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Abstract

Genetically engineered live Plasmodium sporozoites constitute a platform for creating consistently
attenuated, genetically-defined, whole parasite vaccines through targeted gene deletions. Such
genetically attenuated parasites (GAP) do not require attenuation by irradiation or concomitant
drug treatment. We previously developed a £, falciparum (Pf) GAP with deletions in three pre-
erythrocytic stage-expressed genes P52, P36 and SAPI (PfGAP3KO) and demonstrated its safety
and immunogenicity in humans. Here, we further assessed safety, tolerability and immunogenicity
of the PFGAP3KO vaccine and tested efficacy against controlled human malaria infection (CHMI)
in malaria-naive subjects. The vaccine was delivered by three (n=6) or five (n=8) immunizations
with ~200 PFGAP3KO-infected mosquito bites per immunization. PFGAP3KO was safe and
well-tolerated with no breakthrough blood stage infections as determined by Plasmodium 18S
rRNA biomarker testing. Vaccine-related adverse events were predominately localized urticaria
related to the many mosquito bites administered per vaccination. Upon mosquito bite CHMI

with fully infectious Pf NF54 parasites one month after the last immunization, half of the study
participants who received either three or five PFGAP3KO immunizations remained blood stage
negative, as shown by a lack of Plasmodium 18S rRNA in the blood for 28 days post-CHMI.

Six protected study participants received a second CHMI six months later and one remained
completely protected. Thus, the PFGAP3KO vaccine was safe, immunogenic, and capable of
inducing protection against sporozoite infection. These results warrant further evaluation of
PFGAP3KO vaccine efficacy in dose range finding trials with an injectable formulation.

One Sentence Summary:

The genetically attenuated Plasmodium falciparum strain, PFGAP3KO (Pf P52 /P36 /SAPI™) was
safe and immunogenic and achieved protection against controlled human malaria infection in half
of tested malaria-naive study participants.

Keywords

controlled human malaria infection; Plasmodium falciparum ; malaria; vaccine; sporozoite; liver
stage; genetic attenuations
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Introduction

Malaria is a major cause of morbidity and mortality globally. Despite extensive malaria
control efforts and major reductions in malaria prevalence in many parts of the world,

the WHO reported 241 million cases and 627,000 malaria deaths in 2020 (1), significant
increases over the preceding years. Current public health interventions are under constant
threat from the specter of resistance to both insecticides that target the mosquito vector and
anti-malarial drugs that target the blood stage parasite and COVID-associated disruptions
have become an additional threat to malaria control. A safe and highly effective malaria
vaccine is thus urgently needed to combat Plasmodium falciparum (Pf), which is the major
cause of morbidity and mortality among children and pregnant women in sub-Saharan
Africa.

Human malaria infection begins when Plasmodium sporozoite stage parasites are transmitted
to humans via the bites of infected Angpheles mosquitoes. Motile sporozoites leave the
bite site, enter the bloodstream and travel to the liver. Sporozoites then traverse the liver
sinusoidal endothelium and infect hepatocytes, initiating the asymptomatic liver stages of
infection. Liver stage parasites undergo asexual replication within the infected hepatocyte
and each liver stage parasite can ultimately generate and release tens of thousands of exo-
erythrocytic merozoites into the bloodstream that then invade red blood cells. This invasion
initiates the blood stages of the life cycle, leading to malaria disease and its associated
morbidity and mortality as well as the transmission of sexual gametocyte stages back to
the mosquito. The pre-erythrocytic stages (sporozoite and liver stages) of the life cycle

are an extreme bottleneck, since infectious bites likely only deposit tens to hundreds of
sporozoites and only a fraction of these sporozoites reach the liver (2). Vaccines that target
the pre-erythrocytic stages can prevent sporozoite entry into hepatocytes and/or kill liver
stage parasites. This in turn would prevent the liver stage-to-blood stage transition of the
parasite and thus, avert all disease, and importantly, onward transmission to the mosquito
vector (3). Vaccine efforts to target pre-erythrocytic stages have concentrated on subunit
vaccines and attenuated whole parasite vaccines. The most clinically advanced subunit
vaccines target the major surface protein of the sporozoite, the circumsporozoite protein
(CSP), and include RTS,S and R21. The recently WHO-approved vaccine RTS,S confers
significant but limited efficacy over time against naturally-transmitted malaria (4, 5). Initial
results from studies using R21, a modified CSP-based vaccine, showed modestly higher
efficacy (6) in a clinical trial carried out in young children in Burkina Faso.

