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Abstract

Immunization with attenuated Plasmodium sporozoites can induce protection against malaria 
infection, as shown by Plasmodium falciparum (Pf) sporozoites attenuated by radiation in 
multiple clinical trials. As alternative attenuation strategy with a more homogeneous population 
of Pf sporozoites (PfSPZ), genetically engineered Plasmodium berghei sporozoites (SPZ) lacking 
the genes b9 and slarp induced sterile protection against malaria in mice. Consequently, PfSPZ-
GA1 Vaccine, a Pf identical double knockout (PfΔb9Δslarp), was generated as a genetically 
attenuated malaria parasite vaccine and tested for safety, immunogenicity, and preliminary 
efficacy in malaria-naïve Dutch volunteers. Dose-escalation immunizations up to 9.0 × 105 
PfSPZ of PfSPZ-GA1 Vaccine were well tolerated without breakthrough blood-stage infection. 
Subsequently, groups of volunteers were immunized three times by direct venous inoculation 
with cryopreserved PfSPZ-GA1 Vaccine (9.0 × 105 or 4.5 × 105 PfSPZ, N = 13 each), PfSPZ Vaccine 
(radiation-attenuated PfSPZ, 4.5 × 105 PfSPZ, N = 13), or normal saline placebo at 8-week 
intervals, followed by exposure to mosquito bite controlled human malaria infection (CHMI). 
After CHMI, 3 of 25 volunteers from both PfSPZ-GA1 groups were sterilely protected, and the 
remaining 17 of 22 showed a patency ≥9 days (median patency in controls, 7 days; range, 7 to 
9). All volunteers in the PfSPZ Vaccine control group developed parasitemia (median patency, 9 
days; range, 7 to 12). Immunized groups exhibited a significant, dose-related increase in anti-Pf 
circumsporozoite protein (CSP) antibodies and Pf-specific interferon-γ (IFN-γ)–producing T cells. 
Although no definite conclusion can be drawn on the potential strength of protective efficacy of 
PfSPZ-GA1 Vaccine, the favorable safety profile and induced immune responses by PfSPZ-GA1 
Vaccine warrant further clinical evaluation.

CHAPTER 4
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Introduction

A recent resurgence in Plasmodium falciparum (Pf) malaria cases after years of control 
underscores the need for a highly efficacious vaccine for elimination (1). The Pf circumsporozoite 
protein (CSP) subunit vaccine RTS,S/AS01E (Mosquirix, GlaxoSmithKline) is the only malaria 
vaccine to move beyond phase 3 clinical trials, although it provides only short-term and partial 
clinical vaccine efficacy (2).

In the past decade, there has been a growing interest in attenuated whole Pf sporozoite 
(PfSPZ) vaccines based on the idea that this whole-organism immunization will be able to induce 
the protection needed against the breadth of antigens present in the parasite. The first approach 
to immunizing humans with radiation-attenuated PfSPZ was developed almost 50 years ago (3) 
and has now been translated to a vaccine, consisting of radiation-attenuated, metabolically 
active, aseptic PfSPZ that meet regulatory standards for direct venous inoculation (DVI). This 
product, Sanaria PfSPZ Vaccine, has shown an excellent safety profile in 1595 subjects aged 5 
months to 65 years in 20 clinical trials in the United States, Europe, and Africa (4–6). Furthermore, 
it has provided protection against controlled human malaria infection (CHMI) and malaria 
infections in the field (4, 7, 8).

Radiation induces random DNA damage in the parasite genome, generating a heterogeneous 
nonreplicating population of PfSPZ. These PfSPZ invade hepatocytes, partially develop, and then 
arrest at an early stage in the liver (9). As an alternative to radiation-based attenuation, genetic 
modification generates a homogeneous formulation of PfSPZ, which stop development in the 
liver at a well-defined point (10). In rodent models, immunization with genetically attenuated 
malaria SPZ can induce similar, or even greater, protective immunity compared to radiation-
attenuated malaria SPZ (11). The intrinsic and irreversible nature of the genetic attenuation 
greatly reduces safety risks during manufacturing of PfSPZ. Consequently, several liver-arresting 
genetically attenuated Pf parasites have been generated (12–14), two of which have been tested 
for safety in volunteers by mosquito bite (13, 15).

We engineered attenuated PfSPZ by deletion of two genes encoding slarp and b9, each 
governing independent and critical processes for successful liver-stage development (12). Pf 
double-knockout (PfΔb9Δslarp) SPZ were capable of invading primary human hepatocytes 
in vitro, but arrested growth early after invasion and were not detected at days 2 to 7 after 
infection, similar to PfSPZ Vaccine. PfΔb9Δslarp parasite development was fully abrogated in 
the liver of humanized mice (12). SPZ of the equivalent rodent Plasmodium berghei–attenuated 
parasite (PbΔb9Δslarp) also showed aborted liver-stage development while retaining the capacity 
to induce fully protective immunity in both the BALB/c and C57BL/6 mouse models (12). These 
preclinical data justified formulation and clinical assessment of PfΔb9Δslarp.

