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(8). When considered for human immunization, a major advantage of
GAPs compared to RAS or CPS is that GAPs constitute a homoge-
neous population of parasites with a defined attenuation phenotype
that can be further modified to ensure immunization safety and in-
duction of optimal protective immunity.

We have created a Pf GAP that carries deletions of three genes
that are critical for pre-erythrocytic infection. This Pf GAP3KO
(Pfp527/p36~/sapl”) was unable to complete pre-erythrocytic stage
development and transition to blood-stage infection in a humanized
mouse model transplanted with human hepatocytes and human
RBCs (9). Here, we demonstrate complete attenuation of Pf GAP3KO
in human volunteers, show that it elicits functional immune re-
sponses in a single-dose immunization, and provide evidence using
a rodent malaria model that GAP3KO completely protects against
infectious sporozoite challenge.

RESULTS

Complete attenuation of Py GAP3KO in a rodent

malaria model

We generated a Plasmodium yoelii (Py) triple gene deletion parasite
(Py p527/p36~/sapl”) to model Pf GAP3KO attenuation and protec-
tive efficacy (fig. S1 and table S1). When 30 BALB/cBy]J mice (a BALB/c
substrain that is extremely susceptible to Py pre-erythrocytic infection)
(10) were intravenously challenged with 7.5 x 10* sporozoites of a pre-
viously generated Py double gene deletion parasite (p527/p36°), we
had observed breakthrough blood-stage parasitemia in 4 of 30 mice
(9). Therefore, to show that Py GAP3KO was fully attenuated in this
stringent test, we injected 30 BALB/cBy] mice intravenously with 1 x
10° Py GAP3KO sporozoites each and monitored for the development
of blood-stage parasitemia for 14 days. In contrast to mice injected
with wild-type (WT) Py sporozoites that all became blood-stage pat-

ent after sporozoite injection, none of the 30 mice injected with Py
GAP3KO sporozoites became patently infected (Table 1). Further-
more, five BALB/cBy] mice were injected intravenously with 1 x
10° Py GAP3KO sporozoites and showed no occurrence of blood-
stage infection (Table 1). Thus, Py GAP3KO was completely attenu-
ated during pre-erythrocytic infection, and this provided further ra-
tionale for evaluating the Pf GAP3KO in a phase 1 clinical trial in
human volunteers.

Protection by immunization with Py GAP3KO sporozoites
in mice

We next determined whether immunization with Py GAP3KO spo-
rozoites conferred protection against WT Py sporozoite challenge.
BALB/cJ mice were immunized intravenously twice with 1 x 10*
Py GAP3KO sporozoites 2 weeks apart and then challenged intra-
venously with 1 x 10* WT Py sporozoites either 7, 30, or 180 days
after the final immunization. All mice immunized with Py GAP3KO
were completely protected against challenge, whereas all mock-
immunized mice became blood-stage patent (Table 1). Thus, a two-
dose immunization with Py GAP3KO sporozoites conferred complete
protection in the rodent malaria model.

Production of Pf GAP3KO and experimental exposure

of volunteers

For experimental administration of Pf GAP3KO to human volun-
teers by mosquito bite, parasites were thawed from a Pf GAP3KO
working cell bank and expanded in normal human erythrocytes
using standard culture conditions, from which gametocyte cultures
were established. Laboratory-reared Anopheles stephensi mosquitoes
were infected with Pf GAP3KO gametocyte cultures using membrane
feeds. Evaluation of mosquito infection before the experimental bite
administration revealed mosquito salivary gland infection prevalence

Table 1. Attenuation and immunogenicity of Py GAP3KO parasites. For attenuation experiments, BALB/cByJ mice were intravenously injected with indicated
doses of Py GAP 3KO or Py WT salivary gland sporozoites and monitored for development of blood-stage parasitemia for 15 days. For immunization

experiments, BALB/cByJ mice were immunized twice (2x) with indicated doses of Py GAP 3KO or uninfected mosquito salivary gland debris (mock) 2 weeks
apart, challenged by intravenous injection of 10* Py WT salivary gland sporozoites at the indicated days. Patency was monitored for 15 days. na, not available.

