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Abstract

Plasmodium falciparum circumsporozoite protein (CSP) is a major sporozoite surface protein and 

a key target of pre-erythrocytic malaria subunit vaccines. A full-length recombinant CSP (rCSP) 

based strategy could be advantageous, as this antigen includes a region critical to sporozoite 

cell attachment and hepatocyte invasion. The adjuvant Glucopyranosyl Lipid A-liposome Quillaja 
saponaria 21 (GLA-LSQ) functions as a TLR4 agonist, promotes antigen-specific TH1 responses 

and stimulates cytotoxic T cell production. To date, one study has reported the clinical 

acceptability of GLA-LSQ. We present interim results of a phase 1 first-in-human dose-escalation 

clinical trial of full-length rCSP vaccine given with or without GLA-LSQ adjuvant. Participants 

experienced only mild to moderate related solicited adverse events. The lowest adjuvanted vaccine 

dose achieved >90-fold rise in geometric mean anti-CSP IgG antibody titer. These favorable 

safety and immunogenicity results confirm the immunostimulatory capacity of this relatively new 

adjuvant and support next steps in clinical product development.
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1. Introduction

A highly effective vaccine against Plasmodium falciparum, the most common and deadly 

cause of malaria, could save up to 400,000 lives annually [1]. A key target of pre-

erythrocytic malaria vaccine efforts has been the circumsporozoite protein (CSP), the major 

surface protein densely coating the sporozoite as it traverses through the bloodstream 

to the liver. CSP contains an amino-terminal region critical to sporozoite host cell 

attachment and hepatocyte invasion (region I) [2], a central repeat region, and the carboxyl-

terminus, comprised of Th2R and Th3R regions that each contain multiple T cell epitopes 

(Supplementary figure 1). RTS,S, the most advanced malaria vaccine to date, includes a 

truncated version of CSP that lacks the amino-terminus (Supplementary figure 1). In a 

Phase 3 RTS,S/AS01 clinical trial, vaccine efficacy in children 5–17 months of age was 

46% (27% in infants 6–12 weeks of age) in the 18 months following the third dose, and 

efficacy waned to negligible levels by month 33 [3,4]. Immunogenicity analyses suggested 

a non-linear dose–response relationship between anti-CSP IgG antibody titers and vaccine-

induced protection [5]. Given the malaria burden worldwide, widespread RTS,S/AS01 use 

could have significant effects on malaria morbidity. However, higher vaccine efficacy is 

needed for malaria eradication efforts.

A full-length recombinant CSP (rCSP) based strategy may improve the modest efficacy 

provided by RTS,S. Human antibodies that bind the junction between region I and the 

central repeat region were recently isolated from volunteers immunized with an irradiated 

sporozoite vaccine and protected from controlled human malaria infection (CHMI) [6,7]. 

These human antibodies protected mice from malaria infection in two different models: mice 

challenged with a transgenic P. berghei strain expressing P. falciparum CSP (Pb-PfCSP) and 

humanized mice (FRG-huHep) challenged with P. falciparum [6]. These findings highlight 

the potential advantage of including this junctional region in a CSP-based vaccine.

The CSP central repeat region previously hindered large-scale production of full-length 

rCSP using good manufacturing practice, but recently, a full-length, biologically active 

rCSP was successfully expressed in a Pseudomonas fluorescens platform [8]. In mice, 

rCSP immunization elicited a monoclonal antibody (mAb) that was the first identified with 

specificity against the junction between region I and the central repeat region and prevents 

the cleavage necessary for hepatocyte invasion. Indeed, this mAb inhibited hepatocyte 

infection when passively transferred to mice challenged with recombinant rodent malaria 

(P. berghei) containing a chimeric CSP with a P. falciparum amino-terminal region [9]. This 

rCSP vaccine also is the first full-length CSP protein vaccine to reach clinical trials and the 

first malaria antigen to be expressed by a P. fluorescens platform.

To elicit a vaccine response to CSP that mimics natural immunity acquired after years 

of repeated exposure [10], CSP-based vaccines are usually combined with an adjuvant. 

Glucopyranosyl Lipid A-liposome Quillaja saponaria 21 formulation (GLA-LSQ) was 

developed by the Infectious Disease Research Institute and chosen as an adjuvant to 

boost CSP-based immunogenicity. Glucopyranosyl lipid adjuvant (GLA) is a synthetic, 

homogeneous, nontoxic derivative of Gram-negative bacterial cell wall lipopolysaccharide 

[11]. It functions as a TLR4 agonist, promoting antigen-specific TH1-type responses [11]. 