4.
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Figure 1. Study flow chart. Manufacture of aseptic, purified, and cryopreserved PfΔb9Δslarp PfSPZ 
(Sanaria PfSPZ-GA1 Vaccine) was performed in compliance with Good Manufacturing Practice (16). 
We report the first-in-human evaluation of PfSPZ-GA1 Vaccine (NCT0316121). We tested safety and 
immunogenicity of PfSPZ-GA1 Vaccine and subsequently examined the protective vaccine efficacy 
against a homologous CHMI with wild-type (WT) Pf (NF54) and compared this to a previously tested 
regimen of PfSPZ Vaccine.
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Results

Study population

In total, 124 malaria-naïve adults were screened for participation in the study from 1 May to 28 
November 2017. Nineteen volunteers were selected as volunteers in the safety dose-escalation 
stage A of the study, and 48 were selected for the immunogenicity and preliminary efficacy stage 
B. In addition, six backup volunteers were enrolled in stage B to replace any dropouts before 
immunization. One volunteer withdrew informed consent after the second immunization in 
stage B of the trial for reasons unrelated to the trial; all others completed follow-up (Fig. 1). In 
total, 34 of 67 (51%) were males. Mean age of the volunteers was 23 years old (SD, 4; range, 
18 to 34), and mean body mass index (BMI) was 23.5 kg/m2 (SD, 3.0; range, 18 to 30) (Table 1).
Volunteers in stage A were immunized once with escalating doses up to 9.0 × 105 PfSPZ of PfSPZ-
GA1 Vaccine, whereas in stage B volunteers were randomized double blind to receive three 
doses of 4.5 × 105 or 9.0 × 105 PfSPZ of PfSPZ-GA1 Vaccine, 9.0 × 105 PfSPZ of PfSPZ Vaccine, or 
saline placebo at 8-week intervals.

Table 1. Volunteer demographics.

STAGE A STAGE B Total

Group A1 Group A2 Group A3

Number of volunteers 3 3 13 48 67

Age (years) Mean 23 25 23 23 23

SD 3 3 5 3 4

Median 23 26 23 23 23

Min, Max 20, 26 20, 29 18, 34 18, 33 18, 34

Sex Male 1 2 5 26 34

Female 2 1 8 22 33

BMI Mean 25.3 23.9 23.6 23.3 23.5

SD 0.7 2.7 2.9 3.1 3.0

Median 25.1 24.9 23.6 22.5 23.4

Min, Max 25, 26 18, 26 19, 29 18, 30 18, 30

Safety results

No serious adverse events occurred during this trial. None of the blood samples taken for blood-
stage infection at any time point after DVI of 1.35 × 105, 4.5 × 105, or 9.0 × 105 PfSPZ of PfSPZ-
GA1 Vaccine in stage A and after any of three immunizations with 4.5 × 105 or 9.0 × 105 PfSPZ 
of PfSPZ-GA1 Vaccine in stage B were positive for parasite DNA. Blood samples were tested 
for erythrocytic-stage parasites by quantitative polymerase chain reaction (qPCR) every day 
from day 6 to day 21 after immunization and on day 28 in stage A and on day 14 after each 
immunization in stage B (Fig. 2).

4.
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All immunizations with PfSPZ-GA1 Vaccine and PfSPZ Vaccine were well tolerated, and there were 
no significant differences in incidence or severity of adverse events between vaccine and placebo 
groups in stage B. A total of 66 related adverse events were reported after immunization (table 
S1). DVI was successful after a single needle stick in 93% of injections (151 of 162 injections), 
and after three attempts, all but one DVI was successful. Volunteers reported no or mild pain 
during injection; only one volunteer reported severe pain once for a few seconds during needle 
insertion. Bruising after DVI was the most commonly reported local adverse event, occurring in 
7 of 67 (10%) of volunteers. Headache and fatigue/malaise were the most frequently reported 
systemic adverse events (reported by 31 and 14 volunteers, respectively) in both intervention 
and placebo groups, of which three events were severe. One severe unsolicited adverse event 
probably related to immunization occurred when a volunteer experienced a vasovagal reaction 
during immunization. There were no clinically significant laboratory abnormalities.

The most common adverse events after CHMI with Pf WT NF54 were headache (52% of 
volunteers) and fatigue (51%). One volunteer (placebo group) reported severe chills 2 days 
after atovaquone/proguanil treatment for blood test–positive Pf malaria. Two volunteers 
(placebo group and PfSPZ Vaccine group) reported severe dizziness on the first and third day of 
atovaquone/proguanil treatment. All adverse events resolved without sequelae.

There were two cases of mild (grade 1) highly sensitive troponin T elevation to a maximum 
of 19 ng/ml (reference, <14 ng/ml) 10 to 12 days after CHMI at the time when blood samples 
were positive for Pf by qPCR: one (9.0 × 105 PfSPZ of PfSPZ-GA1 Vaccine group) deemed probably 
related and one (4.5 × 105 PfSPZ of PfSPZ-GA1 Vaccine) deemed possibly related to CHMI. Both 
volunteers were asymptomatic, and electrocardiogram did not show abnormalities. Both 
volunteers were treated with atovaquone/proguanil on the first day of troponin elevation, at 
which time blood samples were positive for Pf. The highly sensitive troponin T concentration 
decreased to normal range within a day, and volunteers experienced no sequelae.

