Th cells´ 107 Total stimulated PBMCs
´ 100%

Cells were measured using the BD FACS Canto II. FlowJo V10 was used to
analyze � ow cytometry data. Both statistical analysis and� gures were
generated using GraphPad Prism 8.1.2 (GraphPad Software, San Diego, CA)
and FACSDiva software (BD Biosciences).

ELISA
IgM and IgG antibodies directed against recombinant PfCSP were
measured via ELISA, as described previously41 although including some
modi� cations.

High-binding 96-well plates (Corning Costar 96-Well EIA/RIA Plates) were
coated overnight at 4 °C with 20 ng/well of PfCSP diluted in 100 µl/well of
0.1 M sodium bicarbonate buffer (pH 9.6). Plates were washed three times
using 0.1% Tween 20 in 1 X PBS buffer and blocked with 200 µl/well of
blocking buffer containing 5% bovine serum albumin, 0.1% Tween 20, and
0.5 mM EDTA in 1 X PBS buffer. Following 3 h of incubation at room
temperature on an orbital shaker, the plates were washed three times.
Samples were added as unique in twofold serial dilutions of plasma in
100 µl/well of blocking buffer covering a dilution range from 1:400 down
to 1:51,200.

On every plate, positive- and negative-control sera were included and
equally diluted. Plasma of a naive European donor served as negative
control. Pooled plasma derived from vaccinees of a different PfSPZ
immunization study (MAVACHE day III14, veri� cation phase, NCT02704533)
was used as positive control.

Plates were incubated for 1 h at room temperature on the shaker before
being washed three times. Secondary antibodies (Peroxidase-conjugated
Af� niPure Goat anti-human IgG Fc fragment, Jackson ImmunoResearch)
were added in a concentration of 0.088 µg/ml in 100 µl/well of blocking
buffer and plates were incubated for 1 h at room temperature on the
shaker. Following three washes, 100 µl/well of TMB peroxidase substrate
was added and plates were incubated for approximately 10 min in the
dark. The reaction was stopped by adding 50 µl/well of 1 M hydrochloric

acid. Optical densities (OD) were determined in the CLARIOstar microplate
reader (BMG LABTECH) at 450 nm and 620 nm.

ELISA data analysis
Data analysis was done in R version 3.6.2 using the packages“drc” (Ritz,
Baty et al., 2015),“DescTools” (Signorell et al., 2018),“tidyr” (Wickham,
Lionel, 2018), and“ggplot2” (Wickham, 2016). Signals were corrected for
their backgrounds by subtracting the ODs measured at 620 nm from the
ODs measured at 450 nm. For every control and sample, a four-parameter
logistic curve was� tted using the common logarithm of the dilution factor
(400–5.12 × 104) as x- and the measured ODs as y-values. The area under
the curve (AUC) was calculated and related to the AUC of positive and
negative control on the corresponding plate that were set to 1.0 or 0.0,
respectively (Equation 2).

Equation 2: Calculation of relative relative area under the curve (AUC) for
measurement of ELISA

AUCrelativeðrAUCÞ ¼
AUCtest sample� AUCnegative control

AUCpositive control � AUCnegative control

Microarray assay
Protein microarrays to assess antibody reactivity against Pf antigens have
been performed according to optimized procedures42–44. Microarrays were
produced as described previously at the University of California Irvine,
Irvine, California, USA45. In total, 251 Pf proteins were expressed using an
Escherichia colilysate in vitro expression system and spotted on a 16-pad
ONCYTE AVID slide, representing 212 important Pf antigens. All antigens
spotted on the array have been published before18. Secondary antibodies
(goat anti-human IgG Qdot®800) were obtained from Grace Bio-Labs Inc.
(Bend, OR).

Plasma was withdrawn from all study participants one day before
challenge (C-1) by phlebotomy and stored at� 80 °C. Plasma samples were
diluted 1:100 in 0.05X Super G Blocking Buffer (Grace Bio-Labs Inc.)
containing 10%E. colilysate (GenScript, Piscataway, NJ) and incubated for
30 min on a shaker at room temperature (RT). Meanwhile, microarray slides
were rehydrated using 0.05X Super G Blocking buffer at RT. Subsequently,
rehydration buffer was removed, and samples added onto the slides.
Samples were incubated for 2 h at RT on a shaker (180 rpm). Afterward,
diluted plasma samples were removed, and microarrays washed using 1X
TBST buffer (Grace Bio-Labs, Inc.). Secondary antibodies were applied at a
dilution of 1:250 and incubated for 2 h. After a� nal washing step, slides
were dried by centrifugation at 500 g for 10 min. Slide images were taken
in a ArrayCAM® Imaging System using the ArrayCAM 400-S Microarray
Imager Software (Grace Bio-Labs Inc.).

Microarray data analysis
Microarray data were analyzed using the R statistical software package
version 3.6.2. All images were manually checked for any noise signal.
Image quality was very high, but rare blurry spots were removed from
further analysis. Spot signals were corrected for local background reactivity
by applying a normal–exponential convolution model46 using a saddle-
point approximation for initial parameter estimation47 (available in the
limma package48 v3.28.14). Data were then log2-transformed to approach
a normal distribution of spot signals. Interarray normalization reducing the
effect of sample-speci� c background reactivity to E. coli antigens
contained in the spots' matrix was performed by subtracting the median
signal intensity of mock expression spots on a particular array from the
actual spot signals measured on the same array. Differential recognition of
antibodies in the different study outcome-groups was analyzed by
Student’s t-test, and the respectivep-value and fold-change differences
of antibody-level means were given. Heatmaps, boxplots, and volcano
plots were generated using the gplots, ggplot, and PAA packages,
respectively.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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Cellular and�antibody response 
in�GMZ2-vaccinated Gabonese volunteers 
in�a�controlled human malaria infection trial
Odilon Nouatin1,2,3,4*†, Javier Ibáñez2,3†, Rolf Fendel1,2,3*†  , Ulysse A. Ngoa1, Freia-Raphaella Lorenz2, 
Jean-Claude Dejon-Agobé1,5, Jean Ronald Edoa1,2, Judith Flügge2,3, Sina Brückner2, Meral Esen1,2,3,16, 
Michael Theisen6,7,8, Stephen L. Ho�man9, Kabirou Moutairou4, Adrian J. F. Luty10,11, Bertrand Lell1,12, 
Peter G. Kremsner1,2,3, Ayola A. Adegnika1,2,3,13,14† and Benjamin Mordmüller1,2,3,15† 

Abstract  

Background: Antibody and cellular memory responses following vaccination are important measures of immuno-
genicity. These immune markers were quanti�ed in the framework of a vaccine trial investigating the malaria vaccine 
candidate GMZ2.