Friedman-Klabanoff et al. Page 2

Vaccine. Author manuscript; available in PMC 2022 April 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Liposome Quillaja saponaria 21 formulation (LSQ) is a saponin extracted from Quillaja 
saponaria, a South American soapbark tree [12]. It promotes antigen-specific TH1 and 

antibody responses, and stimulates cytotoxic T cell production [12]. In a murine model, 

three doses of 20 μg of rCSP adjuvanted with GLA-LSQ demonstrated > 90% inhibition of 

liver stage development in mice challenged with Pb-PfCSP [8]. To date, only one published 

report exists describing GLA-LSQ clinical testing. The two cohorts that received the 

placental malaria vaccine, PAMVAC, with GLA-LSQ reported two grade 2 and one grade 3 

related adverse event, but no serious adverse events [13]. We initiated a first-in-human Phase 

I clinical trial in malaria-naïve, adult volunteers to evaluate rCSP safety and immunogenicity 

with and without GLA-LSQ and now report interim safety and immunogenicity results.

2. Material and methods

2.1. Study design and participants

We began an open label, dose escalation study to determine the safety and immunogenicity 

of rCSP administered with or without GLA-LSQ in 30 healthy adult volunteers aged 18–

45 years old. Participants underwent screening for acute and chronic illnesses through 

medical history, physical examination, and laboratory testing before enrollment. Females of 

childbearing potential and males agreed to use contraception from 30 days before enrollment 

until 30 days after third vaccination. Individuals with a history of malaria infection 

or significant previous exposure were excluded. Additional exclusion criteria included 

recent immunosuppressive agent use, history of anaphylaxis, severe adverse reaction to 

any vaccination, and recent receipt of blood products (complete listing of screening and 

inclusion/exclusion criteria in Supplementary Materials).

The University of Maryland, Baltimore, Institutional Review Board approved the study 

protocol. The National Institute of Allergy and Infectious Diseases (NIAID) provided onsite 

clinical monitoring and appointed a safety monitoring committee and an independent local 

safety monitor. The study complied with the International Conference on Harmonization of 

Good Clinical Practices and the Declaration of Helsinki. All volunteers provided written 

informed consent.

2.2. Study procedures

The study progressed in a telescoped design, with three groups of ten participants each. Two 

sentinel participants from Group 1 received the first dose of 10 μg rCSP + 5 μg GLA/LSQ 

(which contains 5ug GLA and 2ug of LSQ) and, after 24 h with no safety concerns, the other 

8 volunteers received the immunization. At Day 29 with no safety concerns, the sentinels 

in Groups 2 and 3 received the first dose of 30 μg rCSP + 5 μg GLA-LSQ (Group 2) or 

30 μg rCSP alone (Group 3). This unadjuvanted vaccine group was included due to limited 

safety, tolerability and immunogenicity data available regarding GLA-LSQ use in humans. 

Similarly, after 24 h with no safety concerns, the other 8 volunteers in each group received 

the immunization. Each group received a second and third vaccine 28 and 84 days after the 

first, respectively. See Supplementary Materials for details about clinical trial materials and 

administration.
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To assess rCSP/GLA-LSQ safety and reactogenicity, primary endpoints included solicited 

local and systemic reactions and related severe laboratory adverse events for seven days 

following vaccination, related severe unsolicited adverse events and serious adverse events 

for 28 days following vaccination, and serious adverse events and adverse events of special 

interest during the entire participant follow-up period. Reactogenicity grading is detailed 

in Supplementary Tables 1 and 2. Participants completed a seven-day memory aid after 

each vaccination to document solicited adverse events. Complete blood count, alanine 

aminotransferase (ALT), and creatinine were assessed seven days after each vaccination. 

Study clinicians assessed adverse events, including laboratory abnormalities, for severity and 

relatedness to study product, and graded according to a protocol defined grading system 

(details in Supplementary Materials).

Secondary endpoints included anti-CSP antibody titer. Participants underwent venous blood 

collection to measure anti-CSP IgG by ELISA at baseline (day of first vaccination), 1 and 

4 weeks after each vaccination, and 12 and 24 weeks after last vaccination. ELISA methods 

are detailed in Supplementary Materials. Laboratory personnel conducting immunogenicity 

studies were blinded to study group assignment, participant ID and visit number. We 

calculated geometric mean anti-CSP IgG titers with 95% confidence intervals and fold 

increases of anti-CSP IgG from baseline to post-vaccination. Seroconversion was defined as 

a greater than four-fold rise in anti-CSP IgG. All statistical analyses were performed using 

SAS software, Version 9.4 (Cary, NC).

3. Results

3.1. Study population

All 30 participants received three doses of rCSP with or without GLA-LSQ (CONSORT 

diagram in Fig. 1). Most participants (63.3%) were male, and mean participant age was 

29 years (range 22 to 40). Additional participant characteristics are listed in Table 1 and 

Supplementary Table 3.