As an alternative to subunit vaccines, attenuated pre-erythrocytic parasites are promising
vaccine candidates, and numerous animal studies and human clinical studies have
demonstrated that complete sterilizing immunity can be achieved with these vaccines (7-
16). Whole parasite vaccines are administered in the form of sporozoites stages that infect
the liver but their attenuation halts liver stage development and prevents progression of the
parasite to blood stage infection (17). However, if attenuation is incomplete, breakthrough
blood stage infections will occur, which is a formidable safety challenge to overcome for
live sporozoite vaccines.
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Attenuation of whole parasites has successfully been achieved in three distinct ways

— irradiation, antimalarial drugs and genetic engineering. Irradiated sporozoites were
originally tested in trials using administration by mosquito bite and have over the past
decade been used in dose ranging clinical trials with direct venous injection (DVI) of
purified and cryopreserved radiation-attenuated sporozoites (RAS) called the PfSPZ vaccine
(7). Trials administering RAS by mosquito bite showed that >1,000 immunizing mosquito
bites were required to achieve 50-100% protection against controlled human malaria
infection (CHMI) with fully infectious Pf sporozoites (8, 9, 16-22). To achieve complete
protection against CHMI, at least three DVI immunizations with 900,000 PfSPZ for each
dose are required (20). Immunization with non-attenuated sporozoites with concurrent
administration of antimalarial drugs, referred to as chemoprophylaxis vaccination (CVac),
has also been explored. The antimalarial chemoprophylaxis is selected to either kill liver
stage parasites by administering the drug pyrimethamine or the first wave of asexual blood
stage parasites after exo-erythrocytic merozoite release from the liver by administration

of chloroquine. CVac recently demonstrated sterile protection from CHMI with both
homologous NF54 strain and heterologous 7G8 strain Pf parasites (23) and requires dosing
with far fewer sporozoites than RAS to induce complete protection (24). However, since
CVac requires antimalarial drug treatment during immunization, its use for vaccination is
somewhat more complex than when using an inherently attenuated parasite that would not
require such drug coverage.

Continued advances in parasite genetic engineering have enabled the creation of genetically
attenuated parasites (GAP) by deletion of genes essential for Plasmodium liver or blood
stage development. GAPs have been extensively evaluated in rodent malaria parasite
models, and numerous gene knockout parasites have been created that arrest the during
liver stage infection [reviewed in (25)]. Like RAS and CVac, immunizations with GAPs
confer durable, completely sterilizing pre-erythrocytic immunity in mouse models (26). As
a human vaccine, the significant advantages of GAP over RAS are that the former are
comprised of a homogeneous population of parasites with consistent and defined genetic
composition and attenuation phenotype, and their considerable advantage over CVac is that
they do not require administration of an antimalarial drug during or after immunization.
Furthermore, with the advent of CRISPR/Cas9 technology, GAP can be further genetically
engineered and optimized to iteratively improve vaccine safety and efficacy. In addition,
efforts are also underway to create and evaluate blood stage GAP vaccines (27).

We previously created a Pf GAP called PFGAP3KO with deletions in three genes (P52, P36
and SAPI), which are critical for early liver stage parasite development within hepatocytes
(28). In a first-in-human safety trial where ten study participants were each inoculated with
PfGAP3KO via ~200 infectious mosquito bites, PFGAP3KO was safe with no evidence of
breakthrough blood stage infection (29). Because of the cost and large effort associated with
the development of an injectable formulation of whole sporozoite vaccines, we here intended
to establish as proof-of-concept that the PFGAP3KO vaccine administered by mosquito bites
could protect human subjects from subsequent CHMI.
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The PFGAP3KO genome has deletions in three genes that are critical for early pre-
erythrocytic infection: P52, P36 and SAPI. These deletions were sufficient to completely
attenuate the parasite and resulted in a safe and immunogenic candidate vaccine when
administered by mosquito bite in a first-in-human clinical safety study (29). Here, we
conducted a CHMI trial of 16 study participants in Study Arms 1 (n=10) and 2 (n=6)

who were vaccinated five times or three times, respectively, with the PFGAP3KO vaccine
administered by the bite of ~200 infected A. stephensi mosquitoes for each vaccination
(Figures 1-2). The mean age for the subjects was 31.1 years (median 29 years; range 22-48
years); age was comparable across treatment groups. Additional demographic parameters are
in Table S1. One month after the last vaccination, all study arm participants, and additional
malaria-naive infectivity control study participants, were exposed to CHMI by the bite

of five Pf NF54-infected mosquitoes and vaccine efficacy was determined over a 28-day
period. All protected study participants were then exposed to a second CHMI six months
later, alongside additional malaria-naive infectivity control study participants.

Production of PFGAP3KO and experimental vaccination of study participants

Table 1 shows the intended and estimated number of infectious bites that each study
participant received during the course of vaccination. Of note, the estimated number for each
study participant was between 88% and 107% of the planed dose with an overall average of
95%.

Safety and tolerability of repeated PFGAP3KO dosing

The study was conducted in accordance with the clinical trial protocol. There were 48
subject-specific protocol deviations for the 20 subjects; no protocol deviations resulted in
subject termination and no protocol deviations were believed to have resulted in an adverse
event (AE) or to have compromised subject safety or study outcome.

As expected with a study where participants were receiving large numbers of mosquito bites,
all study participants reported at least one systemic solicited AE and one local solicited

AE (Figures 3 and S1 and Table S2). The most common AEs (occurring in the majority

of subjects in Arm 1 and 2) were local bite-site erythema, pruritis, edema, induration,
discoloration, tenderness, and pain, as well as frequent fatigue, headache, and malaise. These
AEs were likely related to the very large number of mosquito bites required for vaccine
administration, which has also been seen in other mosquito bite-delivered sporozoite vaccine
studies (19). One Arm 1 participant experienced more frequent Grade 2 AEs than any other
participant and nearly all of the Grade 3 AEs recorded in the study. One participant in Arm

1 was discontinued for bite site edema and a further participant in Arm 1 was discontinued
for the allergic reaction AE described below. Safety visits and gRT-PCR monitoring for
discontinued participants were maintained per protocol. No deaths or other serious AEs
(SAESs) were reported during the study.