Protective efficacy against CHMI

To obtain a preliminary measure of PfSPZ-GA1 vaccine efficacy (VE), the immunized volunteers in the 
stage B study underwent CHMI with Pf NF54 WT parasites by mosquito bite 3 weeks after the final 
immunization. The volunteers were monitored on a daily basis, and blood samples were tested for 
the presence of parasites by qPCR (Fig. 2). Although the primary endpoint of proportion protected 
was not significantly different between any vaccine groups and the placebo control group, all vaccine 
groups showed a significant delayed time to positive qPCR as compared to the placebo (Fig. 3; log-
rank test, P = 0.0003). All volunteers in the placebo group developed parasitemia, with a median 
of 7 days after CHMI (seven volunteers at day 7, one at day 8, and one at day 9). All 13 volunteers 
immunized with the control 4.5 × 105 PfSPZ of PfSPZ Vaccine developed parasitemia, with a median 
delay of 2 days (median, 9; range, 7 to 12 days, compared with placebo Mann-Whitney, P = 0.0078). 
After CHMI, 3 of 25 volunteers from both PfSPZ-GA1 groups were sterilely protected. Immunization 
with 4.5 × 105 PfSPZ of PfSPZ-GA1 Vaccine resulted in 11 of 12 volunteers developing blood-stage 
parasitemia, with a median delay of 2 days (median, day 9; range, 7 to 12 days, compared with 
placebo Mann-Whitney, P = 0.0005). In the highest-dose PfSPZ-GA1 group, 11 of 13 volunteers 
became qPCR positive, with a median 4-day delay (median prepatent period, 11 days; range, 7 to 
12 days, compared with placebo Mann-Whitney, P = 0.0018). This study was not powered to detect 
significant differences in time to positive qPCR between vaccine groups.
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A double-blind, placebo-controlled phase 1/2a trial of the genetically attenuated malaria vaccine PfSPZ-GA1

Figure 2. Study design. In stage A study, volunteers were immunized by direct venous inoculation (DVI) 
with either 1.35 × 105, 4.5 × 105, or 9.0 × 10 PfSPZ of PfSPZ-GA1 Vaccine (n = 3, 3, or 13, respectively; 
green circle), after which blood samples were taken on a daily basis from day 6 until day 21 (black circles). 
At day 28 (blue circle), all volunteers were treated with a curative regimen of atovaquone/proguanil. 
Final visits were at days 35 and 100. In stage B study, four groups of volunteers were immunized three 
times (green circles) with either 4.5 × 105 (n = 13) or 9.0 × 105 PfSPZ (n = 13) of PfSPZ-GA1 Vaccine or  
4.5 × 105 PfSPZ of PfSPZ Vaccine (n = 13) or saline placebo (n = 9) by DVI, with blood samples 
taken for blood-stage parasitemia at day 14 after every immunization. CHMI by mosquito bite 
with WT Pf NF54 (red circle) was performed 3 weeks after the final immunization, after which 
daily follow-up was performed from day 139 to day 154. All volunteers received curative 
treatment with atovaquone/proguanil (blue circle) and came for three final follow-up visits.  

Figure 3. Parasitemia after CHMI. (A) Kaplan-Meier showing number of volunteers without blood-stage 
parasitemia as measured by qPCR between 0 to 28 days after CHMI (log-rank, P = 0.0003) and (B) days until 
patency [qPCR > 100 p/ml, for the 9.0 × 105 PfSPZ-GA1 Vaccine (dark green), 4.5 × 105 PfSPZ-GA1 Vaccine 
(green), 4.5 × 105 PfSPZ Vaccine (blue), and placebo group (black)]. Lines indicate median. (B) shows 
significance by Mann-Whitney test: *P < 0.05 and **P < 0.01.

4.
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Figure 5. Relationship between immune parameters and protection. (A) Relationship between anti-
PfCSP antibody titers (lines indicate geomean), % of (B) IFN-γ–producing CD4+, or (C) CD8+ T cells (lines 
indicate median and interquartile ranges) and the protection status of volunteers. Protection grouped 
by day of positive qPCR (patency) ≤8 or >8 or “sterile” if qPCR negative until day 28. One-way ANOVA, 
P = 0.05. (D) Correlation of anti-PfCSP antibody titer 14 days after the final immunization with prepatent 
period. Pearson correlation P = 0.02 and r = 0.32.

Immunogenicity

All immunized groups showed a significant increase in antibody titers against PfCSP between pre-
immunization and pre-CHMI time points (P < 0.0001, paired t test overall; Fig. 4A). Immunization 
with 4.5 × 105 PfSPZ of PfSPZ Vaccine and PfSPZ-GA1 Vaccine induced similar anti-PfCSP antibody 
titers, whereas immunization with 9.0 × 105 PfSPZ of PfSPZ-GA1 Vaccine produced significantly 
higher anti-PfCSP titers [Fig. 4A; one-way analysis of variance (ANOVA) Tukey post hoc mean 
difference, 5573; 95% confidence interval (CI), 332 to 30,823; P = 0.04].

Peripheral blood cells from all immunized groups exhibited a significant increase in CD4+ and 
CD8+ T cells producing interferon-γ (IFN-γ) upon stimulation with Pf-infected red blood cells after 
three immunizations (PfRBC; Fig. 4, D and E; P < 0.03) as compared to baseline. In total, 35 and 
32% of all immunized volunteers were IFN-γ responders for CD4+ or CD8+ T cells, respectively, 
with 46% of volunteers showing an increase in at least one subset.
To examine whether there was an association between an increase in antibody or cellular 
responses and protection, data from immunized individuals were segregated on the basis of 
protection status (Fig. 5A). The anti-PfCSP antibody titers correlated significantly with time until 

4.
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positive qPCR-based blood-stage patency (Pearson correlation r = 0.32; 95% CI, −0.01 to 0.59; 
P = 0.02, R2 = 0.1; Fig. 5D). However, cellular responses did not correlate with protection (one-
way ANOVA for patency ≤8 days, >8 days, and full protection, P = 0.05).

We thus demonstrate that immunization with three doses of 4.5 × 105 PfSPZ of PfSPZ 
Vaccine and PfSPZ-GA1 induced similar anti-PfCSP antibody responses and that there was a 
dose-dependent increase in anti-PfCSP responses after immunization with 9.0 × 105 PfSPZ of 
PfSPZ-GA1. Moreover, anti-PfCSP antibody responses correlated with protection.

