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The global burden of malaria remains substantial. Circumsporozoite protein (CSP) has been demonstrated
to be an effective target antigen, however, improvements that offer more efficacious and more durable
protection are still needed. In support of research and development of next-generation malaria vaccines,
Walter Reed Army Institute of Research (WRAIR) has developed a CSP-based antigen (FMP013) and a
novel adjuvant ALFQ (Army Liposome Formulation containing QS-21). We present a single center,
open-label, dose-escalation Phase 1 clinical trial to evaluate the safety and immunogenicity of the
FMP013/ALFQ malaria vaccine candidate. In this first-in-human evaluation of both the antigen and adju-
vant, we enrolled ten subjects; five received 20 lg FMP013 / 0.5 mL ALFQ (Low dose group), and five
received 40 lg FMP013 / 1.0 mL ALFQ (High dose group) on study days 1, 29, and 57. Adverse events
and immune responses were assessed during the study period. The clinical safety profile was acceptable
and there were no serious adverse events. Both groups exhibited robust humoral and cellular immuno-
logical responses, and compared favorably with historical responses reported for RTS,S/AS01. Based on a
lower reactogenicity profile, the 20 lg FMP013 / 0.5 mL ALFQ (Low dose) was selected for follow-on effi-
cacy testing by controlled human malaria infection (CHMI) with a separate cohort.
Trial Registration: Clinicaltrials.gov Identifier NCT04268420 (Registered February 13, 2020)
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Malaria is a major global contributor to mortality and to dimin-
ished quality of life, with an estimated 241 million cases and
627,000 deaths in 2020 (World Malaria Report, Dec 2021). An
effective malaria vaccine, in addition to other methods of malaria
control could eliminate a large number of these deaths [1,2]. The
immunodominant CSP coat of the Plasmodium falciparum sporo-
zoites is comprised predominantly of the Circumsporozoite protein
(CSP) and CSP-based vaccines can induce an immune response cap-
able of protecting against malaria infection [3–6]. CSP consists of
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an N-terminal ‘domain’ comprised of the inter-species conserved
KLKQP motif or the Region I (RI), followed by the junctional
sequence NP-DPNA-NPNV-DPNA. The central region of CSP con-
tains 25–42 copies of NPNA, interspersed with NPNV and DPNA
repeats [7–10]. The C-terminal region of CSP contains an alpha
thrombospondin type-I repeat domain. P. falciparum CSP N-
terminal and repeat regions show a high degree of conservation,
while the C-terminal region harbors significant inter-strain poly-
morphic variability [11].

RTS,S is a particle-based antigen, containing the NPNA repeats
and the C-terminal region of CSP fused to the hepatitis B surface
antigen. RTS,S is co-formulated with the adjuvant AS01 that con-
tains a Toll like receptor 4 (TLR4) agonist, Monophosphoryl Lipid
A and the immune-stimulant QS21 [12]. In Phase 3 trials, a pedi-
atric formulation of RTS,S showed 30–50% efficacy against natu-
rally transmitted malaria, the efficacy was estimated at � 60%
when combined with chemoprevention [1]. In October 2021, the
WHO recommended RTS,S/AS01 vaccine (Mosquirix, GSK Biologi-
cals) use to prevent P. falciparum malaria in children living in
regions with moderate to high transmission. RTS,S/AS010s efficacy
in the field is relatively modest and diminishes over time, with
some concern that malaria cases could rebound as RTS,S immunity
wanes [13]. While the WHO recommendation regarding RTS,S/
AS01 is without question a monumental step forward, improve-
ments beyond the performance of RTS,S/AS01 and other first gen-
eration vaccines are needed in the battle for malaria elimination.
Beyond advancements in adjuvant formulation, optimization of
dose and regimen to maximize vaccine efficacy [14,15] future
efforts are aimed at iterative improvements in longevity [13], cost
[16] and breadth of protection [17] elicited by CSP-based vaccines.