One participant was discontinued due to a severe allergic reaction after the second round
of mosquito bite administration. The study participant developed bite site erythema, edema,

Sci Transl Med. Author manuscript; available in PMC 2023 August 13.
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and pruritus within minutes without immediate systemic symptoms. Twenty minutes later,
the study participant developed generalized hives and reported a tickling sensation in

her throat that caused a slight cough. The study participant consequently received oral
diphenhydramine (50 mg) and later one dose of injectable epinephrine with improvement in
symptoms and was transported to a medical facility for observation, was diagnosed with an
allergic reaction, and was prescribed prednisone (40 mg) for 12 days. Hives were completely
resolved three hours after transfer. This AE was labeled as a severe allergic reaction related
to the study product but not an SAE as defined in the protocol.

With respect to laboratory abnormalities, all chemistry abnormalities observed post-
vaccination were graded as mild and determined to be unrelated to PFGAP3KO (Figure

S2). Six hematologic abnormalities (five decreased leukocyte counts and two decreased
hemoglobin levels) observed post-vaccination were mild (Figure S3) and all were considered
related to the study product except one low hemoglobin level attributed to menstrual blood
loss. No vaccinations were discontinued due to hematology laboratory results.

Full attenuation of PFGAP3KO confirmed by qRT-PCR

All study participants that received PFGAP3KO completed the vaccinations without
exhibiting any malaria symptoms and remained negative for blood stage parasitemia as
demonstrated by qRT-PCR that detected parasite nucleic acids from blood sampling (Table
1 and Figure S1). At a limit of detection of 20 parasites per mL of whole blood, Pf 18S
rRNA was not detected in any of the post-vaccination blood samples tested, including

for the two participants who discontinued prior to completing all vaccinations. These
findings demonstrated complete attenuation of PFGAP3KO during pre-erythrocytic infection
in accordance with our previous findings (29).

Efficacy against NF54 challenge by mosquito-bite delivered CHMI

One month after the final scheduled vaccination, all study participants who had completed
the vaccination series underwent CHMI 1 by the bite of five infected mosquitoes harboring
infectious Pf NF54 wildtype sporozoites. In addition, a group of five unvaccinated infectivity
control study participants were subjected to the same CHMI. Four of the five infectivity
controls became blood stage patent, based on gRT-PCR, on Days 7 and 8 after CHMI

but surprisingly, the fifth control study participant did not become blood stage patent over
14 days (Figure 4A and Table 2). In Study Arm 1, where study participants received five
vaccinations, four of eight remained blood stage negative post CHMI. The remaining four
study participants became blood stage positive between days seven and nine after CHMI
(Figure 4A and Table 2). Three of six study participants in Study Arm 2 (three vaccinations)
also remained blood stage negative post CHMI and the remaining three study participants
became blood stage positive between days seven and eight after CHMI (Figure 4A and
Table 2). Thus overall, half of vaccinated study participants appeared to be protected at the
pre-erythrocytic phase of infection post CHMI. Six months after CHMI 1, four protected
study participants from Study Arm 1 and two from Study Arm 2, as well as another

set of five infectivity controls were subjected to CHMI 2, again with the bite of five Pf
NF54-infected mosquitoes (Figure 4B). One of the six protected study participants (the
study participant was in Study Arm 1) from CHMI 1 again remained blood stage negative

Sci Transl Med. Author manuscript; available in PMC 2023 August 13.
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post CHMI 2 and the remaining five became blood stage positive between days seven and
nine after the CHMI. All five infectivity controls became blood stage positive between seven
and nine days after CHMI 2 (Figure 4B).

Immunogenicity of three or five doses of PFGAP3KO induces IgG antibodies to CSP, TRAP

and MSP3

Antibodies that bind to the sporozoite can prevent infection of the liver and thus prevent

life cycle progression. Specifically, clinical studies have shown that antibodies to CSP are
associated with the level of protection after vaccination (30). Thus, 1gG antibody levels to
CSP as well as additional antigens (TRAP, MSP1, MSP3, GLURP, AMA1) were measured
by ELISA after vaccination in both Study Arms (Figure 5). Antibody titers to CSP were
evident after only one vaccination in both Study Arms and further increased but to a lesser
degree after the second and third vaccination to reach high levels (Figure 5A). No significant
increase in CSP titers was seen in Study Arm 1 after the fourth and fifth vaccination as
compared to vaccination three and the titers were not significantly different after three
vaccinations when the two Study Arms were compared. Antibody titers to CSP at the
pre-CHMI 1 time point ranged widely in all Study Arm study participants, and there was no
apparent correlation between antibody titer and protection (Figure 5B); infectivity controls
had negligible titers.

The single infectivity control subject who failed to become infected following CHMI 1
(VMP.01366) had a detectable but extremely low anti-PfCSP titer (MdFI at screening =
128), which was higher than the other four infectivity control subjects in CHMI 1 (one had
MdFI = 31, three had undetectable CSP titers at screening). It is unclear whether this higher
baseline level may explain the subject’s protection from CHMI, as vaccinated subjects

who were not protected following CHMI 1 all had anti-PfCSP antibody levels substantially
higher than an MdFI of 128 at the pre-CHMI timepoint.