Discussion

Here, we report the first-in-human administration and efficacy data of the live, injectable, 
nonreplicating, genetically attenuated PfSPZ, PfSPZ-GA1 Vaccine. PfSPZ-GA1 Vaccine was 
safe and well tolerated, and no blood-stage infections were observed in 45 volunteers after 
97 injections, totaling more than 6 × 107 PfSPZ administered by DVI. PfSPZ-GA1 Vaccine was 
immunogenic and induced both antibody and CD4+ and CD8+ T cell responses, with a potency 
analogous to the comparator PfSPZ Vaccine. Homologous CHMI through the bites of WT (Pf 
NF54)–infected mosquitoes 3 weeks after the last immunization resulted in three fully protected 
individuals and delays in time to patency in 17 of 25 volunteers at both dosages of PfSPZ-GA1 
Vaccine. The delay in time to patency correlated with increased anti-PfCSP antibody responses.
This study shows that an injectable, double gene deletion attenuated parasite vaccine is safe 
and immunogenic in humans. Previously, two genetically attenuated parasites (GAPs) have 
undergone safety evaluation in healthy volunteers in an experimental setting through the bites 
of infected Anopheles mosquitoes (13, 15). One GAP, lacking the two genes p52 and p36, showed 
a blood-stage infection in a single volunteer after being exposed to 200 infectious bites (15). 
The breakthrough blood parasites were confirmed as having the p52 and p36 gene deletion 
genotype, indicating that deletion of these two genes was not sufficient to result in a complete 
growth arrest in the liver stage. This same incomplete attenuation phenotype (at high infection 
doses) had also been observed in rodent malaria parasites lacking the same genes (17). In a 
subsequent study, another GAP was analyzed, which additionally included a deletion of the slarp 
gene, also referred to as sap1. This triple-knockout GAP (PfΔp52Δp36Δsap1) was administered 
to healthy volunteers through the bites of 150 to 200 infectious Anopheles mosquitoes, and no 
breakthrough blood infections were observed (13). No protective efficacy studies of the triple-
knockout GAP have been reported yet. In contrast to PfΔp52Δp36Δsap1, PfSPZ-GA1 Vaccine was 
administered as an injectable vaccine.

We found a delay in patency up to day 12 after CHMI as compared to a 7- to 9-day patency in 
controls, reflecting a 2-log reduction in parasites released from the liver in volunteers vaccinated 
with both doses of PfSPZ-GA1. However, the interpretation of the vaccine efficacy data is 
complicated by the unexpected low efficacy of the PfSPZ Vaccine reference group. The dose of 
the control PfSPZ Vaccine was chosen on the basis of a previous study in which three doses of 
4.5 × 105 PfSPZ of PfSPZ Vaccine by DVI protected 13 of 15 volunteers from mosquito bite CHMI 
3 weeks after the last immunization (18). The same dose was selected for PfSPZ-GA1 in group 
1 to enable a comparison of the two vaccines’ immunogenicity. As anticipated when designing 
the trial, the PfSPZ Vaccine group allows us to put the vaccine efficacy results in perspective of 
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previous trials with the PfSPZ Vaccine as reference. This difference in vaccine efficacy of PfSPZ 
Vaccine between the study in the United States and our study may be explained by either (i) 
differences in the stringency of the CHMI or (ii) differences in the immunogenicity of PfSPZ 
Vaccine in the two studies. With regard to the first possibility, both studies used mosquito 
bite–based CHMI at 3 weeks after the last immunization. Mosquito bite CHMI is more similar to 
natural infections as it includes the possibly relevant SPZ skin stage, where antibodies against SPZ 
may have an effector function (19, 20). However, in the Epstein et al. study (18), the 3D7 clone of 
the NF54 strain of Pf was used in the CHMI, whereas in this study we used the NF54 strain of Pf, 
which is not clonal. Small genotypic differences between these two strains have been identified 
(21), but it remains unclear whether these are relevant and result in differences in prepatent 
period as observed in independent clinical trials (22). Unfortunately, direct comparisons have 
not been performed. Because PfSPZ-GA1 was created in an NF54 background, we would expect 
the NF54 CHMI to be more homologous as compared to the 3D7 CHMI. In addition, the primary 
parasitological outcome variable differed between the trials (qPCR in The Netherlands and 
thick smear in the United States), so prepatent periods cannot be directly compared, making 
it difficult to assess challenge stringency. However, for both strains, five mosquito bites are 
needed to achieve a virtually 100% infection rate and ultimately cannot account for the lower 
than expected vaccine efficacy. Thus, we do not think that differences in stringency of CHMI can 
explain the difference in VE between the two studies. Moreover, we have broad experience with 
this mosquito bite CHMI model, including studies in which we show 100% vaccine efficacy by the 
chemoprophylaxis with SPZ approach against homologous Pf NF54 CHMI (23–25).

Both PfSPZ Vaccine and PfSPZ-GA1 Vaccine were immunogenic and induced anti-PfCSP 
antibodies and PfRBC-specific T cells. There was a positive association between anti-PfCSP 
antibodies and the protection status of the volunteers as measured by prepatent period. 
However, less than half of volunteers had significant induction of T cell responses, and CD8+ 
responses were inverse related to prepatency. Whether this reflects a compartmental shift of 
CD8+ T cells to nonlymphoid tissues, as observed in animal models (26), will require further study. 
This is in contrast with other PfSPZ Vaccine studies (7, 8), in which typically most volunteers show 
induction of CD4+ T cell responses, although CD8+ T cell responses have been variable. Possibly 
a difference in the in vitro cell stimulus (PfRBC versus PfSPZ) could also explain this difference, 
and therefore, in future studies with GAP vaccines, it would be of importance to also compare 
these two stimuli. However, anti-PfCSP antibody titers in our study were also significantly lower 
than those found in the Epstein et al. study (18) after immunization with PfSPZ Vaccine using 
the same schedule and dose of 4.5 × 105 PfSPZ (median level [net optical density (OD), 1.0] at 2 
weeks after the third dose of 19,044 versus 5465).