Attenuation experiments Mouse strain Parasite Dose No. of patent/no. of challenged Day patent
BALB/cBy)J Py WT 10° 10/10 35

BALB/CByJ ..................... PYGAP3KO ................... 105 ......................................... 0/3O*na ........

BALB/CBpryWT ........................ 106 ........................................... 5 /53 .........

BAB/BY) PyGAP3KO 0 o ma

Immunization experiments Mouse strain Immunization dose Challenge day No. of patent/no. of challenged Day patent
BALB/cJ (2x) Mock 7 5/5 35

..... BALB/CJ(ZX)104PYGAP3KO70/5na

44444 BALB/CJ(zx)MOCk305/535

..... BALB/CJ(ZX)1O4PYGAP3KO30O/Sna

..... BALB/CJ(zx)MOCk1805/535

..... BALB/CJ(ZX)1O4PYGAP3KO180O/Sna

*Total number over three independent experiments.
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Fig. 1. Schematic showing study design. Pf GAP3KO sporozoites were delivered to 10 eligible (screened) volunteers via infected mosquito bites with a single ad-
ministration of 150 to 200 bites per volunteer. After day 7 (day 8 after infection), the volunteers entered the hotel phase, where they were monitored daily until day 18.
After the hotel phase, the volunteers entered a 3- to 6-month follow-up phase. D denotes days of clinic visits; observational hotel phase was days 8 to 18.

Table 2. Administration of Pf GAP3KO to volunteers through mosquito bites. Total number of mosquitoes in cup refers to the number of mosquitoes in the
challenge cup that was used for volunteers’ exposure; total number of bites refers to the estimated number of infectious bites volunteers received; proportion of
fed mosquitoes refers to the proportion of mosquitoes in the cup that fed on volunteers. Microscopy was used to determine patency (parasite presence); gRT-
PCR was used to determine the presence of P. falciparum 18S rRNA/rDNA in the sample tested. A minus sign denotes negative for blood-stage parasites.

Participant Total number of Total number Proportion of Microscopy qRT-PCR
mosquitoes in cup of bites fed mosquitoes days 7-21 S B —_—
ay ay ay
MC-004-002 239 182 0.852 - - - -

MC-004-011 230 177

to be 91%. Pf GAP3KO salivary gland sporozoite loads by a smash test
(a rapid test that uses microscopic examination of infected mosquito
salivary glands ruptured on glass slides to score sporozoite infection)
were rated +2 to +4, indicating robust infection (table S2). Pf GAP3KO
clinical run smash test results were compared with multiple previous
preclinical runs of Pf GAP3KO, where sporozoite loads were precisely
enumerated. This indicated total salivary gland sporozoite loads of
>40,000 Pf GAP3KO sporozoites per mosquito in mosquitoes used
for bite administration.

All study volunteers were eligible to participate in the trial if they
were healthy, malaria naive, and male or nonpregnant females aged
18 to 50 years in good general health as demonstrated by medical
history, physical examination, electrocardiography (ECG), and lab-
oratory assessment within 90 days of enrollment (table S3). The Pf
GAP3KO administration and follow-up schedule (Fig. 1) and baseline
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physical and demographic characteristics of the volunteers (table S4)
are shown. All enrolled volunteers who received Pf GAP3KO were
free of major protocol violations and completed the final study visit.
On the day of administration, 150 to 200 Pf GAP3KO-infected
mosquitoes were allowed to feed on the forearm of each subject for
a total of 10 min to allow transmission of Pf GAP3KO sporozoites
from infected mosquitoes to volunteers (Table 2).