The Walter Reed Army Institute of Research (WRAIR) has
sought to optimize the CSP antigen and the adjuvant. Leveraging
decades of benchmarking experience, an optimized nearly full-
length molecule, FMP013 (Falciparum Malaria Protein 013), was
advanced to clinical evaluation. FMP013 is a soluble protein
designed to contain the N-terminal region, the junctional repeats
(3xNPNV and 3xDPNA) and 15 copies of the major NPNA repeats
along with the C-terminal region of CSP [18]. The rationale being
that although soluble CSP candidates were tested early in malaria
vaccine development efforts, none were evaluated in concert with
potent modern adjuvants such as AS01 [19]. Adjuvant down-
selection in mice and rhesus macaques showed that FMP013 com-
bined with the novel Army Liposome Formulation (ALF) containing
QS21 (ALFQ) adjuvant was ideal for inducing a potent immune
response [20]. ALFQ is composed of anionic liposomes formed by
phospholipids, a synthetic monophosphoryl lipid A analog, 3D-
PHAD�; and the immune stimulant QS-21 [21–23]. The cholesterol
concentration in ALFQ was optimized to reduce QS-21 reactogenic-
ity allowing for higher doses of QS-21 to be used than AS01 [21]. In
rhesus monkeys, ALFQ has been shown to elicit high levels of
antigen-specific IFN-c /IL-2 double-producing and poly-
functional T cells [23–25]. Extensive repeat dose toxicity studies
with FMP013/ALFQ were performed in mice, rhesus macaques
and rabbits prior to advancing the FMP013/ALFQ vaccine to
humans [18,20,26,27]. We present the first-in-human Phase-1 trial
conducted to assess the safety and immunogenicity of the FMP013/
ALFQ malaria vaccine candidate.
2. Material and methods

FMP013/ALFQ vaccine and vaccination: The antigen (FMP013)
and the adjuvant (ALFQ) components of the vaccine have been
described previously [20]. A cGMP lot of the FMP013 antigen was
manufactured at the WRAIR Pilot Bioproduction Facility, protein
bulk was stored at �80� C, and formulated, lyophilized at 60 lg
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per vial in the final containers, stored at 4� C. Each mL of the drug
product contained 0.1 mg of FMP013. Liposomes containing 55 mol
% cholesterol (ALF55) were manufactured by Avanti Polar Lipids
(Alabaster, AL). ALF55 was filter sterilized and QS-21 (Desert King,
San Diego CA) was added, mixed to a homogenous solution, and
aliquoted into 3 mL vials. A 1 mL ALFQ solution contains: 200 lg
3-deacyl monophosphoryl lipid A (3D-PHAD�), 7 mg 1,2-
dimyristoyl-glycero-3-phosphocholine (DMPC), 0.78 mg 1,2-
dimyristoyl-glycero-3-phosphoglycerol (DMPG), 5.4 mg cholesterol
and 100 lg QS-21. Both FMP013 and ALFQ are stored at 4 �C, mixed
at bedside, and were stable for at least 4 h post-formulation.

Study design: This investigation was a Phase 1, open-label, sin-
gle center study. The primary objective was to assess the safety and
reactogenicity of FMP013/ALFQ. The secondary objective was to
measure immunogenicity induced by the vaccine at pre-specified
time points. The trial was conducted at the WRAIR Clinical Trials
Center in Silver Spring, MD and approved by the WRAIR Institu-
tional Review Board. Written informed consent was obtained prior
to subject involvement in study activities. Study activities were
conducted in accordance with all applicable Federal and Depart-
ment of Defense human research protections requirements under
FDA IND (Clinical Trials.gov identifier NCT04268420).

Three vaccinations were administered in a dose-escalation trial
design utilizing sentinel participants with doses ranging from a
20 lg FMP013/0.5 mL ALFQ (Low dose group) to 40 lg
FMP013/1.0 mL ALFQ (High dose group) at study days 1, 29, and
57, with the last in-person visit on day 169 (Fig S1). Follow up
safety phone calls occurred on days 225 and 393 of the trial. Safety
and humoral response data were collected throughout the study
period.