On the basis of these data, we consider a lower vaccine immunogenicity of PfSPZ Vaccine 
compared to the Epstein et al. study (18) to be a likely explanation for the decreased vaccine 
efficacy of PfSPZ Vaccine observed in our study. However, the true cause of the decreased 
immunogenicity remains unclear. Retrospective evaluation did not reveal any procedural 
complications or deviations from established protocols in vaccine transport, storage, or 
administration. In addition, the trial in our study was performed in two centers, with different 
teams performing vaccine preparation and administration and yet both showed similar 
immunogenicity results. Vaccine lot–specific problems also do not seem a likely explanation, 
given experiences in other sites with parallel trials. Although we observed that PfSPZ-GA1 Vaccine 
appeared to be as immunogenic as PfSPZ Vaccine, at an equivalent dose, the unexpected low 
vaccine efficacy of the PfSPZ Vaccine comparator limits our ability to draw firm conclusions on 

4.
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the VE of PfSPZ-GA1 Vaccine. However, given the suboptimal vaccine efficacy of PfSPZ-GA1, the 
next-generation genetically attenuated PfSPZ vaccines should aim at enhanced potency either 
by increasing dose or potentially through an arrest later in the liver stage.

An alternative to Pf gene deletion mutants as whole SPZ vaccine is the use of Plasmodium 
species that are nonpathogenic for humans expressing selected Pf target proteins. Transgenic 
murine P. berghei SPZ expressing the Pf CSP were recently tested in a clinical trial for safety, 
immunogenicity, and protective efficacy against a CHMI (27).

This study demonstrates that a genetically attenuated, live parasite vaccine, PfSPZ-GA1, 
can be safely administered to malaria-naïve volunteers by DVI. Genetically attenuated PfSPZ have 
advantages over other whole PfSPZ vaccination strategies, because they can improve the safety 
and consistency of manufacturing. Although the potential protective efficacy of PfSPZ-GA1 Vaccine 
cannot be fully appreciated in this trial, the data show clear immunogenicity combined with a 
favorable safety and tolerability profile. The current trial underscores the clinical potential of 
genetically attenuated vaccines, boosting further development of such malaria vaccine strategies.

Materials and Methods

Study design

The study was designed as a multicenter phase 1, open-label, dose-escalating trial to assess 
safety, tolerability, and immunogenicity of PfSPZ-GA1. In the initial, open-label safety stage of the 
trial (stage A), single escalating doses of PfSPZ-GA1 were administered by DVI to three groups of 
healthy adults at the Leiden University Medical Center (LUMC). Group A1 (n = 3) was inoculated 
with 1.35 × 105 PfSPZ of PfSPZ-GA1 Vaccine, group A2 (n = 3) was inoculated with 4.5 × 105 PfSPZ 
of PfSPZ-GA1 Vaccine, and group A3 (n = 13) was inoculated with 9.0 × 105 PfSPZ of PfSPZ-GA1 
Vaccine. For this initial proof-of-concept study, a dose of 1.35 × 105 PfSPZ of PfSPZ-GA1 Vaccine 
was chosen because this is the lowest dose at which PfSPZ Vaccine has shown to induce protective 
immunity (18), whereas after three doses of 9.0 × 105 PfSPZ Vaccine >90% VE was to be expected. 
This is based on a study where three doses of 4.5 × 105 PfSPZ induced >80% protection (18). In 
the follow-on efficacy stage of the trial (stage B), a total of 48 volunteers were included at LUMC 
(n = 24) and Radboud University Medical Center (RUMC) (n = 24), with double-blind randomization 
over four study groups according to a randomization list prepared by the study head pharmacist. 
Randomization was stratified per study site. The investigator, site personnel, and the sponsor were 
masked to treatment assignment. The site pharmacist or qualified employees were not masked 
and prepared the assigned vaccines. Groups 1 and 2 received three immunizations with PfSPZ-
GA1 Vaccine at doses of 9.0 × 105 (n = 13) and 4.5 × 105 (n = 13) PfSPZ. Group 3 received three 
immunizations with the control PfSPZ Vaccine at a dose of 4.5 × 105 PfSPZ (n = 13), and group 4 
was injected three times with normal saline as placebo (n = 9). All immunizations in stage B were 
administered at 8-week intervals. Three weeks after the final immunization, all stage B volunteers 
were exposed to five bites of Pf NF54–infected Anopheles stephensi mosquitoes according to 
previously described procedures to assess vaccine efficacy (28). The primary objective of the study 
was to investigate the safety and tolerability of PfSPZ-GA1 Vaccine, by analysis of (i) the presence of 
blood-stage parasites after inoculation and (ii) the frequency and magnitude of adverse events. A 
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secondary objective was the VE of PfSPZ-GA1 Vaccine against mosquito bite CHMI with Pf NF54 SPZ, 
as assessed by the presence or absence of parasitemia after CHMI. The presence of blood-stage 
parasites after inoculation with PfSPZ-GA1 Vaccine and the frequency and magnitude of adverse 
events after immunization were primary endpoints. The presence of blood-stage parasites after 
immunization was a stopping criterium.