3.2. Safety

The vaccine demonstrated a favorable safety and tolerability profile. Six participants (20%) 

experienced at least one solicited systemic adverse event: one in Group 1, one in Group 

2 and four in Group 3 (Table 2). One participant in Group 1 developed severe vomiting 

5 days after the first vaccination due to viral gastroenteritis, one participant in Group 1 

developed contact dermatitis after exposure to poison ivy and one participant in Group 

3 developed severe nausea and vomiting five days after the second vaccination after 

consuming homemade mayonnaise left at ambient temperature. No other severe systemic 

adverse events occurred. Notably, no participants reported fever related to vaccination. No 

participant reported any related unsolicited adverse events.

Thirteen participants (43.3%) experienced solicited local adverse events: five in Group 1, six 

in Group 2 and two in Group 3 (Table 2). The most common solicited local events included 

pain, tenderness, and/or swelling at the injection site, all graded as mild. No participants 

had graded quantitative injection site induration or swelling. One participant experienced 
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mild quantitative injection site erythema. Hematologic toxicities were rare: two participants 

in Group 1 developed mild anemia related to blood draws and two participants (one in 

Group 2 and one in Group 3) developed mild decrease in white blood cell counts related 

to intercurrent illness. No significant changes in platelets occurred in any group. Similarly, 

creatinine and ALT changes arose rarely: two participants in Group 2 and one participant in 

Group 3 developed a mild increase in creatinine, and one participant in group 2 had a mild 

increase in ALT, all unrelated to vaccination. No other measured biochemistry toxicities 

occurred.

3.3. Anti-CSP serum IgG responses

In all groups, the geometric mean anti-CSP IgG titer surpassed the seroconversion threshold 

(i.e. 4-fold rise over baseline) 28 days after first vaccination (Supplementary Table 4). 

Overall, the fold increases in geometric mean IgG titer 28 days after last vaccination 

were higher among participants who received rCSP with GLA-LSQ (Group 1: 92.4-fold 

and Group 2: 145.7-fold) compared to rCSP alone (Group 3: 58.4-fold). The median fold 

increases were slightly higher in Group 2 than Group 1 at each follow-up time point 

except for Days 57, 85, and 253, at which points the values are similar, despite the higher 

rCSP dose given to Group 2 (Supplementary Fig. 2 and Supplementary Table 4). Among 

the ten participants in Group 1, nine seroconverted; eight of them within 28 days after 

first vaccination. All participants in Groups 2 and 3 seroconverted after third vaccination. 

Individual kinetics of rCSP antibody responses are shown in Fig. 2.

3.4. Discussion and conclusions

In this first-in-human clinical trial, the rCSP/GLA-LSQ vaccine demonstrated a favorable 

safety and tolerability profile. Most participants experienced no adverse events, and all 

adverse events related to vaccination were only mild to moderate in intensity. Similar 

numbers of participants experienced adverse events in each dose group tested, with or 

without adjuvant. The number and severity of adverse events did not increase with 

subsequent doses and no participant withdrew or was terminated.

The GLA-LSQ dose used in the current study was approximately double the dose used in a 

published study testing GLA-LSQ in healthy adults, but we report fewer adverse events [13]. 

The low rate of reported adverse events in our participants supports GLA-LSQ safety and 

tolerability in humans and may indicate low rCSP reactogenicity.

No reliable immunological correlate of protection exists for P. falciparum pre-erythrocytic 

vaccines, however, anti-CSP antibodies seem to play a role in preventing infection [5]. In our 

study, rCSP vaccination resulted in seroconversion in 97% of participants, regardless of dose 

or presence of adjuvant. However, GLA-LSQ increased the magnitude of CSP IgG titers; 

titers were also more homogeneous in groups that received the adjuvant. The tolerability and 

immunostimulatory capacity of GLA-LSQ make it an attractive adjuvant to stimulate TLR 

responses deemed critical for long-term protection against malaria.

Dose sparing regimens have not been shown to reduce immunogenicity in studies of CSP-

based vaccines [14,15]. We observed similar anti-CSP IgG titers in groups that received the 

low and medium rCSP dose with GLA-LSQ. Therefore, as the study moves into the second 
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phase, subsequent participants will be enrolled and assigned to receive low dose or high dose 

rCSP, both with the GLA-LSQ adjuvant. This next phase will measure preliminary efficacy 

against CHMI with homologous NF54 parasites. We will also complement the measurement 

of humoral immunity with high-throughput peptide microarrays to identify correlates of 

protection against CHMI. The low adverse event rate and promising immunogenicity results 

of rCSP/GLA-LSQ support advancement in clinical product development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Screening, enrollment, vaccination, and follow-up of study participants.
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Fig. 2. 
Individual kinetic anti-CSP IgG titers in each treatment group. Datapoints represent serum 

IgG titers for individual volunteers. Vaccines were given on days 1, 29, and 85.
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