Study Subjects: Subjects were malaria non-immune males and
non-pregnant, non-lactating females aged 18–55 years (inclusive)
from the Baltimore–Washington area (Supplementary Table S1).
To be eligible for inclusion, participants had to be able to comply
with study procedures and be in generally good health. They were
assessed for serious acute or chronic illnesses by screening labora-
tory tests, complete medical history, and physical examination.
Potential participants were excluded if they were immunosup-
pressed, had serological evidence of HBV, HCV, or HIV, a history
of malaria vaccination, or recent malaria exposure. Full inclusion,
exclusion and elimination criteria are listed in Appendix A of Sup-
plementary materials.

Safety assessments: Safety and reactogenicity were assessed by
collecting solicited local and systemic adverse events through
7 days post-vaccination and unsolicited adverse events and serious
adverse events (SAEs) through the final study visit. The safety
assessments were conducted with the use of memory aids and
in-person follow-up visits 1, 2, 6 and 14 days after each vaccina-
tion. Safety labs consisted of a complete blood count (CBC) and
serum chemistry including liver function, and were drawn prior
to each vaccination. Solicited adverse events and labs were graded
by study investigators according to the scale listed in Appendix B
of supplementary material. Notably, a grade of 3 indicated a sever-
ity preventing everyday activity, redness measured > 10 cm or
temperature > 39.0� C. The causality relationship of adverse events
and vaccinations were graded as depicted in Appendix C. Phone
visits were completed on study days 225 and 393.
3. Immunogenicity assessments:

Serologic assessments:ELISA andavidity assay against recombi-
nant full-length CS protein (FL-CSP), repeat peptide (NANP)6, or the
C-terminal peptide Pf16 (AppendixD)were performed on sera sam-
ples collected on day:�7 (Prebleed), day 29 (4WP1), day 56 (4WP2),
71 (2WP3), and day 169 (16WP3), using standardized protocols by
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the Malaria Serology Lab, WRAIR [15,18,28,29]. ELISA titer was
defined as the serum dilution that resulted in OD = 1; and avidity
indexwas the percentage of antibodies that remain bound following
urea wash. An ELISA was also performed against synthetic peptides
representing the N-terminal region CSP sequences – Peptide DNA:
DNAGTNLYNELEMNYYGKQENWYSLKKNSRSLGEND; Peptide DGN:
DGNNEDNEKLRKPKHKKLKQP; Peptide KQP: KQPADGNPDP-
NANPNVDPN and Peptide KLK: KLKQPADGNPDPNANPNVDPNANP
NVDPNANPNVDP. A subclass ELISA was performed using the FL-
CSP coat antigen and subclass-specific secondary antibodies were
used at 1:4000 dilution, essentially as described previously [18].

Functional assays: An inhibition of liver-stage development
assay (ILSDA) was performed using NF54 Pf sporozoites incubated
with sera from the 2WP3 time-point from each immunized indi-
vidual along with the corresponding pre-bleed tested at 1:100
dilution. Pf 18S rRNA levels were determined using a quantitative
real-time PCR and percent inhibition invasion was calculated for
pre- and 2WP3 serum samples [30]. A multiplex assay Meso Scale
Discovery (MSD Inc., Gaithersburg, MD) assay was used to measure
the relative reactivity of serum samples to C-terminal peptides
(CSP amino acid # 283–375; Appendix D), derived from 3D7 and
seven non-3D7 CSP allele peptides [31,32]. Opsonophagocytosis
activity (OPA) of the immune sera were determined as described
previously [28]. The OPA index was defined as the log ratio of
the OPA titer and the ELISA titer.