Methods: Fifty Gabonese adults were vaccinated with two formulations (aluminum Alhydrogel and CAF01) of GMZ2 
or a control vaccine (Verorab). Vaccine e�cacy was assessed using controlled human malaria infection (CHMI) by 
direct venous inoculation of 3200 live Plasmodium falciparum sporozoites (PfSPZ Challenge). GMZ2-stimulated T and 
speci�c B-cell responses were estimated by �ow cytometry before and after vaccination. Additionally, the antibody 
response against 212 P. falciparum antigens was estimated before CHMI by protein microarray.

Results: Frequencies of pro- and anti-in�ammatory  CD4�  T cells stimulated with the vaccine antigen GMZ2 as well as 
B cell pro�les did not change after vaccination. IL-10-producing  CD4�  T cells and  CD20�   IgG�  B cells were increased 
post-vaccination regardless of the intervention, thus could not be speci�cally attributed to any malaria vaccine regi-
men. In contrast, GMZ2-speci�c antibody response increased after the vaccination, but was not correlated to protec-
tion. Antibody responses to several P. falciparum blood and liver stage antigens (MSP1, MSP4, MSP8, PfEMP1, STARP) as 
well as the breadth of the malaria-speci�c antibody response were signi�cantly higher in protected study participants.

Conclusions: In lifelong malaria exposed adults, the main marker of protection against CHMI is a broad antibody 
pattern recognizing multiple stages of the plasmodial life cycle. Despite vaccination with GMZ2 using a novel formu-
lation, expansion of the GMZ2-stimulated T cells or the GMZ2-speci�c B cell response was limited, and the vaccine 
response could not be identi�ed as a marker of protection against malaria.
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Background
Malaria remains one of the leading causes of maternal 
and infant mortality in the world [1]. �e tools currently 
available for malaria control include vector control, 
chemoprophylaxis, prompt diagnosis and use of e�ec-
tive anti-malarial drugs [1]. In addition to existing tools, 
an e�ective malaria vaccine would be a game changer 
for elimination and eradication programmes [2]. Many 
malaria vaccine candidates have been tested, including 
GMZ2, a recombinant protein vaccine candidate that tar-
gets the asexual blood stages of Plasmodium falciparum. 
GMZ2 comprises a combination of Glutamate-Rich Pro-
tein (GLURP) and Merozoite Surface Protein 3 (MSP3) 
expressed in Lactococcus lactis [3]. It has been tested in 
several studies and has proven to be immunogenic in 
terms of vaccine-speci�c IgG production and speci�c 
memory B cell generation when using aluminum hydrox-
ide as adjuvant [4–6]. A multicentre Phase II randomized, 
controlled trial in malaria endemic regions showed sig-
ni�cant but low e�cacy of the GMZ2-Alhydrogel for -
mulation, ranging from 3.6 to 23% [7]. �e latter result 
raised the question of whether the choice of Alhydrogel 
as adjuvant is optimal. Particularly, inducing pro-in�am-
matory T cell-mediated responses could be advanta-
geous. �e cationic adjuvant formulation (CAF01) is an 
adjuvant that has already been used in clinical trials� to 
induce  CD8�  cytotoxic T lymphocytes against HIV-1 
(human immunode�ciency virus-1) peptides [8], and to 
promote long-lived�Mycobacterium tuberculosis-speci�c 
 CD4�  T-cell responses [9].

Cytokine producing  CD4�  T cells have been shown to 
play an important role in protection against P. falcipa-
rum infection following immunization with the malaria 
vaccine RTS, S [10–14]. Moreover, polyfunctional T cells 
have been associated with higher protective e�cacy after 
vaccination [15–18]. �us, CAF01 was chosen as a novel 
adjuvant partner for GMZ2. One of the goals of using 
CAF01 as an adjuvant for the GMZ2 vaccine candidate 
was also to enhance the memory response. Memory B 
cells (MBCs) produce antibodies of switched isotypes 
with higher a�nity [ 19], and their development and 
maintenance is modulated by P. falciparum infection [20, 
21].

In the current study, two regimens of GMZ2 (30� µg 
and 100� µg), adjuvanted with CAF01 and one regimen 
(100�µg) of GMZ2 adjuvanted with Alhydrogel were used 
to investigate in a randomized, controlled, double-blind, 

phase 1 clinical trial the safety, tolerability, immunogenic-
ity and vaccine e�cacy [22]. To estimate the protective 
e�cacy, the study population was challenged using viable 
cryopreserved P. falciparum sporozoites in a controlled 
human malaria infection (CHMI) by direct venous inocu-
lation (DVI). As reported previously, none of the vaccina-
tion regimens could improve protection against malaria 
infection, and the elicited humoral immune response was 
not predictive for protection. Nevertheless, surprisingly, 
the level of antibody levels against the antigen GMZ2 
before the vaccination could predict protection against 
CHMI [ 22].

Here, the frequencies of cytokine-producing  CD4�  
T cells, the circulating GMZ2-speci�c B cells follow-
ing immunization, and the antibody response to a range 
of over 200 P. falciparum antigens were evaluated. �e 
potential of these biomarkers to predict protection 
against infection or clinical symptoms after CHMI was 
assessed.

Methods
Study design and�population
Assessment of intracellular cytokine producing  CD4�  T 
cells and B cell responses after vaccine antigen GMZ2 
stimulation was nested within a Phase 1 trial aiming to 
assess the safety, immunogenicity, and e�cacy of GMZ2 
adjuvanted with CAF01 in �fty Gabonese adults with 
lifelong exposure to malaria. As part of the inclusion cri-
teria, all participants were tested negative for hepatitis 
B virus (HBV), hepatitis C virus (HCV), human immu-
node�ciency viruses (HIV) as well as for malaria para-
sites at baseline. Detailed information concerning the 
study design is given elsewhere [22]. Standardized CHMI 
using the parasite strain P. falciparum NF54 was con-
ducted by direct venous inoculation of PfSPZ Challenge 
(Sanaria Inc.), as described previously [23–25]. Vaccine 
e�cacy was de�ned as protection from clinical symp-
toms of malaria or protection from a parasitaemia above 
1000 parasites per µl. Peripheral blood mononuclear 
cells (PBMC) were isolated from venous blood collected 
at inclusion (D0), and again 28�days after the third vac-
cination (D84) and were used for immunological assays. 
Plasma isolated from blood collected at C-1 (one day 
before the CHMI) was used to quantify the antibody titre 
against several P. falciparum antigens, and to measure 
the antibody breadth.