Full attenuation of Pf GAP3KO confirmed by microscopy
and qRT-PCR

All 10 subjects who received Pf GAP3KO completed the 28-day study
period without exhibiting any malaria symptoms and remained neg-
ative for patent blood-stage parasitemia as demonstrated by micro-
scopic evaluation of peripheral thick blood smears throughout the
entire 28-day study period (Table 2). To additionally test for potential
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Fig. 2. Proportion and severity of solicited adverse events. The x axis shows the percentage of subjects who did not demonstrate the indicated solicited adverse
events (grade 0, green) or who demonstrated a grade 1 (mild severity, yellow) or grade 2 (moderate severity, purple) solicited adverse events.

subpatent blood-stage infection, we evaluated blood samples from
days 0, 7, 10, and 28 after administration for the presence of the
P. falciparum 18S ribosomal RNA (rRNA) marker by quantitative
reverse transcription polymerase chain reaction (QRT-PCR). At a
limit of detection of 20 parasites per milliliter of whole blood, the
P. falciparum 185 rRNA was undetectable in all blood samples tested
(Table 2). This demonstrated complete attenuation of Pf GAP3KO
with developmental arrest during pre-erythrocytic infection.

Local and systemic adverse reactions to mosquito bites
and Pf GAP3KO
Most of the adverse reactions reported in this study were related to
the large number of mosquito bites sustained during product ad-
ministration. All local and systemic solicited adverse events reported
as primary end points were classified as grade 1 (mild) or grade 2
(moderate) (Figs. 2 and 3). No grade 3 (severe) or grade 4 (potentially
life-threatening) adverse events occurred. Seven subjects (70%)
experienced grade 2 (moderate) adverse events; most of these were
administration site erythema. Other grade 2 events included admin-
istration site swelling, administration site pruritus, and fatigue.
Three classes of solicited adverse events were evaluated: local reac-
togenicity, systemic reactogenicity, and malaria signs and symptoms
(tables S5 and S6). All subjects experienced at least one solicited local
reactogenicity event. The most frequently reported solicited local re-
actogenicity symptoms were administration site erythema (10 of 10
subjects), administration site swelling (10 of 10 subjects), and pruritus
(9 of 10 subjects) (Figs. 2 and 3 and fig. S2). Five subjects experienced
at least one solicited systemic reactogenicity event. The most frequently
reported solicited systemic adverse events were fatigue (5 of 10 subjects)
and headache (3 of 10 subjects). Three subjects experienced grade
1 (mild) solicited potential malaria signs and symptoms, the most fre-
quent of which was fatigue (3 of 10 subjects). However, because no sub-
ject was parasitemic at any time throughout the study, these events were
later determined to be systemic reactogenicity events that persisted past
the time frame during which the adverse events were solicited. Addi-
tional details regarding grading and study day resolution of all adverse
events are noted in table S7.
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All unsolicited adverse events related to Pf GAP3KO administra-
tion were considered administration site reactions. Most of these
events were unsolicited because they were reported outside the 5-day
period during which adverse events were solicited. The most frequently
reported events were administration site swelling (10 of 10 subjects),
administration site erythema (10 of 10 subjects), and administration
site pruritus (7 of 10 subjects). All cases of administration site pruritus
had resolved by the end of the 28-day study period; however, admin-
istration site swelling (3 of 10 subjects) and administration site erythe-
ma (7 of 10 subjects) that did not resolve by the end of the 28-day study
period resolved by the 3-month follow-up visit. There were three re-
ports of grade 1 (mild) administration site discoloration observed on
day 28 that were reported resolved by the 3-month follow-up visit. An
additional subject reported grade 1 administration site discoloration at
the 3-month follow-up call that resolved by the 6-month follow-up
phone call. There were no clinically significant laboratory toxicities re-
ported. The most frequent laboratory abnormalities were low white
blood cell count (3 of 10 subjects), low platelet count (2 of 10 subjects),
high white blood cell count (2 of 10 subjects), and high red cell
distribution width (2 of 10 subjects) (table S8).