Frequency of cytokine producing cells: Fluorospot cytokine
analysis was performed on PBMC samples collected on day �7
(Pre-bleed) and 71 (2WP3). The cells were thawed and stimulated
with a CSP peptide mega pool (1 lg/mL) [33]. Frequency of
antigen-specific interferon (IFN)-c, interleukin 2 (IL-2) and TNF-a
secreting T cells was measured by Fluorospot (Mabtech Inc.,
Cincinnati, OH) following the manufacturer’s instructions [27]. Flu-
orospot plates were analyzed using the Autoimmun Diagnostica
GmbH Fluorospot reader (Strassberg, Germany) and data
expressed as spot forming cells (SFCs)/106 PBMCs. Th1 and Th2
Fig. 1. Consolidated Standard of Reporting Trials flow diagram: Number of subjects th
withdrew from the study are shown.
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cytokines (IFNc, IL1, IL2, IL4, IL5, IL6, IL8, IL10, IL12p70, TNF-a)
were profiled using MSD multiplex testing platform. PBMCs from
day �7 (pre) and day 71 (2WP3) were stimulated with CSP peptide
mega pool (1 lg/mL). Medium-only was the negative control and
anti-CD3 mAb was used as the positive control [34]. A V-PLEX
Human Proinflammatory Panel was used to quantitate the cytoki-
nes using a MESO QuickPlex SQ120 and expressed as pg/mL per 106

PBMCs.
Statistical analyses: All safety analyses were performed on the

intent-to-treat (ITT) group and were descriptive in nature.
Immunologic analyses and comparisons to the benchmark were
performed on the according-to-protocol (ATP) population. All sig-
nificant differences were assessed by ANOVA followed by Tukey’s
Multiple Comparison Correction or Sidak’s test. Two-way compar-
isons were made using a 2-tailed T-test and P < 0.05 was used as a
cutoff for statistical significance. All statistical analyses were con-
ducted using Prism Graphpad Version 9 or Minitab V18 (Minitab
LLC, State College, PA).
4. Results

Enrollment: A total of 10 subjects were enrolled, 5 in the Low
dose group and 5 in the High dose group. 80% of the Low dose
and 40% of the High dose volunteers were female (Supplementary
Table S1). The mean participant age was 28.4 years and 26.8 years
for the Low and High dose groups, respectively. Overall, 7 of the 10
subjects completed all 3 vaccinations (Fig. 1). One subject from the
High dose group was withdrawn after the first vaccination, and one
subject each from the High dose and Low dose groups was with-
drawn after the second vaccination.

Safety and tolerability: High and Low doses of FMP013/ALFQ
were well tolerated with similar mild reactions at the injection site
experienced in a majority of volunteers after each vaccination. The
solicited adverse events are listed in Table 1 and plotted in Fig. 2. In
the Low dose group, systemic reactions were mild or not present
at underwent screening enrollment, vaccinations and analysis as well as those that



Table 1
Solicited AE’s by dose and vaccination. Number of subjects experiencing each severity of AE are shown. Only the highest severity grade for each vaccination was selected.

Low
Dose 1

High Dose 1 Low Dose 2 High
Dose 2

Low
Dose 3

High
Dose 3

Injection site redness None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 4
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 4
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 1
Mild n = 1
Moderate n = 1
Severe n = 0

Injection site Pain None n = 0
Mild n = 4
Moderate n = 1
Severe n = 0

None n = 0
Mild n = 5
Moderate n = 0
Severe n = 0

None n = 0
Mild n = 5
Moderate n = 0
Severe n = 0

None n = 0
Mild n = 2
Moderate n = 2
Severe n = 0

None n = 1
Mild n = 3
Moderate n = 0
Severe n = 0

None n = 0
Mild n = 3
Moderate n = 0
Severe n = 0

Chills None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 1
Mild n = 3
Moderate n = 0
Severe n = 0

None n = 4
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 0
Mild n = 1
Moderate n = 2
Severe n = 0

Fatigue None n = 2
Mild n = 3
Moderate n = 0
Severe n = 0

None n = 2
Mild n = 3
Moderate n = 0
Severe n = 0

None n = 4
Mild n = 1
Moderate n = 0
Severe n = 0

None n = 0
Mild n = 3
Moderate n = 1
Severe n = 0

None n = 3
Mild n = 1
Moderate n = 0
Severe n = 0

None n = 1
Mild n = 1
Moderate n = 1
Severe n = 0

Headache None n = 3
Mild n = 2
Moderate n = 0
Severe n = 0

None n = 2
Mild n = 3
Moderate n = 0
Severe n = 0

None n = 4
Mild n = 0
Moderate n = 1
Severe n = 0

None n = 1
Mild n = 2
Moderate n = 1
Severe n = 0

None n = 4
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 1
Mild n = 0
Moderate n = 2
Severe n = 0