Vaccination also increased antibodies titers to the pre-erythrocytic antigen TRAP and the
sporozoite antigen MSP3 -- titers ranged widely between individual study participants
(Figures 5C and E) but did not correlate with protection status and were not increased
significantly as compared to the infectivity controls (Figure 5D and F). Responses to
predominately Pf blood stage antigens (MSP1, GLURP, AMAL) were not statistically
different when compared to controls (Figure S4).

PfGAP3KO-elicited antibodies have functional activity against Pf sporozoites

Since the serum of vaccinated study participants in both Study Arms showed considerable
IgG antibody titers to CSP, we determined whether serum antibodies were functional in
blocking sporozoite infection using an /n vitro inhibition of sporozoite cell traversal and host
cell invasion (ISTI) assay. In this assay, serum is incubated with Pf NF54 sporozoites and
the sporozoites are then allowed to invade a hepatocyte cell line, HC04 over a period of 90
minutes. Invasion rates are measured based on the number of infected HCO04 cells using an
antibody to CSP to detect the parasite within the HCO04 cell and flow cytometry. Sera from
the unvaccinated infectivity control study participants were used as a negative control in the
assessment of post- CHMI responses.

Sci Transl Med. Author manuscript; available in PMC 2023 August 13.
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Before vaccination, serum inhibited invasion by approximately 30% (Figure 6A). 15

days after the first vaccination, invasion was inhibited between 65-75% for both Study
Arms (Figure 6A), strongly suggesting that antibody responses elicited by vaccination are
inhibiting sporozoite invasion of HC04 cells and by association, would prevent their entry
into the liver. Inhibition of invasion did not significantly increase with further vaccinations.
In addition, inhibition of invasion was measured using serum taken from study participants
one day before and eight days after both CHMI 1 and CHMI 2 (Figure 6B). Serum

from vaccinated study participants in both Study Arms significantly inhibited invasion as
compared to the infectivity controls and inhibition did not significantly increase from day -1
to day 8 of CHMI 1 and CHMI 2.

In the present study, we demonstrate that vaccination with mosquito bite-delivered
PfGAP3KO was safe and conferred sterilizing protection against CHMI with wild-type Pf
NF54 sporozoites during the pre-erythrocytic phase of infection in a subset of participants.
One month after the last of either five or three vaccinations, half of study participants
remained blood stage negative post CHMI. Sterile protection was not consistently durable,
as evidenced by the findings from the second CHMI, given six months after the first CHMI,
which found that only one of the six study participants protected against the first CHMI was
completely protected against a second CHMI. Since half of study participants were protected
from the first CHMI in both Study Arms 1 (five vaccinations) and 2 (three vaccinations), the
fourth and fifth vaccination appeared to not increase vaccine efficacy. Notably, there was no
increase in protective antibody responses targeting the sporozoite after the third vaccination
as indicated by no further increases in anti-CSP antibody titers or inhibition of sporozoite
invasion measurements.

Studies of attenuated sporozoite vaccination in rodent models have shown that vaccination
by mosquito bites induces antibody responses that can target the sporozoite at the site

of inoculation and thus after each successive vaccination, sporozoites are inhibited in

their ability to egress from the bite site (37-34). When vaccine-stage sporozoites are
prevented from exiting the bite site, entering the vasculature, and infecting hepatocytes,
resulting cellular immune responses are reduced, resulting in fewer critically protective
CDS8™ T cells. Studies in rodent models have shown that protective liver resident memory
CD8* T (CD8* Trwm) cells are essential for the killing of liver stage parasite-infected
hepatocytes after sporozoite challenge (35-37), but sporozoites must reach the liver and
infect hepatocytes to induce protective CD8* Trp responses. Furthermore, vaccination of
rodents with attenuated sporozoites has demonstrated that, after only one vaccination, there
is a significant decrease in the liver stage burden achieved upon subsequent vaccinations
(38). Thus, in the current study, it is likely that with each successive vaccination, the
number of PFGAP3KO sporozoites reaching the liver rapidly declined and thus limited
the generation of protective liver resident memory CD8" Ty cells essential for complete
pre-erythrocytic protection and effectiveness against CHMI.

PfGAP3KO suffer a very early arrest in liver stage development and thus this clinical
trial allows the results to be compared against other clinical trials that utilized attenuated