Trial registration PACTR; PACTR201503001038304; Registered 17 February 2015; https:// pactr. samrc. ac. za/ Trial Displ ay. 
aspx? Trial ID�  1038

Keywords: GMZ2, Cytokine, Memory B cells, P. falciparum, CHMI, Microarray
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Blood collection, PBMC isolation and�stimulation
�e di�erent steps of PBMC isolation after sample col-
lection, and of PBMC stimulation are described in detail 
elsewhere [26]. Brie�y, after counting, cells were sus-
pended in the culture medium and stimulated for 18� h 
with either the vaccine antigen (GMZ2, 4�µg/ml, Heno-
gen S.A. Belgium) or staphylococcal enterotoxin B (SEB, 
1� µg/ml, Sigma-Aldrich) as positive control. Unstimu-
lated cells as negative control were incubated in culture 
medium alone. �e culture was done in the presence of 
anti-CD28/CD49d antibodies (BD Biosciences). Two 
hours after PBMC stimulation, 1�µg/ml of Golgi Plug (BD 
Biosciences) was added. Each plate used for stimulation 
included PBMC isolated both on D0 and on D84 from 
the same participant. �e working conditions remained 
stable for all samples.

Intracellular cytokine staining (ICS)
Isolated PBMCs were stained �rst with Aqua live/dead 
(Life Technologies) and incubated at room temperature 
in the dark for 30� min. After washing, they were sus-
pended in 50� �l of �ltered Flow Cytometry Bu�er FCB 
(1X PBS (Gibco), 0.5% BSA (Sigma-Aldrich) 2�mM EDTA 
(�ermo Fischer Scienti�c)) and 50��l of Staining Bu�er 
(FCB 2% Beriglobin (CSL Behring)) and stained with 
anti CD3-PercP Cy5.5 (eBioscience), anti CD4-FITC, 
(BD Biosciences) followed by an incubation at 4� °C in 
the dark for 30� min. Anti-IL-10-PE, anti-IL-13-BV711, 
anti-IL-2-BV785, anti-IFN�-BV421, anti-TNF�-BV605 
and anti-IL4-PE CF594 (all Biolegend) intracellular stain-
ing was done according to manufacturer’s recommenda-
tions (BD Biosciences). Cell acquisition was performed 
using a� Spectral Cell Analyzer cytometer SP6800 (Sony 
Biotechnology) 15-color cytometer, with 100,000 cells 
per tube as the total number of cells acquired. Poly-
functional  CD4�  T cells were de�ned as  CD4�  T cells 
expressing any combination of IFN-�, IL-2 or TNF. IL-10, 
IL-4 or IL-13 producing CD4�  T cells are de�ned as 
CD3� CD4� IL-10� , CD3� CD4� IL-10� IL-4�  and 
CD3� CD4� IL-10� IL-13� , respectively.

GMZ2 labelling and�circulating GMZ2-speci�c memory B 
cell staining
Molecular Probes’ Alexa  Fluor® 647 Protein Labeling Kit 
was used to label GMZ2 vaccine antigen with the Alexa 
Fluor 647 dye as described by the manufacturer. Brie�y, the 
GMZ2 solution was added to the vial of reactive dye contain-
ing a magnetic stir bar. �e solution was mixed to fully dis-
solve the dye, and the reaction mixture was stirred for 1�h at 
room temperature. �en, the provided puri�cation resin was 
stirred thoroughly to ensure a homogeneous suspension, 
and the resin was pipetted into the column allowing excess 

bu�er to drain away into a beaker. �e reaction mixture was 
then loaded onto the column. �e reaction was rinsed with 
elution bu�er. �e elution bu�er was added slowly to elute 
the labelled protein. Two colored bands were observed rep-
resenting the labelled protein and the unincorporated dye 
respectively. �e labelled protein was collected into a pro-
vided collection tube. �e reliability of the achieved labelling 
was tested by spectroscopy before storing at 4�°C for further 
use.

After thawing, PBMCs were rested overnight at 37�°C 
and 5%  CO2 in a cell incubator. �en, cells were stained 
with Aqua live/dead (Life Technologies) at room tem-
perature in the dark for 30� min. Additionally, circulat-
ing GMZ2-speci�c memory B cells were stained using 
anti-CD20-BV570 (Biolegend), anti-CD27-BV421 (BD 
Biosciences), anti-IgG-PE (Biolegend), and the recom-
binant protein GMZ2 coupled to AF647 (AF647 from 
Life Technologies) for 30�min at 4�°C in the dark, washed 
twice and resuspended in 300�µl of �ow cytometry bu�er 
to be acquired by the Spectral cell analyzer SP6800. In 
total, 300,000 cells were acquired per sample and GMZ2-
speci�c B cells were further characterized within the 
 CD20� IgG� CD27�  and  CD20� IgG� CD27�  populations.

Cell count estimation and�assay optimization
Blood counts were obtained from Centre de Recherches 
Médicales de Lambaréné (CERMEL). Total lymphocyte 
counts were used to calculate the estimated cell counts 
per phenotype according to their frequencies following 
both T and B gating strategies (Additional �le�1: Fig. S1a 
and S1b). For both T cell and B cell assays, all time points 
per volunteer were measured in a single experiment after 
several optimization tests, namely the calibration of the 
�ow cytometer, the titration of the monoclonal antibod-
ies, the titration of the stimulating antigen, determina-
tion of the optimal stimulation period and the assay was 
repeated with a positive control several times to ensure 
assay stability.

GMZ2-speci�c IgG concentration measurement
�e anti-GMZ2 total IgG was measured by enzyme-
linked immunosorbent assay (ELISA) on isolated plasma 
collected at D0 and at D84 as described by Esen et�al. [5] 
with minor modi�cations. �ese modi�cations consisted 
of the dilution of the plasma sample in PBS, 3% non-fat 
milk, 0.1% Tween 20, and the use of peroxidase conju-
gated goat anti-human IgG (Invitrogen) at a 1:65,000 
dilution [22]. As reference for the assay, European 
malaria-naive pooled sera was taken as negative control 
whereas the pooled sera from Gabonese adults was used 
as positive control.
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Microarray assay
Protein microarray-based assessments of antibody reac-
tivity against P. falciparum antigens were performed as 
described before with some modi�cations [27]. Microar-
rays were produced as described previously at the Uni-
versity of California Irvine, Irvine, CA [28]. In total, 251 
P. falciparum proteins were expressed using an Escheri-
chia coli lysate in�vitro expression system and spotted on 
a 16-pad ONCYTE AVID slide, representing 212 P. fal-
ciparum antigens. �e antigens spotted on the array are 
summarized in the Additional �le�2: Table� S2. Second-
ary antibodies (goat anti-human IgG  QDot®800) were 
obtained from Grace Bio-Labs, Inc., (Bend, OR).