Myalgias None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 3
Mild n = 1
Moderate n = 1
Severe n = 0

None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 1
Mild n = 2
Moderate n = 1
Severe n = 0

None n = 3
Mild n = 1
Moderate n = 0
Severe n = 0

None n = 0
Mild n = 1
Moderate n = 2
Severe n = 0

Arthralgias None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 3
Mild n = 2
Moderate n = 0
Severe n = 0

None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 0
Mild n = 4
Moderate n = 0
Severe n = 0

None n = 4
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 1
Mild n = 1
Moderate n = 1
Severe n = 0

Nausea None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 4
Mild n = 1
Moderate n = 0
Severe n = 0

None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 3
Mild n = 1
Moderate n = 0
Severe n = 0

None n = 4
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 2
Mild n = 1
Moderate n = 0
Severe n = 0

Pyrexia None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 3
Mild n = 1
Moderate n = 0
Severe n = 0

None n = 4
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 2
Mild n = 1
Moderate n = 0
Severe n = 0

Diarrhoea None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 4
Mild n = 1
Moderate n = 0
Severe n = 0

None n = 5
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 3
Mild n = 1
Moderate n = 0
Severe n = 0

None n = 4
Mild n = 0
Moderate n = 0
Severe n = 0

None n = 3
Mild n = 0
Moderate n = 0
Severe n = 0
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after first vaccination and remained scarce with subsequent vacci-
nations. In the High dose group systemic reactions were typically
mild after the first dose but trended towards moderate with the
subsequent two vaccine doses, predominantly manifesting as
headache, fatigue, and/or chills. Most solicited AEs manifested at
approximately 36 h and typically resolved by 72 h post-
vaccination. There were no severe solicited AEs and measured
fevers were only observed in a minority of the High dose group.
No deaths or serious adverse events were reported. Lab abnormal-
ities were generally mild in nature and had no association with
dose or timing of vaccination. Unsolicited or potentially related
adverse events, listed in Table 2, were minimal and mild with
the exception of the positional pleuritic discomfort stemming from
a hiatal hernia of a High dose subject who was withdrawn after the
second vaccination. One subject in the low dose group had pro-
longed mild neck muscle stiffness and sporadic episodes of once
per day loose stools after the first vaccination that resolved before
the second vaccination and did not return Overall, both the High
and Low dose of FMP013/ALFQ were well tolerated with a possible
trend of increasing reactogenicity with the higher dose.

Serology: After the first vaccination, all subjects seroconverted
(ELISA OD = 1 titer > 100) against the full-length recombinant CSP
(FL-CSP), NANPx6 (repeat peptide) and Pf16 (C-terminal region
peptide) coat antigens (Fig. 3A, B). The second dose of FMP013/
ALFQ boosted geometric mean FL-CSP titers 13- to 39-fold in the
High and Low dose groups respectively, while the third dose
5784
boosted titer � 2-fold in both groups, the increase was not statis-
tically significant. The boosting of titers post 3rd vaccination was
lost within 16 weeks as the titers receded against all 3 plate anti-
gens in both dose groups. The ratio of the Pf16 to NANPx6 ELISA
titer increased 3- to 4- fold after the second and third vaccine
doses, sharply skewing the antibody ratio towards the C-
terminus (Fig. 3C).

To compare the immunogenicity between the groups, the day
71 and day 169 titers and avidity for individuals who received all
three vaccinations according to protocol were analyzed (Fig. 4).
The day 71 NANPx6 repeat, C-terminal region and FL-CSP geomet-
ric mean titers were 1.5-fold, 3.2-fold and 2.2-fold greater, respec-
tively, than the Low dose, but this difference did not reach
statistical significance. On day 169, the geometric mean FL-CSP
and C-terminal titer for the High dose group were significantly
greater than the Low dose group, suggesting the High dose vaccine
was more immunogenic (Fig. 4A). Avid antibody binding against all
three plate antigens was observed on day 71, with no significant
difference between groups (Fig. 4B). Antibody avidity levels were
sustained though day 169.

