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Abstract

Whole-parasite malaria vaccines have shown promise in clinical trials. We recently reported the 

first human trial of a malaria vaccine based on Plasmodium falciparum genetically attenuated 

parasites (PfGAP). Herein we report for the first time that PfGAP induces prolonged functional 

humoral responses in humans. Six volunteers were exposed to 5 bites of PfGAP-infected 

mosquitoes followed by approximately 200 bites. Plasma collected from all volunteers 3 months 

after the last exposure efficiently inhibits invasion of hepatocytes by P. falciparum sporozoites. 

The level of inhibition observed is comparable to that attained using plasma collected after 4–5 

intravenously administrations of high numbers of irradiated sporozoites, validating the potential of 

PfGAP malaria vaccines. Our data highlight the role of antibody responses in pre-erythrocytic 

stages of human malaria, and suggests that to be protective, malaria vaccines might need to elicit 

long-lasting functional antibodies in addition to cellular responses.
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1. Introduction

Malaria remains the second leading cause of death from infectious disease worldwide, 

causing annually 219 million cases and 660,000 deaths, mostly in children under the age of 

five [1]. Recent reductions in malaria incidence and mortality have been attributed to 

interventions such as insecticide-treated bed nets, indoor spraying, early diagnosis and 

treatment; however many believe that eradication requires a vaccine that interrupts malaria 

transmission.

Pre-erythrocytic malaria vaccines aim to prevent clinical disease and transmission by 

allowing parasite development in the liver, eliciting a host immune response, while 
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precluding erythrocyte invasion and thus any clinical symptoms. The most effective malaria 

vaccines are those that use whole parasites (reviewed in [2]). Murine models of pre-

erythrocytic malaria vaccines revealed the importance of cellular responses: under certain 

immunization regimens robust CD8T responses have been shown to be necessary and 

sufficient for protection [3]. However, it is unclear whether cellular responses are sufficient 

to generate protection in humans, and the results from human clinical studies suggest that 

humoral immune responses also play a significant role. For example, while protection 

elicited by the RTS,S [4] and PfSPZ [5] malaria vaccines correlates with the titer of 

antibodies against circumsporozoite protein (CSP), these titers are not entirely predictive of 

protection. Similarly, although anti-CSP antibodies elicited by whole parasite immunization 

inhibit hepatocytes invasion by sporozoites [6], it is not known whether this is sufficient to 

confer protection. Antigens other than CSP might also be involved in the humoral response 

against malaria. For example, titers of antibodies against non-CSP malaria sporozoite 

proteins such as AMA-1 and SSP2 have been shown to be higher in volunteers protected 

from challenge after exposure to irradiated sporozoites, as compared to not-protected 

volunteers [7].

Our previous studies in murine models have shown that a P. yoelii genetically attenuated 

parasite (PyGAP) vaccine that harbors simultaneous deletions of the p52 and p36 genes 

cause developmental arrest in early liver stages and induce protection [8]. We recently 

reported the first in-human proof-of-concept, safety and immunogenicity clinical trial based 

on genetically attenuated Plasmodiumfalciparum sporozoites (PfGAP), which carry a double 

deletion of the P. falciparum orthologues of P. yoelii p52 and p36 genes [9,10] (clinical trial 

number NCT01024686). We now report the first assessment of functional antibodies 

obtained form these human volunteers vaccinated with PfGAP.

2. Materials and methods

2.1. Vaccination

Details of the PfGAP vaccination trial (NCT01024686) were previously reported [9]. Six 

malaria-naïve adults were exposed to 5 PfGAP-infected mosquito bites, followed by 

exposure to approximately 200 (range 190–263) PfGAP-infected mosquito bites 42 days 

later (Fig. 1A). Plasma samples were collected before exposure, 42 days after the first 

exposure, and 90 days after the second exposure. Banked plasma samples from a previously 

described Phase I malaria vaccine trial (NCT01058226) were used as a control [11]. Six 

malaria-naïve adults were exposed to 5 bites of wild type P. falciparum-infected mosquito 

(Fig. 1B). Plasma samples were collected before and 56 days after exposure. Volunteers 

were checked twice daily for microscopic determination of parasitemia by thick blood 

smears. All participants developed parasitemia (as determined by the presence of two 

unequivocal parasites) between days 9 and 14, and were treated with a standard oral regimen 

of chloroquine [11]. Both studies were approved by the Western Institutional Review Board. 