�e plasma samples from the Gabonese donors were 
taken one day before challenge by phlebotomy and stored 
at �� �80�°C. In addition, plasma samples from European 
donors were obtained from malaria-naïve study par-
ticipants in CHMI trials performed in Tübingen, Ger-
many. For use on the microarray, plasma samples were 
diluted 1:100 in 0.05X Super G Blocking Bu�er (Grace 
Bio-Labs Inc.) containing 10% E. coli lysate (GenScript, 
Piscataway, NJ) and incubated for 30�min on a shaker at 
room temperature (RT). Meanwhile, microarray slides 
were rehydrated using 0.05X Super G Blocking bu�er at 
RT. Subsequently, rehydration bu�er was removed, and 
samples added on the slides. Samples were incubated 
for 2�h at RT on a shaker (180�rpm). Afterwards, diluted 
plasma�samples were removed, and microarrays washed 
using 1X TBST bu�er (Grace Bio-Labs, Inc.). Subse-
quently, secondary antibodies (anti-human IgG Q800, 
Grace Biolabs, #110,635), were applied at a dilution of 
1:250 and incubated for 2�h. After a �nal washing step, 
slides were dried by centrifugation at 500g for 10� min. 
Slide images were taken using an  ArrayCAM® Imaging 
System (Grace Bio-Labs�Inc.) using the ArrayCAM 400-S 
Microarray Imager Software.

Statistical analysis
Microarray data analysis
Microarray data were exported from the Imaging soft-
ware and further analysed using the R statistical software 
package version 3.6.2. All images were manually checked 
for any noise signal. Image quality was very high, but 
rare blurry spots were removed from further analysis. 
Background correction was performed according to the 
maximum likelihood estimation for the normal-expo-
nential convolution model� [29] using the saddle-point 
approximation (available in the limma package v3.28.14). 
Subsequently, data was normalized by log2-transforma-
tion. Finally, median normalization was performed to 

normalize the di�erent assays for background activity of 
antibodies binding to E. coli lysate using mock expression 
spots. Analysis of plasma� antibody levels in the groups 
with�di�erent study outcomes were analysed by Student’s 
t-test, and the respective p value and fold-change dif-
ferences of antigen-speci�c� antibody level means were 
given. Antibody breadth was estimated by comparing the 
antibody levels of the vaccinated subjects to a cohort of 
malaria naïve volunteers. For each of the subjects, the 
number of antibody levels with higher than four-fold the 
reactivity of the mean of the respective reactivity of the 
malaria-naïve population was enumerated and de�ned as 
the individual antibody breadth.

In addition, the vaccine-speci�c antibody response at 
baseline was tested for correlation with the individual 
antigens spotted on the protein microarrays using Stu-
dent’s t-test. Heatmaps, box plots and volcano plots were 
generated using the gplots, ggplot and PAA packages, 
respectively.

Flow cytometry data analysis
Flow cytometer data was analysed using FlowJo Ver-
sion 10, graphs and statistical analysis were done using 
GraphPad Prism Version 6, and R (R Core Team (2017), 
R Foundation for Statistical Computing, Vienna, Austria).

Proportion of activated CD4�  T cells were gated as 
CD3�  CD4�  cytokine� . Data are expressed as sub-
straction of the gated unstimulated from the antigen-
speci�cally stimulated sample, including subsequent 
normalization using the average of the positive control 
stimulation.�Flow cytometry data showing erratic stain-
ing or samples with viability (Live/dead staining) below 
70% were excluded from the analysis for both ICS and 
B-cell staining.

Results
Baseline characteristics of�the�study population
�e timeline of the study design is depicted in Fig.�1. 
Baseline characteristics were similar between the groups 
(Table�1). From the 50 participants included in this study, 
su�cient PBMC samples for all analyses were available 
from 44 participants. Blood samples collected before the 
�rst immunization (D0), and one month after the last 
immunization (D84) were used for this study. Among 
these participants whose PBMC samples were avail-
able, six volunteers received a control vaccine (Verorab), 
11 received 100� �g GMZ2-Alhydrogel, 7 received 30� �g 
GMZ2-CAF01 and 20 received 100� �g GMZ2-CAF01. 
Results of the clinical trial have been published before 
[22]. �e vaccine e�cacy (VE) for the treatment arms is 
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Fig. 1 GMZ2-CAF01 study overview. Participants were allocated in �ve separate groups: (1) Group A (control vaccine; n �  8, (2) Group B 
(100 µg GMZ2-Alhydrogel; n �  12), (3) Group C (30 µg GMZ2- CAF01; n �  8), (4) Group D (100 µg GMZ2-CAF01; n �  12), and (5) Group E (100 µg 
GMZ2-CAF01, without subsequent CHMI; n �  10). All injections were administered intramuscularly in the deltoid muscle on study days 0, 28, and 56, 
in alternating sides. Thirteen weeks after receiving last completion of the immunization dose, volunteers of Groups A–D underwent CHMI by direct 
venous inoculation (DVI) of 3200 aseptic, puri�ed, cryopreserved P. falciparum sporozoites (Sanaria® PfSPZ Challenge), strain NF54, to assess vaccine 
e�cacy (VE). Group E volunteers were followed-up for 6 months post–immunization without CHMI. Small graph in the upper side corner indicates 
sampling time points selected to characterize T, B, and antibody breadth responses. Figure legend to the right indicates the time points designed to 
sample study subjects

Table 1 Baseline characteristics of the study population

N  number of subjects
* Median and [Interquartile range], Kruskal–Wallis test
#  Mean (Standard Deviation), ANOVA

Rabies 100�µg GMZ2 Alum 30�µg GMZ2 CAF01 100�µg GMZ2 CAF01 p value

Number N �  6 N �  11 N �  07 N �  20

Age (years) * 23 [22–33.75] 25 [23–26] 22 [20–25] 22 [19–33] 0.451

Body mass index (kg/m2) # 21.90 (2.74) 23.02 (2.82) 21.78 (1.43) 22.15 (2.04) 0.635

Hemoglobin (g/dl) # 13.73 (1.35) 14.63 (1.31) 13.51 (1.68) 13.84 (1.29) 0.309

White blood cells (cells/µl) * 5.70 [5.3–6.25] 4.90 [4.2–7] 5.30 [4.3–6.7] 5.10 [4.1–6.9] 0.726

Lymphocytes (cells/µl) * 2.17 [1.9–2.3] 2.32 [1.8–2.6] 2.59 [1.8–2.8] 1.74 [1.5–2.5] 0.396

Monocytes (cells/µl) * 0.54 [0.4–0.6] 0.44[0.3–0.6] 0.49 [0.3–0.5] 0.47 [0.3–0.6] 0.507

Neutrophils (cells/µl) * 2.49 [2–2.9] 2.32 [1.2–2.6] 1.82 [1.3–2.5] 1.84 [1.2–2.5] 0.420

Eosinophils (cells/µl) * 0.27 [0.16–0.86] 0.17 [0.11–0.94] 0.61 [0.12–0.91] 0.34 [0.24–0.94] 0.821

Basophils (cells/µl) * 0.03 [0.02–0.08] 0.06 [0.03–0.11] 0.05 [0.02–0.07] 0.05 [0.02–0.06]
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summarized in Fig.�1, none of the experimental vaccina-
tions improved protection against the challenge in com-
parison to the rabies control�vaccine signi�cantly.