Peptides listed in Appendix D were used to map N-terminal
region responses by ELISA. Day 71 sera showed no reactivity to
N-terminal peptides DNA, DGN, however peptides KQP and KLK
that encompassed the Region I and the junctional sequence
showed positive reactivity (Supplementary Fig S2A). The N-
terminal region titers were however much lower than NANPx6



Fig. 2. Solicited AE’s by dose and vaccination. Number of subjects experiencing each grade of AE are shown. Only the highest grade for each vaccination was selected. All
observed events were graded mild or moderate and there were no severe adverse events.

Table 2
Listing of Unsolicited Potentially Related AEs by Dose and Vaccination. The list excludes unlikely, and not related unsolicited AEs, Listed peak severity by each preferred term,
each vaccination and each subject.

Treatment Group Dose Preferred Term Relatedness Severity Day of AE Start After Vaccination Duration Outcome

Low Dose 1 Diarrhoea Possible Mild 3 1 Recovered/Resolved
Low Dose 1 Diarrhoea Possible Mild 12 17 Recovered/Resolved
Low Dose 1 Musculoskeletal stiffness Possible Mild 2 21 Recovered/Resolved
High Dose 1 Diarrhoea Possible Mild 2 2 Recovered/Resolved
High Dose 1 Pleuritic pain Possible Severe 9 11 Recovered/Resolved
High Dose 2 Night sweats Possible Mild 18 4 Recovered/Resolved
High Dose 2 Night sweats Probable Mild 1 1 Recovered/Resolved
High Dose 2 Pyrexia Possible Moderate 2 1 Recovered/Resolved
High Dose 2 Respiratory tract congestion Possible Mild 1 1 Recovered/Resolved
High Dose 3 Abnormal dreams Probable Mild 1 2 Recovered/Resolved
High Dose 3 Dizziness Probable Mild 1 2 Recovered/Resolved
High Dose 3 Subjective Fever Probable Mild 1 2 Recovered/Resolved
High Dose 3 Subjective Fever Probable Moderate 1 3 Recovered/Resolved
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and Pf16 peptide titers (Fig. 4), suggesting N-terminal region anti-
body response to be relatively weak. Immunoglobulin subclass
ELISA performed using day 71 sera, showed predominantly IgM
and high levels of IgG1 and IgG3 (Supplementary Fig S2B).

Functional responses: Serum samples at day 71 inhibited
sporozoite invasion into human hepatocytes as measured by an
ILSDA at 1:100 serum dilution (Fig. 5A). Previous work on RTS,S
5785
has revealed an inverse relationship between opsonophagocytosis
assay (OPA) index and protection [28]. The Day 71 sera tested pos-
itive on this OPA (Fig. 5B). Previous work also demonstrated a pos-
itive correlation between wider C-terminal antibody breadth and
protection using RTS-S-immune sera [32]. Day 71 sera tested for
C-terminal cross-reactivity showed lower reactivity to heterolo-
gous peptides (H234, H18, H3, H1, H12, H14, H50) as compared



Fig. 3. Serological testing. A, B) Geometric mean (±95% Confidence interval) for all subjects (Intent to treat) measured by FL-CSP, NANPx6 and Pf16 ELISA following three
vaccinations with the High or Low FMP013/ALFQ (arrows). C) The ratio of Pf16/NANPx6 titer for all subjects. The red dotted line is the average Pf16/NANPx6 titer ratio for
individuals who received 3 standard vaccinations of RTS,S/AS01 as part of the MAL071 trial [15].