Sci Transl Med. Author manuscript; available in PMC 2023 August 13.
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parasites that arrest similarly early after hepatocyte infection. These include RAS and GAL,
the latter of which is a genetically attenuated parasite with deletions in both SAPZ and B9
(30). RAS-based vaccines have often been delivered by the bites of irradiated mosquitoes
(9, 18, 20). More recently, numerous studies have begun to use purified cryopreserved
RAS, referred to as PfSPZ Vaccine, which is inoculated by DV and thereby bypasses the
skin, and this formulation is intended to be licensed as a malaria vaccine. Although RAS
are now routinely delivered by DVI, two previous trials that delivered RAS via 800-1200
total infected mosquito bites over five immunizations, achieved ~50% protection against
CHMI (19, 20). Our trial described herein was also based on administering ~600 or ~1000
total infectious mosquito bites over three or five immunizations, respectively, and we also
observed that half of PFGAP3KO-immunized study participants remained free of blood
stage parasitemia. This suggests that PFGAP3KO can be as efficacious as RAS. A recent
trial with mosquito bite-delivered RAS intentionally aimed for ~50% efficacy upon CHMI
challenge in an effort to discover immune correlates of protection, which could then be used
as comparators in further trials (18). In this trial known as the IMRAS trial (immunization
with live, radiation-attenuated Pf sporozoites), study participants were divided into two
cohorts (n=10-11 vaccinated study participants per cohort) and immunized separately on
five occasions with the aim of delivering ~200 infectious bites per immunization (the same
number of bites we also aimed for in our trial). In one cohort, the protective efficacy was
55% as expected, but surprisingly, in the second cohort, the efficacy was 90%. The authors
speculated that an inadvertently higher first dose of sporozoites in the second cohort and/or
higher per-mosquito dosages of sporozoites may have been responsible for the increased
protection. Specifically, in IMRAS cohort 1, 11 subjects received 810-1235 infected bites
with 6/11 (55%) protected against CHMI. In IMRAS cohort 2, 10 subjects received 839-
1131 infected bites (similar numbers to cohort 1) but the first dose was significantly higher
than in cohort 1 and there was also a significantly reduced fifth dose compared to cohort

1. In addition, the median salivary gland sporozoite loads of all immunizations in IMRAS
cohort 2 were significantly higher than cohort 1, suggesting that the second cohort received
more sporozoites even though the number of mosquito bites were comparable. Based on
these findings, we speculate that the doses of PFGAP3KO administered in our trial did

not reach the levels seen in IMRAS cohort 2. It remains unclear whether we could have
improved protection by either increasing the first dose and/or decreasing the last dose, as
suggested by the IMRAS trial. It is clear however from both our trial presented herein

and the previously reported trials using mosquito bite delivery of RAS, that sporozoite
dosage by mosquito bite cannot be well controlled and thus, dose relationships to protective
efficacy against CHMI are difficult to determine. Therefore, while constituting a proof-of-
concept first step in clinical evaluation, mosquito bite-based immunization with sporozoites
is variable and cannot be used as a definitive method to establish vaccine efficacy.

Results from trials using the purified and cryopreserved PfSPZ RAS Vaccine administered
by DVI have yielded more consistent results with higher rates of complete protection

from CHMI and natural infection. The initial study using the PfSPZ Vaccine relied on
subcutaneous or intradermal injection in an effort to mimic the natural route of infection,
but this led to only low levels of protection (39). When DVI was compared to subcutaneous
immunization of PfSPZ in non-human primates (NHPs), increased immune responses to
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the DVI-administered PfSPZ vaccination were observed (40), particularly better CD8* cell
responses. In the follow-up trial in humans, DVI of PfSPZ achieved complete protection
from CHMI (40). Thus, DVI of purified, cryopreserved sporozoites provides the opportunity
to consistently administer exact dosages and to avoid inoculation into the skin, thereby
increasing the likelihood of the sporozoite vaccine reaching the liver and eliciting protective
CD8" Trm responses. As such, future trials using PFGAP3KO will ideally use DVI of a
vialed, cryopreserved formulation and this will certainly be essential for its development as a
licensed vaccine as well.

Recently, PfSPZ-GAL, a GAP with deletions in SAPZ and BY, was directly compared

with PfSPZ Vaccine in a trial where study participants were immunized thrice with either
0.45 x 10% (n=13) or 0.9 x 10% PfSPZ-GA1 (n=13) or with 0.45 x 10 PfSPZ Vaccine
(n=13) as a control and challenged by mosquito bite CHMI (30). Protective efficacy of

GA1 vaccinations was surprisingly low with 3/25 study participants protected across the two
different dosage groups combined. However, this trial faced some unexpected issues with
the finding that PfSPZ Vaccine in the control arm did not protect any of the 13 vaccinated
participants. This was very different from an earlier study where three doses of PfSPZ
Vaccine protected 13/15 study participants (41). Thus, although the GA1 trial is inherently
difficult to interpret, the observation that PfSPZ-GAL provided some protection with three
doses is not inconsistent with our finding here that PFGAP3KO protected with three doses of
immunizing mosquito bites, and further suggests that GAPs might be as immunogenic and
protective as the irradiated PfSPZ vaccine.

Our study had several limitations. During the first CHMI, one of five infectivity control
group participants did not develop a blood stage infection, even though mosquito bites used
for that particular CHMI were shown to be infectious. It is not possible to determine why
this study participant failed to develop a blood stage infection. However, <100% infection

in the infectivity control group has been reported in other mosquito bite challenge studies
(40, 42, 43). The lack of parasitemia post-CHMI in an infectivity control does, however,
limit interpretation of the role of vaccination in protection of vaccinated study participants.
A second limitation as discussed is that the exact dose PFGAP3KO is unknowable due to

the mosquito bite delivery method. A third limitation is that it remains unknown whether
PfGAP3KO immunization elicited protective T cell responses in subjects mainly because we
do not yet have a direct peripheral blood measure to track liver CD8* Trp cells. As such,

it is difficult to know how T cell immunogenic PFGAP3KO is and whether there are any
important differences between the irradiated PfSPZ vaccine and PFGAP3KO vaccine in this
regard. Future comparative DVI immunization studies may help to address these outstanding
questions.