GMZ2 stimulated  CD4�  T cells response
Cytokine-producing  CD4�  T cells were gated on viability 
and surface markers as well as intracellular cytokine pat-
tern (Additional �le� 1: Fig. S1a).

Cytokine (IFN-�, TNF, IL-2, IL-10, IL-13, and IL-4) 
production of  CD4�  T cells was assessed by measur-
ing the fraction of single and multiple cytokine-posi-
tive cells following in� vitro stimulation with medium 
alone (mock stimulation), GMZ2 antigen, or with the 
positive control (SEB). Stimulation with positive con-
trol SEB reached stimulation levels of 2–4%, which has 
been reported� similarly before [30, 31]. As expected, 
most participants circulating pro-in�ammatory  CD4�  
T cells reacted to the stimulation with the vaccine anti-
gen GMZ2 at baseline (Fig.�2a), most likely due to their 
lifelong natural exposure to malaria parasites. All  CD4�  
T pro-in�ammatory cytokine combinations had simi-
lar values at D0 and D84, regardless of the intervention 
(i.e., GMZ2 or control vaccine). To increase statistical 

power during analyses, all groups of those who received 
the GMZ2 vaccine candidate were pooled. Never-
theless, no di�erence between the GMZ2 vaccinated 
groups and the control group on D84 was found.

�e GMZ2 antigen stimulated IL-4 �  and IL-13�  
 CD4�  T cell frequencies were similar in the Rabies vac-
cinated as well as in GMZ2 vaccinated groups before 
and after vaccination, whereas the proportion of total 
IL-10 producing  CD4�  T cells increased signi�cantly 
in the� GMZ2 vaccinated group (45-fold, 95% CI �  20 
– 71), as well as in the control group (20-fold, 95% CI 
5–35) following vaccination (Fig.�2b). Besides, the pro-
portion of IL-10�   CD4�  cells were not statistically dif-
ferent between GMZ2- and control-vaccinated groups 
at D84. Interestingly, additional analyses using esti-
mated blood counts showed an increase in the number 
of double (IFN-� � /TNF-� �  or  IL2� /TNF- � � ) and tri-
ple positive proin�ammatory cytokine (IFN-�� /IL2 � /
TNF-� � ) producing  CD4�  T cells after stimulation 
with GMZ2. In addition, also total number of  IL4�  and 
 IL10�  anti-in�ammatory T-cells, but not  IL13�  T-cells 
increased in cell number after vaccination (Additional 
�le� 1: Fig. S2).

Fig. 2 CD4�  T cell frequencies following immunization. Isolated PBMCs were stimulated with either medium alone, the vaccine antigen GMZ2, 
or Staphylococcal enterotoxin B (SEB) as positive control. Thereafter, intracellular cytokine staining was performed, and the cells measured by �ow 
cytometry. Data are expressed after subtraction of unstimulated cell frequencies from that of stimulated with the positive control (SEB), and with 
GMZ2, and normalization with the average of positive control values. The comparison of the pro-in�ammatory cytokine producing  CD4�  T cells 
(Fig. 2a), and the anti-in�ammatory cytokine producing  CD4�  T cells (Fig. 2b) between D0 and D84 was performed in those receiving the control 
vaccine and in those vaccinated with GMZ2 (including those vaccinated with 100 µg GMZ2-Alhydrogel (opened dots), 30 µg GMZ2-CAF01 (grey 
dots), 100 µg GMZ2-CAF01 (black dots) using Wilcoxon test with Bonferroni correction for multiple comparisons. p value less than 0.05 is considered 
as statistically signi�cant. All time points per volunteer were measured in a single experiment after several optimization tests, and individual 
volunteers were measured in separate experiments. Symbols represent individual samples. Red lines represent the median values with interquartile 
range.

(See �gure on next page.)

Table 2 Cox proportional analysis pre-immunization

Treatment after CHMI was administered to those who developed malaria or to those whose parasitaemia was more than 1000 parasites per µL.

p value was signi�cant when less than 0.05

CI con�dence interval, HR hazard ratio.

Risk to be treated after CHMI

Cell frequency (Pre-immunization) Estimated cell number (Pre-immunization)

HR 95%CI p value HR 95%CI p value

IFN�
� IL2� TNF��   CD4�  T 1.49 0.92–2.40 0.10 1.02 0.99–1.04 0.13

IFN�
� IL2�   CD4�  T 0.92 0.52–1.64 0.78 0.98 0.79–1.20 0.86

IFN�
� TNF��   CD4�  T 1.28 0.46–3.55 0.63 0.99 0.95–1.03 0.85

IL2� TNF��   CD4�  T 1.15 0.58–2.27 0.68 1.00 0.99–1.01 0.56

IgG positive CD20 �  B cell 0.85 0.56–1.10 0.16 1.00 0.99–1.00 0.59

GMZ2-speci�c B cells 1.01 0.94–1.1 0.64 1.00 0.99–1.00 0.07

CD27 negative GMZ2-speci�c B cells 1.01 0.91–1.12 0.74 1.00 0.99–1.00 0.21

CD27 positive GMZ2-speci�c B cells 1.39 0.98–1.96 0.06 1.01 0.99–1.02 0.07
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(a)

(b)

Fig. 2 (See legend on previous page.)
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Circulating B cell response to�GMZ2
GMZ2-specific B cells were gated on viability and 
surface markers as well as reactivity to GMZ2 (Addi-
tional file�1: Fig. S1b). Here, the generation of circu-
lating GMZ2-specific memory B cells after vaccination 
was determined by flow-cytometric estimation of 
antigen-specific  CD20�   IgG�  B cells. Data showed 
no increment in the  CD20� IgG�  cell frequency in 
all GMZ2 vaccinated individuals at D84. Similarly, 
 CD20� IgG�  cell frequency in response to the vaccine 
antigen GMZ2 remained without changes and neither 
 CD27�  nor  CD27�  GMZ2-specific cell frequencies 
were associated with any increment post vaccination 
(Fig.�3). Interestingly, estimated cell counts of the total 
lymphocyte count numbers showed slightly higher 
 CD20� IgG�  counts at D84 (p < 0.05). However, GMZ2-
specific  CD20� IgG�  cells did not increase after immu-
nization (Additional file�1: Fig. S3).