Fig. 4. A) Geometric mean (±95% CI) titer and B) mean avidity on day 71 and 169 for individuals who received all 3 vaccinations (per protocol) against the NANPx6, FL-CSP
and the Pf16 C-terminal peptide. RTS,S MAL071 standard dose benchmarks are shown as red dotted lines. The P values for unpaired T tests are shown.
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Fig. 5. Functional Analysis. A) Percent inhibition of invasion measured by ILSDA at 1:100 serum dilution (data from two independent experiments). B) Mfreq and MFI
opsonization index of low and high dose vaccine sera; C) Serum reactivity of post-immune sera with 3D7 and seven variant CSP C-terminal peptides. Box plots summarize
reactivity of 9 vaccinees (Blue box = Low dose, red box = High dose). Data expressed as net luminescence signal (pre-immune signal was subtracted; mean luminescence
signal of CSP-negative sera 480 ± 90). Data ordered in increasing sieve hamming distance, left to right. D) Breadth of the serum response (blue = Low dose; red = High dose) to
C-terminal CSP peptides expressed as median response across all tested variant peptides relative to 3D7. Dotted line was the reference average breadth observed with RTS,S-
immune samples [32].
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to the homologous 3D7 strain peptide (Fig. 5C). A trend towards
improved overall breadth of C-terminal region antibody responses
was also observed for the High dose group (Fig. 5D).

T-cell responses: The MSD analysis (Fig. 6A, 6B) revealed that
in the high dose group, Th1 cytokines (IL-2, IFN-c andTNF-a) but
not Th2 cytokines (IL-4, IL-13, IL-10), were induced after peptide
stimulation in the PBMC cultures (Supplementary Table S2). In
the low dose group, only the IFN-c levels above pre-immune were
observed. We proceeded to monitor changes in the frequency of
PBMCs producing these Th1 cytokine responses by Fluorospot. In
both the Low and High dose group the day 71 frequency of CSP-
specific IFN-c, IL-2 and TNF-a positive PBMCs, showed significantly
higher SFC/106 cells compared to the corresponding media control
wells (Fig. 6C, D).

5. Discussion/Conclusion

The objective of this study was to evaluate a novel malaria vac-
cine for safety and immunogenicity in healthy non-immune adults.
This first-in-human study of both the FMP013 antigen and the
ALFQ adjuvant demonstrated an acceptable safety and tolerability
profile. FMP013/ALFQ elicited antibodies that bound to the repeat
and C-terminal peptides and low-level anti-N-terminal Region I
and anti-junctional peptide antibodies were elicited. Sera inhibited
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the invasion P. falciparum sporozoites and possessed positive
opsonophagocytosis activity. Consistent with responses observed
during pre-clinical animal studies, FMP013/ALFQ elicited a Th1-
biased cytokine response. Together, these data supported the
follow-on evaluation of this vaccine candidate in a CHMI study.

Due to compressed timelines during the Covid-19 pandemic,
the safety monitoring committee (SMC) made their dosing recom-
mendation based on the day 71 serology data from the intention to
treat group. There was a trend of increased but acceptable reacto-
genicity in the higher dose group. Limited immunogenicity data
from a small number of subjects in the intention-to-treat group
suggested that the difference between high and low dose immuno-
genicity was not statistically significant, hence the SMC recom-
mendation was to proceed to the subsequent CHMI trial with the
Low dose. Here a per-protocol analysis, in a very small cohort size,
shows a consistent trend that the High dose titers on day 71 and
169 were consistently higher than the Low dose (Fig. 4A). Future
trials to optimize the antigen and adjuvant dose for the FMP013/
ALFQ formulation need to be conducted.

While RTS,S sera were not available for direct comparison in
assays, the FMP013/ALFQ immunogenicity data were compared
to previously reported benchmarks from RTS,S clinical trials.
Specifically, the geometric mean titer of volunteers who received
3x50 lg RTS,S in 0.5 mL AS01B as reported by Regules et al. [15]