Written informed consent for use of samples in these studies was obtained from each donor.
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2.2. Enzyme-linked immunosorbent assay (ELISA)

Immulon4 plates (Thermo) were coated with E. coli-expressed full-length CSP recombinant 

protein at 1 μg/ml in Phosphate Buffer Saline (PBS, Sigma), incubated overnight at 4 °C, 

washed with wash buffer (0.05% Tween-20 in PBS), and blocked with 5% nonfat dry milk 

(BD Biosciences) for 2 h at RT. Plasma was added at 1:200 dilution and incubated for 2 h at 

RT. Alkaline-phosphatase labeled goat anti-human IgG (K + L) was added at 1:800 dilution 

and incubated for 2 h. Plates were developed with phosphatase substrate tablets (Sigma). 

After 20 min, OD was measured at 405 nm, with 650 nm correction, using a Spectramax® 

M2 plate reader (Molecular Devices).

2.3. Inhibition of sporozoite invasion (ISI)

Immortalized HC04 human hepatocyte cells (MRA-975, MR4) were cultured in D10 media 

(DMEM (Gibco) supplemented with 10% (v/v) FBS (Gemini Bio Products), 200 mM L-

glutamine (Gibco) and 1% (v/v) Pen-strep (Gibco)) at 37 °C in 5% CO2, and split at 90% 

confluence. NF54 P. falciparum sporozoites were freshly dissected from Anopheles 

stephensi mosquitoes on ice as described [12] and incubated for 30 min with monoclonal 

antibodies against PfCSP (2A10, MR4) or human plasma. Sporozoites were added to HCO4 

cells and incubated for 90 min before washing, permeabilizing, and staining cells with anti-

CSP antibodies.

3. Results and discussion

We recently published the first in-human evaluation of PfGAP administered by exposure to 

5 bites of infected mosquitoes, followed by approximately 200 bites (Fig. 1A) [9]. High 

titers of anti-CSP antibodies were detected in all six volunteers after this immunization 

regimen [9]. In comparison, anti-CSP antibodies were not detected before or after exposure 

to 5 bites of PfGAP-infected mosquitoes, or in samples from a trial in which volunteers were 

exposed to 5 bites of wild type P. falciparum-infected mosquitoes (wtPf, Fig. 1B) [11].

In this study, we assessed the functional activity of the antibody response to PfGAP using 

our recently published flow cytometry-based inhibition of sporozoite invasion (ISI) assay 

that quantitatively monitors the antibody-mediated inhibition of invasion in a medium-

throughput and reproducible manner [13]. Pre-incubation of sporozoites with anti-CSP 

monoclonal antibody resulted in an average 89% (range 84–92%) statistically significant 

reduction of their ability to invade hepatocytes in culture (Fig. 2A and B). After optimizing 

this assay for plasma and serum samples, we used it to test the plasma of volunteers exposed 

to either wtPf or PfGAP. Using a 1:20 dilution of plasma from volunteers exposed to 5 bites 

of mosquitoes infected with wtPf, we saw a 20% average (range 2–57%) reduction of 

hepatocyte invasion by sporozoites, as compared to the reduction elicited by pre-exposure 

plasma from the same volunteers (wtPf5, Fig. 2C and E). Similarly, exposure to 5 bites of 

PfGAP infected mosquitoes resulted in a 10% average (range 0–18%) reduction of invasion 

(PfGAP5, Fig. 2D and E). These differences were not statistically significant. Importantly, 

upon exposure to ~200 bites of PfGAP-infected mosquitoes, the plasma from these 

volunteers yielded a 71.4% average (range 52–84%) statistically significant reduction of 

invasion (PfGAP200, Fig. 2D and E). By serially diluting the plasma in 2-fold increments, 
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we saw a positive correlation between the plasma concentration and the magnitude of 

inhibition (Fig. 2F), suggesting that the functional antibody response observed is dose-

dependent.

To address this possibility that parasite proteins other than CSP may be targeted by the 

immune response of the host [7], we analyzed plasma samples by ELISA to determine the 

presence of antibodies against PE antigens LSA-1, LSA-3, STARP and AMA-1. We were 

unable to detect the presence of antibodies to any of these antigens (data not shown). 

Although these negative data do not rule out the involvement of other antigens, it is possible 

that several doses of PfGAP vaccination may be required to boost levels of antibodies to 

non-immunodominant proteins to detectable levels. However, the observation that CSP 

antibody titers from plasma of immunized volunteers are highly correlated with the level of 

inhibition detected in the ISI assay (Fig. 2G), confirms previous reports suggesting that anti-

CSP antibodies play a major role in the inhibition of hepatocyte invasion by sporozoites [6]. 