T and�B cells stimulated post-immunization 
with�the�vaccine antigen GMZ2 are not�associated 
with�protection against�clinical malaria in�CHMI
Exploratory analyses of data collected at D0 and D84 
were done in a subgroup of participants who underwent 
CHMI to assess whether pre- or post-immunization 
cellular patterns were associated with protection from 
experimentally induced malaria [22]. �ereby, higher 
frequencies of  CD20� IgG�  B cells were found to be 
associated with protection from parasitaemia after 
CHMI (Fig.� 4). Surprisingly, neither T-stimulated nor 
GMZ2-speci�c B cells (Fig.�4). No signi�cant associa-
tion between the pre-immunization (D0) cell frequen-
cies (Fig.�5a) or the estimated cell counts (Fig.�5b) and 
the time to malaria treatment after CHMI was observed. 
In the same way, no signi�cant association between the 
baseline cytokine producing  CD4�  T cells and the out-
come in�CHMI was observed�(Table�2).

At D84, protected volunteers had a higher number of 
circulating IgG positive  CD20�  B cells compared to those 

Fig. 3 GMZ2-speci�c B cell frequencies following immunization. B cells were estimated using cryopreserved PBMCs without additional stimulation. 
The comparison of the GMZ2-speci�c memory B cells frequencies between D0 and D84 was performed in those receiving the control vaccine 
and in those vaccinated with GMZ2 (including those vaccinated with 100 µg GMZ2-Alhydrogel (opened dots), 30 µg GMZ2-CAF01 (grey dots), 
100 µg GMZ2-CAF01 (black dots) using Wilcoxon test with Bonferroni correction for multiple comparisons. p value less than 0.05 is considered as 
statistically signi�cant. All time points per volunteer were measured in a single experiment after several optimization tests, and individual volunteers 
were measured in separate experiments. Symbols represent individual samples. Red lines represent median values with interquartile range

41



Page 9 of 16Nouatin�et�al. Malaria Journal          (2022) 21:191  

having malaria although this di�erence�did not reach sta-
tistical signi�cance (p �  0.06) (Additional �le�1: Fig. S4). 
Furthermore, an association between higher IgG posi-
tive  CD20�  B frequency and the time to malaria treat-
ment after CHMI (D84) was observed (Additional �le�1: 
Fig. S5a) whereas post-immunization estimated counts 
(Additional �le� 1: Fig. S5b) did not. Additionally, Cox 
regression using post-immunization data showed that the 
hazard of malaria in CHMI was not signi�cantly associ-
ated with the proportion of cells at D84 (Additional �le�1: 
Table�S1).

GMZ2-speci�c IgG concentration and�B cells baseline
GMZ-speci�c antibodies were speci�cally elicited by 
GMZ2 vaccination regimen (Fig.�6a–c). �e association 
between B cells and the concentration of anti-GMZ2 IgG 
was analysed. �is was done as anti-GMZ2 IgG concen-
tration at baseline, but not after vaccination was shown 
to be predictive for CHMI outcome, as was already previ-
ously published [22].

GMZ2-specific IgG concentration was not associ-
ated with the frequencies of neither the  CD20� IgG�  B 

or the  CD20� IgG�  GMZ2 �  B cells (Fig.�7). Likewise, 
the estimated B-cell counts circulating in the blood 
were not associated with the antigen-specific IgG con-
centration�(Additional file�1: Fig. S6).

Pre-existing antibody response in�lifelong malaria-exposed 
volunteers predicts protection from�malaria in�CHMI
To quantify the immune response against a large set of 
malaria antigens, protein microarrays were performed in 
the semi-immune study population as well as a European 
malaria-naïve control population (Fig.�8a). Mean anti-
body responses to 86 of the 251 expressed P. falciparum 
antigens were at least two-fold higher and signi�cantly 
di�erent in the African population compared to the 
European population. Further analysis within the Gabo-
nese study population revealed that antibody responses 
were signi�cantly higher in the population protected 
from clinical malaria (no symptoms and either submi-
croscopic parasitaemia or no parasitaemia during the 
35�days of follow up post-CHMI) than in the population 
that developed symptoms in CHMI (Fig.�8b). Elevated 

Fig. 4 Association between T and B phenotypes with the trial outcome. Dot plot graphs show the relation between pre- and post-immunization 
GMZ2-speci�c immune phenotypes regarding presence/absence clinical malaria status after CHMI. Any parasitaemia with symptoms or 
parasitaemia above 1000 parasites per µl was de�ned as malaria (black spots), whereas any parasitaemia below the threshold of 1000 parasites / µl 
with no symptoms (Control) as well as individuals with neither parasitaemia nor symptoms (Protected) are represented by open circles. Comparison 
of cytokine producing  CD4�  T-, CD20 �  B- and the GMZ2-speci�c B phenotypes was performed using Mann-Whitney (T cells) or unpaired t-tests (B 
cells). Data are from a single experiment after several optimization tests, and individual volunteers were measured in separate experiments. Symbols 
represent individual samples. Red lines represent median values and interquartile range. p value lower than 0.05 is considered signi�cant
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antibody levels were directed against a range of antigens. 
�e pattern included antigens expressed at various stages 
of the life cycle and localized at di�erent sites (merozoite 
surface, erythrocyte membrane, intracellular, sporozoite 
protein) of the parasite (Additional �le�2: Table� S2). In 
total, 23 spots, representing 21 di�erent antigens, were 
signi�cantly and at least twofold higher recognized by 

speci�c antibodies in the protected group vs. the unpro-
tected group. �ese included well characterized, highly 
immunogenic antigens that are described as markers 
for long-term exposure. Some have been investigated as 
vaccine candidates, such as merozoite surface protein 1 
(MSP1), MSP4, MSP8, erythrocyte binding antigen 181 
(EBA-181), sporozoite threonine and asparagine-rich 

Fig. 5 Time to treatment regarding natural acquired immunity before vaccine intervention. Graphs show the time to �rst malaria treatment 
regarding the fraction of speci�c triple and double positive  CD4�  T,  CD20� IgG�   GMZ2�  and GMZ2-speci�c-CD27�  B cells (a), or the estimated cell 
number for each of the same cell phenotypes (b) at baseline (D0). Values above the median are represented in red whereas data below the median 
are shown in blue. The Log-rank test was used to compare the two curves. P value lower than 0.05 is considered signi�cant
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Fig. 6 Plasma IgG concentrations against GMZ2. IgG antibody concentration was measured by enzyme-linked immunosorbent assay (ELISA) in all 
study volunteers against the vaccine immunogen GMZ2 (a) as well as the GLURP (b) and MSP3 (c) fragments. Plasma was collected at days 0 and 84. 
Every violin plot represents the distribution within each interventional group. Bold lines indicate the median, and dotted lines mean the quartiles. 
The Wilcoxon matched pairs signed rank test were used to assess vaccine immunogenicity between days 0, and 84. p value lower than 0.05 is 
considered signi�cant

Fig. 7 Correlation between  GMZ2� /�  B cell phenotypes and the anti-GMZ2 IgG concentration at baseline. The association between GMZ no 
speci�c  CD20� IgG�  or  CD20� IgG� GMZ2�  B cells and the anti-GMZ2 IgG concentration was performed on D0 data using Pearson’s correlation after 
log transformation. Data were obtained from separate experiments after several optimization tests. Symbols represent individual samples. p value 
lower than 0.05 is considered signi�cant