Fig. 6. T-cell responses: A, B) Th1 cytokines measured using Mesoscale multiplex assay following stimulation with CSP peptide pool. Mean IFN-c, IL-2 and TNF-a levels (pg/
ml) subtracted from the pre-immune controls are shown for day �7 (pre-immune) and day 71. P values were corrected by Sidak’s test for multiple comparisons. C, D)
Frequency of CSP-specific IFN-c, IL-2 and TNF-a producing lymphocytes subtracted from the pre-immune controls and assessed by Fluorospot following stimulation with CSP
peptide pool. All responses were significantly higher than medium controls.
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were plotted as red dotted lines in Fig. 4. The NANPx6 repeat
region titer for RTS,S/AS01 was 2 and 3-fold greater than the corre-
sponding High and Low dose FMP013/ALFQ titers at day 71, respec-
tively (Fig. 4A). In sharp contrast, the respective C-terminal region
titers of FMP013/ALFQ High and Low dose groups were 3 and 1.9-
fold greater than RTS,S/AS01, respectively. Likewise, FMP013/ALFQ
FL-CSP titers exceeded the RTS,S/AS01 benchmark by 3- and 1.3-
fold in the High and Low dose groups respectively. The day 71 avid-
ity measurements of FMP013/ALFQ against FL, Repeat and C-term
antigens were comparable to RTS,S/AS01 (Fig. 4B). IgG1 and IgG3
were the predominant subclasses elicited by FMP013/ALFQ (Sup-
plementary Fig S2B), both of which have been associated with
RTS,S mediated protection [35]. OPA activity described previously
for RTS,S immune sera was comparable to RTS,S [36]. The IFN-c,
IL-2 and TNF-a Fluorospot frequency on day 71 for FMP013/ALFQ
recipients compared favorably to the equivalent ELISpot frequen-
cies reported for volunteers receiving RTS,S [37]. While only
head-to-head comparisons of vaccines can be definitive, our data
show that the titers elicited by FMP013/ALFQ were higher than
those elicited by a similar full-length CSP construct adjuvanted
with GLA/LSQ [38].

As compared to RTS,S/AS01B, the FMP013/ALFQ induced a
highly C-terminal region biased response (Fig. 3C). We have previ-
ously shown that particulate presentation of CSP selectively boosts
the immunogenicity of its long and flexible repeat region [39]. The
particulate nature of RTS,S may also be focusing its immunogenic-
ity towards the repeat region, while a soluble protein like FMP013
may be eliciting higher titers to the more structured C-terminal
region. The moderate efficacy of RTS,S has been partly attributed
to strain mismatch between the 3D7 strain C-terminal and the par-
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asites circulating in the field [17,32]. Hence, there is a concern that
a C-terminal biased vaccine may not be effective in the field. We
found that the C-terminal antibody breadth of the High dose group
of FMP013 recipients exceeded the historical benchmark of RTS,S
reported previously (Fig. 5D)[32]. The augmented C-terminal
region antibody response and higher cross-reactivity to heterolo-
gous C-terminal region peptides suggests that FMP013/ALFQ could
be more effective than RTS,S/AS01 against the diversity of Plasmod-
ium falciparum parasite strains in the field [32].

Early CSP vaccines based on soluble protein and peptides eli-
cited little to no protection in humans [40], resulting in the prevail-
ing view that particle based antigens may be necessary to elicit
high-level protection against malaria. However, particulate RTS,S
antigen, combined with alum or monophosphoryl lipid A (MPL)
containing adjuvants also showed poor efficacy in early trials
[19]. By contrast, RTS,S, formulated with immune-stimulants MPL
and QS21, first the oil-in-water emulsion AS02 and then the liposo-
mal formulation AS01, reproducibly protected � 50% of vaccinees
in CHMI trials [41–44]. Indeed, the soluble protein herpes zoster
vaccine (ShingrixTM) adjuvanted with AS01 is proof that soluble
protein vaccines can be highly efficacious [45]. Soluble antigens
offer a more cost-effective scale-up and improved stability com-
pared to the structurally complex particulate antigens. Improved
efficiencies in cost will be impactful for real-world deployment
of malaria vaccines [46]. Notably, soluble CSP-based FMP013, for-
mulated in adjuvants Alum, GLA/SE or conjugated to the Qb phage,
did not meet the progression benchmark in rhesus macaque stud-
ies [18,39,47]. The benchmark criteria was only met when FMP013
was combined with ALFQ [27 26]. These current human data there-
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fore also validate the use of the rhesus macaque model as a stage
gate for progression of next-generation CSP vaccines to humans.
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