In conclusion, our study establishes proof-of-concept for the safety, immunogenicity, and
efficacy of PFGAP3KO, an early liver stage-arresting GAP, in humans. Based on numerous
trials carried out with mosquito bite-administered RAS, PfSPZ RAS vaccine and more
recently with the GAP PfSPZ-GA1, PfGAP3KO is likely as potent an immunogen as

the PfSPZ Vaccine and thus warrants further clinical trial investigation. Furthermore, the
predominant AEs observed in our study were related to the mosquito bite administration,
and transition to DVI will reduce such AEs. Thus, an aseptic, purified, cryopreserved,
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vialed, and DVI-administered formulation PFGAP3KO will allow for safe and precise dose
finding trials to achieve complete sterilizing protection with this candidate vaccine, as it has
been done with PfSPZ RAS vaccine (44-46). At the same time, ongoing research utilizing
the GAP platform might lead to creation of genetically attenuated Pf vaccine strains with
optimized immunogenicity and potentially better efficacy such as later liver stage-arresting
GAPs (47) and blood stage GAPs (27). These efforts will further improve the prospects of a
highly efficacious, live-attenuated malaria vaccine.

Materials and Methods

Study design and ethical approval

This clinical trial (VTEU 14-0088) was a single center, open-label, phase 2 experimental
medicine study designed to evaluate the safety, tolerability, immunogenicity, and efficacy of
the genetically attenuated Pf P52° /P36 /SAPI, early liver stage-arresting triple knockout
vaccine, known as PFGAP3KO. The overall study design is depicted in Figure 1. Prior

to initiation, the study was Investigational Review Board approved by Quorum Review
(File # 32189/1). All study participants were screened for eligibility up to 90 days prior

to enrollment (see Table S3 and Supplemental Methods for eligibility criteria). Screening
included informed consent, assessment of understanding, and laboratory and clinical
assessments.

The trial was to include 16 study participants in Study Arms 1 and 2 who received

the PFGAP3KO vaccine administered by the bite of ~200 infected Anopheles stephensi
mosquitoes in a controlled clinical environment, and 12 CHMI infectivity controls (six for
each of the two CHMIs). The 10 study participants in Study Arm 1 were to receive five
vaccinations, with the first four vaccinations given four weeks apart and the fifth vaccination
given eight weeks after the fourth vaccination, for a maximum cumulative dose of ~1,000
PfGAP3KO infected bites per study participant. The six study participants in Arm 2 were
to receive three vaccinations, with the second vaccination given four weeks after the first
vaccination and the third vaccination given eight weeks after the second vaccination, for a
maximum cumulative dose of ~600 PFGAP3KO bites per study participant. The scheduled
vaccinations were to be given to all Study Arm study participants on the same day. To allow
the first and second CHMI administrations to be given concurrently to study participants in
both Study Arms, study participants in Study Arm 2 initiated the vaccination series on the
same day that Study Arm 1 study participants received their third vaccination.

The first CHMI was given four weeks after the last vaccination for study participants in
both Study Arms and included five infectivity controls. The second CHMI was given ~26
weeks (six months) after the first CHMI and included study participants in Study Arms 1
and 2 who did not have any detectable Pf infection following the first CHMI plus six new
infectivity controls.

Mosquito bite procedures

All vaccinations and challenges were administered via the bites of Angpheles stephensi
mosquitoes under controlled conditions. PFGAP3KO was produced as below and as
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previously described (29); further details are in the Supplemental Methods. Mosquitoes were
raised under phase-appropriate cGMP conditions at the Center for Mosquito Production and
Malaria Infection Research (CeMPMIR) facility at the Seattle Children’s Research Institute.

For vaccination by mosquito bites, PFGAP3KO asexual blood stage parasites were thawed
from a Working Cell Bank and expanded in normal human erythrocytes using standard
culture conditions. Laboratory-reared A. stephensi mosquitoes were infected by membrane
feeds on mature gametocyte cultures. The evaluation of mosquito PFGAP3KO infection
before the experimental bite exposures assessed midgut oocyst infection by midgut removal
and oocyst enumeration and on salivary gland infection, based on smash tests one day
before vaccination, in each infectious cage. Cages were scored for infectivity and the most
robustly infected cages were used to create pools of mosquitoes in cups for vaccination

of study participants with the aim of achieving 200 infected bites per immunization.

After vaccination, 20 fed mosquitoes were analyzed for infection and the total number

of infectious bites was estimated based on the total number of mosquitoes that fed. For
wild-type challenge by mosquito bites, five infectious bites were administered and verified
as described (48).