Fig. 8 Protein microarray using plasma from volunteers undergoing CHMI. Figure shows the heatmap from protein microarrays in the 
semi-immune study population as well as a European malaria-naïve control population (a). The intensity of antibody responses in the population 
being protected from clinical malaria and those who developed malaria were compared and shown as volcano plot. The red circles are antigens 
being at least two-fold higher and signi�cantly upregulated in the respective group (b). c shows the heatmap in participants having at least 
two-fold higher antibody response in the protected group vs. the unprotected group, thus showing the raw data of the red dots in Fig. 8b. Gene 
ID according to PlasmoDB are given. d shows the breadth of the antibody response in those who develop malaria (n �  15), those who control 
the parasitaemia (n �  12), those having full protection (n �  7), in the negative control (1 European malaria-naïve sample, measured in 5 technical 
replicates) and in European naïve controls (n �  13). Data are from a single experiment after several optimization tests, and individual volunteers 
were measured in separate experiments. Di�erential antibody recognition in the di�erent allocated study outcomes was analysed by Student’s 
t-test. p value less than 0.05 is considered as statistically signi�cant. NC Negative control, N malaria-naïve subjects, M subjects having clinical 
symptoms of malaria after CHMI, C subjects controlling parasitaemia, P subjects fully protected after CHMI

(See �gure on next page.)
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protein (STARP). Individual results for the antigens 
associated with protection against clinical malaria are 
depicted in Fig.�8c.

Neither GLURP nor MSP3 were contained on the 
microarray and therefore could not be part of this spe-
ci�c analysis, but these antigens have thoroughly been 

Fig. 8 (See legend on previous page.)
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analysed in previous work by ELISA (Fig.�6) [22]. In addi-
tion, the correlation of the antibody response against the 
vaccine antigens with any of the antigens represented 
on the protein microarray was investigated (Additional 
�le� 3: Table� S3). Interestingly, the immune response to 
MSP3 correlated to several other members of the MSP-
family (MSP5, MSP10, MSP11). Also, it is noticeable�that 
the response measured to GMZ2, GLURP and MSP3 also 
correlated with the antibody response against several 
PfEMP1 proteins.

Immunity to clinical malaria develops after years of 
repetitive exposure to the parasite, potentially increasing 
the breadth of the antigens recognized by the immune 
system. As expected, volunteers who developed clini-
cal symptoms had a signi�cantly lower breadth of highly 
recognized antigens than those who controlled parasitae-
mia. Regardless, the antibody response in this population 
was still much higher than in European naïve controls 
(Fig.�8d).

Discussion
In this exploratory study, the cellular and humoral 
immune responses to the GMZ2 malaria vaccine candi-
date adjuvanted with either Alhydrogel or CAF01 was 
assessed. Likewise, it was hypothesized that vaccine spe-
ci�c  CD4 �  T cell and  CD20�   IgG�  B cell responses are 
induced and that they are associated with protection 
against CHMI.

�e observation that immunization with GMZ2 adju -
vanted with either Alhydrogel or CAF01 did not sig-
ni�cantly augment the  CD4�  T cell proportion was 
unexpected, however, an increase in the estimated 
number of GMZ2-stimulated  CD4�  T cells was detect-
able (Additional �le�1: Fig.�2). �e mechanism of action 
of these two adjuvants is well described and responses 
should be measurable in healthy adult volunteers [32] 
although previous studies have been only conducted 
in animal models [33, 34] and this study is the �rst one 
to directly compare both adjuvants in humans. On one 
hand, it is possible that stoichiometry between adjuvant 
and vaccine antigen plays a role besides the chemical 
nature of the adjuvant, since both vaccine formulations 
have been optimized in animal models before; and an 
increase in GMZ2-speci�c antibodies could be observed. 
On the other hand, another explanation relying on the 
marked  CD4�  T cell activity at baseline may provide a 
scenario where the saturated activation of T cells and/
or previous activation of dendritic cells (DCs) before 
vaccination may re�ect the in�uence of the frequent 
natural exposure to P. falciparum [35]. It has also been 
shown that elevated levels of  CD161� CD4�  T cells and 

malaria-speci�c IFN-�-production predicted protection 
against CHMI [36].

�e elevated levels of GMZ2-induced IL-10 following 
vaccination in both GMZ2 and Rabies vaccinees suggest, 
that immunoregulatory mechanisms were induced by 
the in�ammatory stimulus of vaccination to help damp-
ening proin�ammatory responses [37]. Concerning the 
explored immunophenotypes, it was surprising not to 
see higher frequencies of circulating GMZ2-speci�c 
 CD20�   IgG�  B cells following immunization. In contrast, 
GMZ2-speci�c B cells were increased after vaccination 
in malaria-naïve adults using Alhydrogel-adjuvanted 
GMZ2 at D84 [5]. Moreover, GMZ2 vaccine seemed to 
not stimulate higher frequencies of neither the  CD27�  
cluster, theoretically involving both putative atypical 
 (CD21� CD27� ) and activated  (CD21� CD27� ) memory B 
cells, nor the  CD27�  B cells (putative classical memory 
B cells). Natural exposure to malaria parasites through 
repeated infections can induce protective antibodies [38], 
whilst simultaneously expanding the population of atypi-
cal memory B cells [39]. In future clinical trials investi-
gating vaccines in malaria-endemic countries, this should 
be investigated in more detail.

Conversely, it was found that after immunization, 
higher frequency of  CD20�   IgG�  B cells was related to 
the absence of clinical malaria after CHMI. However, a 
link between the level of GMZ2- speci�c memory B cells 
and the concentration of anti-GMZ2 antibodies was not 
observed; something that has been seen previously with 
GMZ2 [5] and other vaccines [40, 41]. Likewise, it was 
not possible to assign any antigen speci�c immune phe-
notype with the prevention of clinical malaria.

On the protein microarray, a set of anti-plasmodial 
antibodies detected before CHMI were associated with 
protection. �e targeted antigens included several bio-
markers of exposure [42] and well-described malaria 
vaccine candidates. Associations between antibody 
breadth and protection, as well as responses to speci�c 
malaria antigens and protection, have been described in 
malaria-naïve volunteers immunized with sporozoites 
under chemoprophylaxis [36, 43]. �ere, either patterns 
or speci�c antigens were associated with protection. So 
far, highly speci�c biomarkers predicting protection�at a 
general level are still not found, these could be patterns 
of overall exposure or immune response to speci�c anti-
gens or domains. Interestingly enough, the pre-existing 
antibody response against the vaccination antigens at 
baseline correlated with several markers of long-term 
exposure to malaria parasites�displayed on the microar-
ray. Antigens of the array used in this study were down-
selected from previous studies [28, 43–47] and may 
be further simpli�ed for an assay that predicts protec-
tion following natural or arti�cial exposure to parasites. 