We calculated a sample size of 13 immunized subjects per group and 9 infectivity controls for 
the first CHMI to show with a power of 80% that a 50% blood-stage parasite positive rate in the 
immunized group and 100% in the control group are significantly different (α < 0.05, two-tailed), 
assuming that one subject drops out from the immunized group (final N = 12).

The clinical trial was conducted under a U.S. Food and Drug Administration (FDA) 
Investigational New Drug (IND) application and was approved by the central committee for 
research involving human subjects in The Hague [Centrale Commissie Mensgebonden Onderzoek 
(Central Committee on Research Involving Human Subjects) (CCMO; NL56657.000.16)]. It was 
performed in The Netherlands under a license from the Dutch Ministry of Infrastructure and 
Environment (Ministerie van Infrastructuur en Milieu) for deliberate release of genetically 
modified organisms (IM-MV 15-004 and IM-MV 15-009). The study was registered at 
ClinicalTrials.gov (NCT03163121). Primary data are reported in data file S1.

Production of PfSPZ-GA1

The genetically attenuated Pf NF54 parasite, PfΔb9Δslarp (12), lacks two genes, b9 and slarp, 
which are vital for liver-stage development (12). Master and working cell banks were generated 
from the clone Pf NF54 parasite, PfΔb9Δslarp, filed under an FDA Master File and IND application, 
resulting in the product referred to as PfSPZ-GA1 Vaccine. PfSPZ-GA1 parasites were tested 
sensitive to the anti-malarial drugs chloroquine, mefloquine, artemether/lumefantrine, 
atovaquone/proguanil, and pyrimethamine.

Manufacture of PfSPZ-GA1 Vaccine bulk product followed the identical manufacturing 
schema of PfSPZ (NF54) Vaccine (16) except for several tests of vialed final products that were 
specific to PfSPZ-GA1 Vaccine. These tests included a PCR test for identity that confirmed the 
genetic signature of PfΔb9Δslarp (12), the potency assay that documented 3-day parasites that 
were developed in HCO4 cells in vitro, and the 6-day safety assay that confirms the absence 
of late-stage developing parasites in vitro. The manufacturing process generated aseptic A. 
stephensi mosquitoes that were infected with PfΔb9Δslarp (12). PfSPZ were harvested, purified, 
vialed, cryopreserved, and shipped in liquid nitrogen vapor phase at −150° to −196°C. On the day 
of administration, vials of PfSPZ-GA1 Vaccine were thawed and diluted using phosphate-buffered 
saline and 25% human serum albumin (CSL Behring) to the correct dose in a sterile environment.

Participants

A total of 67 healthy malaria-naïve male and female volunteers aged 18 to 35 years were recruited 
for the study. All included volunteers were in good health as assessed by medical history, physical 
examination, general chemistry and hematology evaluation, and an electrocardiogram. All 
included volunteers provided informed consent, and females were counseled to use adequate 
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contraception. A detailed list of inclusion and exclusion criteria is provided in the Supplementary 
Materials.

Procedures

Volunteers were immunized by a trained nurse administering 0.5 ml of the vaccine by DVI 
through a 25-gauge needle. Volunteers were observed for 30 min after every immunization. 
Local adverse events and pain scores were assessed immediately. In stage A, volunteers visited 
the trial facility daily from day 6 to day 21 after every immunization to report adverse events 
and to collect blood samples for assessment of parasites by qPCR. During the immunization 
period, all volunteers were treated with a curative regiment of atovaquone/proguanil when 
qPCR was positive for malaria or at day 28 after immunization. Complete blood counts and 
general chemistry laboratories were performed on days 6, 14, 21, 30, and 35 after immunization. 
Platelet counts, lactate dehydrogenase, and highly sensitive troponin T tests were performed 
daily to detect possible myocarditis in an early stage, in line with previously established 
protocols (29, 30). Blood samples for immunological assays were taken at baseline and at days 
6, 14, 21, 28, 35, 100, and 188. In stage B of the clinical trial, visits were on day 14 after every 
immunization and the day before immunization for safety assessments. Three weeks after the 
third and final immunization, volunteers were exposed to the bites of five mosquitoes infected 
with the homologous Pf NF54 strain (CHMI). All mosquitoes were checked for a blood meal 
and infectivity by dissection (28). Further details on the CHMI with Pf are reported in table 
S2. After CHMI, volunteers visited the trial center on a daily basis from day 6 to day 21. All 
volunteers were treated with a curative regimen of atovaquone/proguanil if they were qPCR 
positive or, alternatively, at day 28 after CHMI. Final visits took place at days 35, 100, and 188 
after CHMI. Blood samples for immunological analysis were taken before and 14 days after each 
immunization, before CHMI, and at days 6, 14, 21, 35, 100, and 188 after CHMI.

Adverse events

Solicited and unsolicited adverse events after DVI were recorded at every visit until 35 days after 
immunization. Solicited local adverse events were tenderness, induration, bruising/extravasated 
blood, erythema, swelling, pain, and pruritis. Solicited systemic adverse events were fever, rash, 
urticaria, pruritis, edema, headache, fatigue, malaise, chills, myalgia, and arthralgia. All volunteers 
were instructed to fill out a diary card, listing daily temperature and any adverse events up to 
day 35 after immunization. Causality of all adverse events was assessed by the investigators as 
definitely related, probably related, possibly related, unlikely related, or not related to the study 
procedures. In dichotomous analysis, the latter two were regarded as “unrelated” and the first 
three categories as “related.” All adverse events were graded as mild (grade 1), moderate (grade 
2), severe (grade 3), or serious (grade 4). Review of all safety data by an independent safety 
monitoring committee was performed at 28 days after each immunization in stage A, before 
continuing dose escalation to the next group and on day 28 after CHMI in stage B.
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Blood-stage parasitemia

To examine whether PfSPZ-GA1 were fully attenuated and incapable of establishing a blood-
stage infection, blood samples were monitored for parasites by qPCR (31). Blood samples were 
considered negative if no signal was detected in 50 cycles or the Pf load was <100 Pf/ml. Any 
sample with a load of >100 Pf/ml was considered positive. Parasite densities were determined 
with the use of a trendline of standardized control samples between 20 and 106 Pf/ml.