Induction of high levels of IgG antibodies by single
administration of Pf GAP3KO

Sera from the volunteers who received the single administration of
150 to 200 Pf GAP3KO-infected mosquitoes were collected on day 0
(preimmune sera) and days 7, 13, and 28 after immunization (immune
sera) and analyzed for anti-CSP antibody responses. Anti-CSP immu-
noglobulin G (IgG) was measured by enzyme-linked immunosorbent
assay (ELISA) using full-length recombinant PfCSP protein. At day 0,
volunteer sera showed an average of 1436 + 257.3 arbitrary units (AU)
of anti-CSP titers by ELISA, which was below the previously published
cutoff of 2000 AU for positivity (11); three volunteers were slightly
above this cutoff, with titers of 2443 and 2256 AU (Fig. 4A). At day 7
after administration, the frequency of positivity and average titer
both increased such that 8 of 10 volunteers were ELISA-positive, with
an average titer of 3821 + 808.1 AU. Anti-CSP titers peaked at day 13
after administration when all volunteers were positive for anti-CSP IgG,
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Fig. 3. Select adverse events for each of the 10 participants. The x axis indicates the days after GAP3KO administration
(day 0 is the day of administration). Study participants are individually listed by the last three digits of the subject ID, and
their individual adverse events are color-coded to indicate no adverse events (grade 0, green), grade 1 (mild severity, yellow),
or grade 2 (moderate severity, purple). The letter A indicates that the adverse events were reported to be ongoing at the time

of the clinic visit.

and the group average increased to 11547 + 2084 AU, ranging from
3874 t0 24,445 AU. At day 28, anti-CSP titers declined to an average of 5774 +
840 AU, with all volunteers maintaining titers above the cutoft for pos-
itivity (Fig. 4A). (Additional CSP titer data are provided in table S9.)

Functional activity of Pf GAP3KO-elicited antibodies
against Pf sporozoites

Given that the immune serum of Pf GAP3KO-immunized volunteers
showed considerable anti-CSP IgG titers, we next tested whether these
serum antibodies were functional in blocking sporozoite infection
using an in vitro inhibition of sporozoite traversal and invasion (ISTT)
assay. The ISTT activity of immune serum (from days 7, 13, and 28) was
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measured by determining the per-
cent inhibition using day 0 preim-
mune sera as a baseline (Figs. 4B
and 4C). We determined that im-
mune serum inhibited sporozoite
invasion by 51.8 + 7.3% for day 7
and 59.1 + 2.97% for day 13 (Fig.
4B). Only one volunteer day 7 ser-
um showed no inhibition, and day
13 sera from all volunteers had
invasion-inhibitory activity ranging
from 43.2 to 74.6%. Day 28 serum
inhibited invasion as vigorously as
day 13 serum (mean of 62.8 + 9.3%)
despite a drop in CSP titer (Fig. 4A).
Strikingly, inhibition of invasion in
the ISTI assay did not correlate with
anti-CSP titers at any time point
(Fig. 4D), and the serum of one vol-
unteer with a negative day 7 CSP
titer still exhibited a 44.6% inhi-
bition of sporozoite invasion (Fig.
4, B and D). (Additional subject-
specific data on invasion inhibi-
tion are provided in table S10.)
Similarly, immune serum from
volunteers inhibited in vitro cell
traversal of sporozoites by an aver-
age 0of 41.9 +7.9% and 44.4 + 8.3%
on days 7 and 13, respectively (Fig.
4C). Inhibition ranged from 30.3
to 80.4%, with only two volunteers
at each time point negative for tra-
versal inhibition. Despite a drop in
anti-CSP titer, inhibition of traversal
stayed constant until day 28 with a
mean of 40.9 + 11.8%, with all volun-
teers exhibiting inhibition, which
ranged from 17.9 to 63%. Again,
inhibition of cell traversal did not cor-
relate with anti-CSP titers at any time
point (Fig. 4D). In every case where
inhibition of traversal was absent,
CSP IgG titers were above the thresh-
old. (Subject-specific data on travers-
al inhibition are provided in table S9.)
To determine whether the
antibodies engendered by Pf GAP3KO administration could also
inhibit Pf sporozoite invasion in vivo, we used FRG huHep liver-
chimeric humanized mice (12). These mice allow Pf liver infection
and complete development of liver-stage parasites, mimicking natural
human infection (13). We have recently shown that this model can
robustly detect inhibition of sporozoite liver infection by monoclo-
nal antibodies (14) using bioluminescence imaging of challenges that
were carried out with sporozoites of a green fluorescent protein (GFP)-
luciferase—expressing P. falciparum strain, PfGFP-luc (15). We selected
five volunteers whose immune serum showed consistent, high levels of
invasion inhibition in vitro and varying CSP IgG titers. We purified
IgG from these volunteers from day 0 preimmune and day 13 immune
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