Because one of the six volunteers exposed to 200 bites of PfGAP-infected mosquitoes 

(GAP1) developed a breakthrough infection [9], we were unable to correlate the inhibition 

of hepatocyte infection observed in our study with protection. However, a recent study using 

whole irradiated parasites suggests that the ISI assay is indicative of protection [5].

To date, sterile protection against malaria infection in humans has only been achieved 

through whole-parasite vaccination [14,15]. We have shown that PyGAP consistently induce 

long-term sterile protection in murine models [8]. In this study, we report for the first time 

that exposure of volunteers to ~200 bites of PfGAP-infected mosquitoes generates a strong 

functional humoral response, and that plasma collected 3 months after the last exposure to 

PfGAP efficiently inhibits sporozoite invasion of hepatocytes. Importantly, this inhibition is 

comparable to that reported from plasma collected 14 days after intravenous immunization 

with 4–5 doses of 135,000 irradiated sporozoites [5], suggesting that a complete 

immunization regimen of 3–5 doses of PfGAP could provide a more efficacious method of 

inducing long-term functional antibody responses.

Analysis of malaria vaccine trial samples show that protection from infection induced by 

RTS,S and irradiated sporozoites depends on both anti-CSP antibodies and CSP-specific 

CD4+T cells [5,16]. This suggests that a successful malaria vaccine should simultaneously 

target both humoral and cellular responses, similarly to what has been proposed by HIV 

researchers [17]. Importantly, vaccination with PfGAP induces both arms of the immune 

response [9]. In conclusion, our data serves as a model of immune responses against malaria 

infection, with the goal of designing better and more efficient vaccines. Future experiments 

will investigate whether the functional antibody response that we observe is sufficient to 

confer long-term protection against wild type malaria parasites, and will attempt to identify 

new sporozoite surface antigens with ISI function.
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Fig. 1. 
Experimental design. (A) Six volunteers were immunized with 5 bites of mosquitoes 

infected with PfGAP, followed by 200 bites 42 days later. Plasma samples were taken on 

Day 0 (pre-immunization); on Day 42 (42 days after the PfGAP5 immunization but before 

the PfGAP200 immunization), and on Day 132 (90 days after the PfGAP200 immunization). 

(B) Six volunteers were immunized with 5 bites of mosquitoes infected with wtPf; plasma 

samples were taken on Day 0 (pre-immunization), and on Day 56 after the wtPf5 

immunization.
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Fig. 2. 
Plasma from PfGAP-exposed volunteers inhibits sporozoite invasion of hepatocytes. (A) 

Representative staining showing the live HCO4 gate, and CSP-positive staining in cells 

incubated with sporozoites (spz only), or with sporozoites and anti-CSP monoclonal 

antibodies (spz + anti-CSP mAb). (B–D) Inhibition of sporozoite invasion assay. (B) 

Percentage of HC04 cells infected with P. falciparum sporozoites in the absence of 

antibodies (no Ab) or after incubation with anti-CSP monoclonal antibodies (anti-CSP 

mAb). (C) Percentage of HC04 cells infected with P. falciparum sporozoites after 

incubation with plasma obtained from six volunteers (WT1 to WT6) before (pre) and after 

exposure to 5 wtPf-infective bites (wtPf5). (D) Percentage of HC04 cells infected with P. 

falciparum sporozoites after incubation with plasma obtained from six volunteers (GAP1–

GAP6) before (pre) and after exposure to 5 (PfGAP5) or 200 (PfGAP200) PfGAP-infective 
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bites. Each line represents the mean percentage of infected cells from three independent 

experiments run in triplicate. Error bars in parts B–D represent the standard deviation. 

Statistics was determined using one way ANOVA; asterisks indicate p < 0.05. (E) 

Quantitation of ISI assay data from parts B to D, shown as percentage inhibiton of 

hepatocyte invasion by sporozoites. The baseline for each datapoint corresponds to pre-

exposure values. The markers correspond to anti-CSP monoclonal antibodies (yellow 

squares), wtPf5 (red triangles), PfGAP5 (blue diamonds) and PfGAP200 (green circles). 

Values with negative inhibition were set to zero. (F) Titration of plasma from volunteers 

exposed to ~200 bites of PfGAP-infected mosquitoes (from 1:20 to 1:100), shown as 

percentage inhibiton of hepatocyte invasion by sporozoites. (G) Correlation between the 

percent inhibition and the titer of anti-CSP antibodies, as determined by ELISA. Sample 

symbols are as in part E.
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