Immunology

Exploratory endpoints included immune responses after immunization with PfSPZ-GA1 Vaccine. 
Antibodies were detected by enzyme-linked immunosorbent assay (ELISA) against PfCSP (32). 
Cellular immune responses were analyzed using peripheral blood mononuclear cell (PBMC) 
samples obtained 1 day before the first immunization and 21 days after the third immunization. 
Cells were isolated using heparin cell preparation tubes according to previously published 
protocols (32). After thawing, cells were stimulated, as described previously (33). In short, PBMCs 
were cultured at 2.5 × 106 cells/ml in a final volume of 200µl per well in RPMI 1640 (Dutch 
Modification; Gibco) with gentamicin (5 mg/ml; Centraform), 100 mM pyruvate (Gibco), 200 
mM GlutaMAX (Gibco), and 10% heat-inactivated pooled human A+ serum (Sanquin, Nijmegen, 
The Netherlands). Cells were stimulated with purified NF54 schizonts (PfRBC) or uninfected 
red blood cells (uRBC) at a concentration of 2.5 × 106 RBC/ml for 24 hours. Brefeldin A (10 µg/
ml; Sigma-Aldrich) and monansin (2 µM; eBioscience) were added during the last 4 hours of 
stimulation. Cells were stained with fixable viability dye labelled with eFlour780 (eBioscience), 
CD3–phycoerythrin (PE)–Dazzle549 (BioLegend; clone OKT3), CD4–fluorescein isothiocyanate 
(FITC) (BioLegend; clone OKT4), CD8-Alexa Fluor 700 (BioLegend; clone HIT8A), pan-γδTCR-PE 
(Beckman Coulter; clone IMMU510), and CD56 peridinin chlorophyll protein (PerCP)–Cy5.5 
(BioLegend; clone HCD56) for 30 min at 4°C. Cells were subsequently permeabilized using 
Foxp3 fixation/permeabilization buffer (eBioscience) and stained for intracellular cytokines with 
IFN-γ–PE-Cy7 (BioLegend; clone 4S.B3), interleukin-2 (IL-2)–BrilliantViolet510 (BioLegend; clone 
MQ1-17H12), and tumor necrosis factor–α (TNF-α)–Alexa Fluor 647 (BioLegend; clone MAb11). 
Analysis was performed using a Gallios flow cytometer (Beckman Coulter) and FlowJo software 
(version 10.0.8 for Apple OS). Background cytokine production after stimulation with uRBC was 
subtracted from PfRBC responses. On an individual level, we defined IFN-γ responders as those 
volunteers with a percentage increase in IFN-γ–producing cells greater than twice the SD of all 
pre-immunization samples.

Statistical analysis

Adverse events were evaluated by tabulating according to intention to treat analysis. The 
proportion of volunteers in each group who reported mild, moderate, or severe adverse events 
was calculated, and analysis was primarily descriptive. The secondary endpoint of the study was 
the presence of parasitemia (by qPCR) after CHMI with the (WT) Pf NF54 strain in stage B of the 
study. Differences between groups were evaluated by log-rank test.

4.
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Differences in immunological parameters between groups were assessed by comparing mean 
values between the groups using one-way ANOVA when comparing several groups or a two-tailed 
Student’s t test or nonparametric equivalents. Paired tests were used if pre-exposure values 
were compared with post-exposure values, and unpaired tests were used if comparisons were 
made between groups. For discrete variables, the χ2 test or Fisher’s exact test was used (two-
tailed). All statistical analyses were performed with SPSS version 23.
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Supplementary

Inclusion and exclusion criteria

Inclusion criteria
1. Subject is aged ≥ 18 and ≤ 35 years and in good health.

2. Subject has adequate understanding of the procedures of the study and agrees to abide 
strictly thereby.

3. Subject is able to communicate well with the investigator, is available to attend all study visits.

4. Furthermore, the subject will remain within the Netherlands or within reasonable travelling 
distance from the Radboudumc from day -1 till day +28 after each parasite exposure. After CHMI, 
subjects have to be reachable by phone (24/7) from day -1 until day 35.

5. Subject agrees to inform his/her general practitioner (GP) about participation in the study 
and to sign a request to release by the GP, and medical specialist when necessary, any relevant 
medical information concerning possible contra-indications for participation in the study.

6. Subject agrees to refrain from blood donation to Sanquin or for other purposes throughout 
the study period and for a defined period thereafter according to Sanquin guidelines (3 years 
minimum, depending on serology).

7. Non-pregnant, non-lactating females of reproductive potential (i.e., have a uterus and are 
neither surgically sterilized nor post-menopausal) should agree to use adequate contraception 
and not to breastfeed for the duration of study.

8. Subject agrees to refrain from intensive physical exercise (disproportionate to the subjects’ 
usual daily activity or exercise routine) for twenty-one days following each immunization and 
during the malaria challenge period.