For administration of the vaccine, PFGAP3KO-infected mosquitoes were allowed to feed

on the study participant’s arm for 10 minutes. The total number of mosquitoes placed in

the carton was adjusted to achieve the target number of 200 infectious bites and allows for
adjustment based on lot-specific infection rates. An estimate of the lot-specific infection
rate was made one day prior to administration by dissecting the salivary glands from a
sample of mosquitoes taken from the source cages. Infection rates were scored (Table

S4) with gland grades of 2+ or higher considered infected. Following the 10-minute feed

of mosquitos, 20 blood-engorged mosquitoes were evaluated to determine study participant-
specific infection rates. Infection rates were estimated based on the percentage of blood-fed
mosquitoes demonstrating =11 sporozoites upon dissection under a stereoscopic microscope.
The remaining mosquitoes in the feeding carton were killed and the total number of
mosquitoes with blood-engorged abdomens counted. This provided an estimate of the study
participant-specific total number of infectious bites. The number of infectious bites for

each study participant was then determined by multiplying the total number of bites by the
estimated proportion of fed mosquitoes infected.

Safety assessments

After administration, study participants were closely monitored for acute reactogenicity

at 30 and 60 minutes post-administration. Clinical visits continued thereafter to assess
safety, including solicited local and systemic reactogenicity as detailed in the Supplemental
Methods. Any study participant that demonstrated patent parasitemia after vaccination was
to be treated with a standard oral regimen of atovaquone/proguanil (Malarone®).

Sample processing

Blood samples were collected from study participants at predefined time points in
accordance with the study design depicted in Figure 1 and Supplemental Methods.
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Diagnostic quantitative reverse transcription polymerase chain reaction (QRT-PCR)

ELISAs

Fifty uL aliquots of EDTA-anticoagulated whole blood were preserved in 2 mL of NucliSens
lysis buffer (bioMérieux) for same day extraction and gRT-PCR testing. Additional aliquots
in lysis buffer were also stored at —80°C as backup samples. Nucleic acid extraction and
amplification were performed on the Abbott m2000sp/rt system as previously described
(49). This assay sensitively detects and quantifies blood-stage Pf parasites based on
detection of the Pf 18S rRNA/rDNA with a limit of detection of 20 estimated parasites/mL.

Sera obtained pre- and post- vaccination and pre- and post-CHMI were assessed by

ELISA for antibodies to Pf CSP (amino acids 21-289), glutamate-rich protein (GLURP),
merozoite surface protein-1 (MSP1), merozoite surface protein-3 (MSP3), thrombospondin-
related anonymous protein (TRAP), and apical membrane antigen-1 (AMA1). ELISAs

were conducted by coating ELISA plates (Corning) with each protein in sodium-carbonate/
calcium-bicarbonate coating buffer overnight at 4°C. Plates were washed three times in

PBS with 0.05% Tween-20 prior to blocking with dilution/blocking buffer (PBS containing
0.05% Tween-20 and 6% BSA) for 1 hr at room temperature. After washing, sera from study
participants were diluted 1:200 in dilution/blocking buffer and tested in triplicate. A standard
positive sample was used to create a 10-point two-fold dilution series and additional positive
and negative control sera were also included sample at 1:200 dilutions. Samples were
incubated on the plate at room temperature (RT) for 2 hr prior to washing and application

of an HRP-conjugated anti-human IgG secondary antibody (Life Technologies) at a 1:200
dilution in dilution/blocking buffer. The secondary antibody was incubated at RT 2 hr. Plates
were washed three times, developed in SigmaFast OPD (Sigma) for 4 minutes and read for
absorbance at 450 nm. Arbitrary units (AU) were determined by interpolating values based
on the standard curve using nonlinear regression with Prism 6 software and multiplying by
the dilution factor. An AU value of 2000 was used as the cutoff for positivity and sample
data was not accepted if it was outside the standard curve range, if the OD value was =3.5

or if the %CV between triplicate values was >30%. All ELISA values were repeated and are
reported as the mean of two independent runs.

Inhibition of sporozoite traversal and invasion (ISTI) assay

An assessment of the ability of serum from immunized study participants to inhibit
sporozoite traversal and invasion was performed as described previously (50, 51). Briefly, Pf
salivary gland sporozoites were incubated with sera from study participants at a 1:20 dilution
in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% FBS, 2.5mM glutamine,
penicillin/streptomycin, amphotericin B (Fungizone) and 10 mg/mL FITC-dextran for 15
minutes at 37°C. Sporozoites were then applied to HCO04 cells in triplicate in 96 well

plates in a total volume of 100 uL/well at a MOI of 0.3. The plate was then centrifuged

at 400 x g for 3 minutes and then incubated at 37°C for 90 minutes to facilitate sporozoite/
hepatoma interaction. Cells were then fixed, permeabilized and stained with an Alexa
fluor-647-labeled anti-CSP monoclonal antibody (clone 2A10). Cells were analyzed for
invasion (CSP*) and traversal (dextran®) by flow cytometry. Percent inhibition of invasion
and traversal for each study participant was determined by normalizing to the CSP/dextran-
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positive cells in triplicate wells containing study participant-matched pre-immune serum.
Sample data was rejected if the %CV for triplicates was >30% or if invasion of cells

in untreated wells was <0.5%. Data are reported as the average of three independent
experiments.