46



Page 14 of 16Nouatin�et�al. Malaria Journal          (2022) 21:191 

Interestingly, a higher breadth of antibody responses 
was also associated with protection. Certainly, this fact 
reinforces the hypothesis that protection is mediated by 
individual patterns of P. falciparum antigen-recognition 
rather than a single antigen, although some antigens are 
more dominant than others. Both antigens contained in 
GMZ2 – MSP3 and GLURP – are among those dominant 
ones since baseline activity against them predicts protec-
tion against CHMI, as it has been already shown [22].

�is study presents some limitations, most importantly 
small number of volunteers per group, which only allows 
the detection of large e�ects. In addition, speci�c T cell 
stimulation�was done using the vaccine antigen and not 
peptides or multimers. Despite these limitations, the 
study provides important insights on the di�culties to 
develop a malaria vaccine for malaria-endemic regions. 
Further exploration of the immunological aspects of nat-
urally acquired immunity in endemic regions are a neces-
sary step in the design and clinical development of any 
future malaria vaccine with an impact where it is most 
needed [36].

Immunization with GMZ2 formulated with CAF01 or 
Alhydrogel did not successfully induce robust increases 
in  CD4�  T or  CD20�   IgG�  B cell responses. Disap-
pointingly, data concerning the expansion of estimated 
 CD20� IgG�  B cell counts highlighted that GMZ2-spe-
ci�c cells did not contribute to reduce the risk of clinical 
malaria in�CHMI.

Conclusion
�e GMZ2-reactive T and B cell patterns examined here 
show the dominant role of naturally acquired immunity in 
controlling malaria clinical episodes in the high endemic 
area of Gabon. �erefore, the di�erences observed in 
clinical trials in endemic settings compared to� malaria-
naïve volunteers stress even more the point�that inclusion 
of populations form malaria-endemic areas early in the 
clinical development is important.
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 Additional �le�1: Figure S1a. Gating strategies for cytokine producing 
 CD4�  T cell identi�cation. Figure S1b. Gating strategy for GMZ2-reactive 
memory B cell identi�cation. Figure S2. Estimated number of  CD4�  T 
cells producing cytokines on unstimulated, vaccine antigen GMZ2 and 

Staphylococcal endoterotoxin B (SEB) stimulated cells following immu-
nization. Symbols represent individual samples in unstimulated, GMZ2 
stimulated and SEB-stimulated conditions. All time points per volunteer 
were measured in a single experiment after several optimization tests, and 
individual volunteers were measured in separate experiments. Red lines 
represent median values with interquartile range. p value lower than 0.05 
is considered signi�cant. Figure S3. Estimated number of B cells with or 
without GMZ2-reactivity following immunization. Symbols represent indi-
vidual samples. All time points per volunteer were measured in a single 
experiment after several optimization tests, and individual volunteers were 
measured in separate experiments. Red lines represent the median values 
with interquartile range. p value lower than 0.05 is considered signi�cant. 
Figure S4. Association between pre/post-immunization GMZ2-speci�c 
immune cells and trial outcome. Dot plot graphs show the relation 
between the estimated number of pre/post-immunization GMZ2 stimu-
lated cytokine producing  CD4�  T cells (upper side), the number of and 
B cells subsets (bottom side) regarding clinical malaria status after CHMI. 
Monotone increase of parasitemia with symptoms (Malaria) is represented 
by black spots. Low oscillating parasitemia with no symptoms (Control) 
plus individuals with neither parasitemia nor symptoms (Protected) are 
represented by open circles. Comparison of the cell number of GMZ2 
stimulated  CD4�  T cells, of CD20�  B cells and the GMZ2-speci�c B subsets 
was performed using Mann-Whitney (for T cells) or unpaired t-tests (for 
B cells). Data are from a single experiment after several optimization 
tests, and individual volunteers were measured in separate experiments. 
Symbols represent individual samples. Figure S5. Post-immunization 
cell frequencies and the time to treatment after CHMI. Graphs show the 
time to �rst malaria treatment regarding the fraction of speci�c triple 
and double positive  CD4�  T cells, total B cells and the  CD27� /- cluster 
subsets of GMZ2-speci�c within  CD20� IgG�  B cells (a), or the number of 
GMZ2-stimulated triple and double positive  CD4�  T cells, and the number 
of total B cells and di�erent  GMZ2� B cells (b) at D84. Values above the 
median are represented in red whereas data below the median are 
shown in blue. The Log-rank test was used to compare the two curves. 
p value lower than 0.05 is considered signi�cant. Figure S6. Correlation 
between the estimated number of B cell phenotypes and the anti-GMZ2 
IgG concentration at baseline. The association between the estimated 
number of CD20� IgG�  B cells, the estimated number of GMZ2-speci�c 
B cells and the anti-GMZ2 IgG concentration, was performed on D0 data 
using Pearson’s correlation after log transformation. Data are from a single 
experiment after several optimization tests, and individual volunteers were 
measured in separate experiments. Symbols represent individual samples. 
A p-value less than 0.05 is considered as statistically signi�cant. Figure S7. 
B cell phenotypes frequency following immunization regarding vaccine 
intervention. Frequencies of  CD20� IgG positive,  CD20� IgG� GMZ2-speci�c 
and GMZ2-speci�c  CD27� /- B cells between D0 and D84 are compared 
for all volunteers regarding vaccine intervention. Vaccinated subjects 
with Rabies control vaccine are represented with opened squares. GMZ2 
vaccinated discriminate vaccinees receiving 100µg GMZ2-Alhydrogel 
(opened dots), 30µg GMZ2-CAF01 (grey dots), and 100µg GMZ2-CAF01 
(black dots). Wilcoxon test following by Bonferroni correction for multiple 
comparison is performed to test statistical signi�cance. p value below 0.05 
is considered statistically signi�cant. Data are from a single experiment 
after several optimization tests, and individual volunteers were measured 
in separate experiments. Symbols represent individual samples. Red 
lines represent the median values with interquartile range. p value lower 
than 0.05 is considered signi�cant. Table�S1. Cox proportional analysis 
post-immunization 

Additional �le�2: Table�S2. Complete list of antigens spotted on the 
protein microarray. 

Additional �le�3 : Table�S3. The antibody response against the vaccine 
antigen (GMZ2) or any of the main components (MSP3, GLURP), estimated 
before vaccination, was tested for correlation with any of the antibody 
responses, as estimated by the protein microarray before CHMI. The 
log-transformed ELISA data and the protein microarray data were tested 
usind Student’s t-test for correlation. Antigens with correlations resulting 
in p-values < 0.05 are shown.
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