9. Subject has signed informed consent.

Exclusion criteria
1. Any history, or evidence at screening, of clinically significant symptoms, physical signs or 
abnormal laboratory values suggestive of systemic conditions, such as cardiovascular, pulmonary, 
renal, hepatic, neurological, dermatological, endocrine, malignant, hematological, infectious, 
immune-deficient, psychiatric or other disorders, which could compromise the health of the 
volunteer during the study or interfere with the interpretation of the study results. These include, 
but are not limited to, any of the following:

a. Body weight <50 kg or Body Mass Index (BMI) <18.0 or >30.0 kg/m2 at screening

b. A heightened risk of cardiovascular disease, defined as:

4.
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i. An estimated ten-year risk of fatal cardiovascular disease of ≥5% at screening, as determined 
by the Systematic Coronary Risk Evaluation (SCORE);

ii. History, or evidence at screening, of clinically significant arrhythmia’s, prolonged QT-interval 
or other clinically relevant ECG abnormalities; or

iii. a positive family history of cardiac events in first or second degree relatives (according to the 
system used in medical genetics) <50 years old.

c. Functional asplenia, sickle cell trait/disease, thalassemia trait/disease or G6PD deficiency.

d. History of non-febrile seizure at any time prior to study onset, even if no longer on medication.

e. Positive HIV, HBV or HCV screening tests.

f. Chronic use of i) immunosuppressive drugs, ii) antibiotics, iii) or other immune modifying 
drugs within three months prior to study onset (excluding inhaled and topical corticosteroids 
and incidental use of oral anti-histamines) or expected use of such during the study period.

g. History of malignancy of any organ system (other than localized basal cell carcinoma of the 
skin), treated or untreated, within the past five years.

h. Any history of treatment for severe psychiatric disease by a psychiatrist in the past year.

i. History of drug or alcohol abuse interfering with normal social function in the period of one 
year prior to study onset, positive urine toxicology test for cocaine or amphetamines at screening 
or prior to infection or positive urine toxicology test for cannabis prior to infection.

2. For female subjects: breastfeeding, or positive urine pregnancy test at screening or prior to 
immunization or prior to CHMI.

3. Any history of malaria, positive serology for P. falciparum, or previous participation in any 
malaria (vaccine) study or CHMI.

4. Known hypersensitivity to or contra-indications (including co-medication) for use of 
atovaquone/proguanil or artemether/lumefantrine, or history of severe (allergic) reactions to 
mosquito bites.

5. Receipt of any vaccinations in the 3 months prior to the start of the study or plans to receive 
any other vaccinations during the study period or up to 8 weeks thereafter.

6. Participation in any other clinical study in the 30 days prior to the start of the study or during 
the study period.

7. Being an employee or student of the department of Medical Microbiology or Infectious 
Diseases of the Radboudumc or the LUMC.

8. Any other condition or situation that would, in the opinion of the investigator, place the subject 
at an unacceptable risk of injury or render the subject unable to meet the requirements of the 
protocol or would compromise the integrity of the data.
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Table S1. Number and severity of adverse events after immunization. Number of volunteers reporting 
solicited local and systemic adverse events possibly, probably or definitely related to immunization. 
Percentages are given between parenthesis. Data collected until 35 days after each immunization. No 
rash, induration, edema, chills or arthralgia were reported. 

PfSPZ-GA1 Vaccine PfSPZ Vaccine Placebo

1.35x105 4.5x105 9.0x105 4.5x105

Grade n=3 n=16 n=26 n=13 n=9

 L
oc

al

Tenderness 1 0 (0) 0 (0) 2 (8) 1 (8) 0 (0)

Bruising 1 1 (33) 0 (0) 3 (12) 3 (23) 0 (0)

Erythema 1 0 (0) 0 (0) 0 (0) 0 (0) 1 (11)

Swelling 1 0 (0) 0 (0) 1 (4) 2 (15) 0 (0)

Pain 1 0 (0) 0 (0) 2 (8) 1 (8) 1 (11)

Pruritis 1 0 (0) 0 (0) 2 (8) 0 (0) 1 (11)

 S
ys

te
m

ic

Fever 1 0 (0) 1 (6) 1 (4) 1 (8) 0 (0)

2 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

3 0 (0) 1 (6) 0 (0) 0 (0) 0 (0)

Headache 1 0 (0) 5 (31) 11 (42) 4 (31) 3 (33)

2 1 (33) 1 (6) 2 (8) 2 (15) 1 (11)

3 0 (0) 0 (0) 0 (0) 1(8) 0 (0)

Fatigue/malaise 1 1 (33) 2 (13) 3 (12) 2 (15) 1 (11)

2 0 (0) 1 (6) 1 (4) 0 (0) 1 (11)

3 0 (0) 0 (0) 1 (4) 0 (0) 1 (11)

Myalgia 1 0 (0) 0 (0) 1 (4) 0 (0) 0 (0)

2 0 (0) 0 (0) 2 (8) 0 (0) 1 (11)

3 0 (0) 1 (6) 0 (0) 0 (0) 0 (0)

Table S2. Bite numbers used for CHMI for the different study arms. Mosquitoes were 100% infected with 
a mean of 106,000 sporozoites per mosquito.

Infection

Number of sessions
median (range)

Number of Infected 
bites median (range)

Number of Uninfected 
bites median (range)

PfSPZ-GA1 9 x105 1 (1-3) 5 0 (0-2)

PfSPZ-GA1 4.5 x105 1 (1-2) 5 0 (0-2)

PfSPZ Vaccine 4.5 x105 1 (1-2) 5 0 (0-1)

Placebo 1 (1-2) 5 0 (0-3)
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