Statistics

Since the study was designed to characterize safety, attenuation, and immunogenicity of
PfGAP3KO, most data were descriptive. Where performed, statistical analyses included

all evaluable study participants at each time point. For immunology assays, qualitative

assay data analysis was performed by tabulating the frequency of positive responses for

each assay at each time-point that an assessment was performed with crude response rates
presented with corresponding exact 95% confidence interval estimates. No formal sample
size calculation was conducted as the number of subjects that could be evaluated was limited
by logistical considerations related to the large number of mosquitoes needed for vaccine
administration. The ability of the study to detect parasitemia was expressed by the true event
rate above which at least one study participant would likely be confirmed, via biomarker
gRT-PCR, to have experienced parasitemia and the true event rate below which no such
biomarker-based parasitemic events would likely be observed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Study design for vaccination and both CHMI phases.
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PFGAP3KO sporozoites were delivered to eligible study participants five (Aim 1) or three
times (Arm 2) via ~200 PfGAP3KO infected mosquito bites per administration. The interval
between doses was one month, except for the interval between the last two doses, which
was two months. One month after the last immunization, vaccinated study participants and
a group of malaria-naive study participants as infectivity controls underwent CHMI induced
by five wild-type Pf NF54-infected mosquito bites. Vaccinated study participants who were
protected against the first CHMI were eligible for a second CHMI six months later, and
these study participants were accompanied at CHMI by another group of malaria-naive
study participants as infectivity controls.
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Figure 2. Consort diagram for enrollment through study completion.
The number of study participants who were eligible, enrolled, and completed aspects of the

trial are listed by study arm.
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Figure 3. Frequency and maximum severity of local and systemic AEs during vaccination phase.
Local (top) and systemic (bottom) AEs are shown as a histogram for study participants in

Arm 1 (left) and Arm 2 (right). Grading is shown as in the key and the number of study

participants with each listed AE are listed in the bar labels.
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Figure 4. Infection rate following the first and second CHMI.
Time-to-event analysis for the protocol-defined primary efficacy threshold of documented

Plasmodium infection after the first (A) and second CHMI (B). The y-axis represents the
percentage of study participants that had not reached the definition of infection post-CHMI
(one positive gRT-PCR result =220 estimated parasites/mL). Days are humbered post-CHMI.
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Figure 5. Antibody immunogenicity to pre-erythrocytic antigens.
Vaccine-induced antibodies recognizing full-length Pf CSP (A), Pf TRAP (C), and Pf MSP3

(E) were quantified by ELISA at each time point as shown. Arm 1 is shown in the solid red
line, and Arm 2 is shown in the dashed blue line. Antibody levels are expressed in median
fluorescence intensity (MdFI). Vertical dashed lines correspond to immunization procedures
as noted at the top. Each data point represents the geometric mean for each Study Arm at
each time point; error bars represent 95% confidence intervals. When pre-CHMI antibody
levels were compared for protected vs. unprotected vs. naive controls for Pf CSP (B), Pf
TRAP (D), and Pf MSP3 (F), there was no significant difference between protected and
unprotected groups for responses to any antigen.
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Figure 6. Inhibition of sporozoite invasion.
Sera from immunized study participants were also evaluated for functional inhibition of

sporozoite invasion and are displayed relative to vaccination (A) or CHMI (B) using an

in vitro ISTI assay. Each data point represents the median inhibition for each Study Arm

at each time point; error bars represent the interquartile range. Vertical dashed lines in A
correspond to immunization procedures as noted at the top; vertical solid lines in B represent
CHMI days.
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Table 1.

Cumulative mosquito bites during vaccination and lack of post-vaccination qRT-PCR positivity.

Group | n Intended number of mosquito bites per Range of estimated number of mosquito # of persons with qRT-
study participant bites per study participant PCR positivity

Arm1l | g* 1,000 (5 x 200 bites) 882 - 1,069 0

Am2 | 6 600 (3 x 200 bites) 468 — 645 0

*
Range estimates do not include two subjects in Arm 1 who were discontinued early and therefore did not undergo all mosquito bite administration

events.
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Detection of patency after CHMI.

Table 2.

CHMI | Statistic | Arm 1: 5x200 GAP3KO bites | Arm 2: 3x200 GAP3KO bites | CHMI infectivity controls
NE | a1 | 306 | 45
Infection rate 0.50 0.50 0.80

1 (95% c|)b (0.22,0.78) (0.19, 0.81) (0.38, 0.96)
Vaccine efficacy¢ | 0.38 0.38
N/A
(95% CI1)? (-0.75, 0.79) (-1.13,0.83)
n/N@ Ya 212 5/5
Infection rate 0.75 1.00 1.00
2 (95% Cl)b (0.30, 0.95) (0.34, 1.00) (0.57, 1.00)
Vaccine efficacy¢ | 0.25
0 N/A

(95% C1y? (-0.57,0.81)

n=number of subjects with malaria infection defined as a positive qRT-PCR assay with parasite density of =20 parasites/mL.

aNztotaI number of subjects in the specified group who received the specified challenge.

b, . . ) . .
Wilson score interval used for the confidence interval of the proportion.

Page 27

Vaccine efficacy is defined as Z-pv/pc, where pvis the infection rate in the vaccinated group, and pcis the infection rate in the control group.

Confidence intervals for vaccine efficacy are calculated from exact unconditional confidence limits for relative risk based on the Farrington-

Manning score statistic.

N/A=Not applicable.
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