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Abstract. Plasmodium falciparum sporozoite (PfSPZ) Vaccine (radiation-attenuated, aseptic, purified, cryopreserved
PfSPZ) and PfSPZ-CVac (infectious, aseptic, purified, cryopreserved PfSPZ administered to subjects taking weekly
chloroquine chemoprophylaxis) have shown vaccine efficacies (VEs) of 100% against homologous controlled human
malaria infection (CHMI) in nonimmune adults. Plasmodium falciparum sporozoite-CVac has never been assessed
against CHMI in African vaccinees.We assessed the safety, immunogenicity, and VE against homologous CHMI of three
doses of 2.7 × 106 PfSPZ of PfSPZ Vaccine at 8-week intervals and three doses of 1.0 × 105 PfSPZ of PfSPZ-CVac at 4-
week intervals with each arm randomized, double-blind, placebo-controlled, and conducted in parallel. There were no
differences in solicited adverse events between vaccinees and normal saline controls, or between PfSPZ Vaccine and
PfSPZ-CVac recipients during the 6 days after administration of investigational product. However, from days 7–13,
PfSPZ-CVac recipients had significantly more AEs, probably because of Pf parasitemia. Antibody responses were 2.9
times higher in PfSPZ Vaccine recipients than PfSPZ-CVac recipients at time of CHMI. Vaccine efficacy at a median of
14 weeks after last PfSPZ-CVac dose was 55% (8 of 13, P = 0.051) and at a median of 15 weeks after last PfSPZ Vaccine
dose was 27% (5 of 15, P = 0.32). The higher VE in PfSPZ-CVac recipients of 55%with a 27-fold lower dose was likely a
result of later stage parasitematuration in the liver, leading to induction of cellular immunity against a greater quantity and
broader array of antigens.

INTRODUCTION

Despite an international investment in malaria control of
more than $4 billion annually, the numbers of deaths and
clinical cases of malaria were essentially unchanged from
2015 to 2018.1,2 Depending on the estimate,1,3 there are
16,730–28,000 deaths frommalaria every 2 weeks. The Bioko
Island Malaria Elimination Program has been working to re-
duce the impact ofmalaria onBioko Island, Equatorial Guinea,
for 15 years. During that period, the prevalence ofmalaria in 2-
to 14-year-olds and thedeaths attributed tomalaria havebeen
reducedby73%and85%, respectively.4However, despite an
annual investment of∼$30 per capita inmalaria control efforts
by this team of Equatoguineans and international experts, the
prevalence of malaria in 2- to 14-year-olds has been un-
changed for the past 6 years, paralleling the international sit-
uation (G. A., Garcia, personal communication). New tools are
required.5 We believe introduction of an effective malaria
vaccine would be the most efficient way to decrease and
eventually halt malaria transmission and eliminate the disease
from Bioko Island.6

We have been assessing Sanaria’s whole Plasmodium fal-
ciparum sporozoite (PfSPZ) vaccines for more than 9
years.7–19 There are no vaccines with marketing authorization
(licensure) against diseases caused by parasites in humans,

and there have previously been no vaccines against human
infectious diseases composed of eukaryotic cells.With little to
no human experience to draw on, the optimization of vacci-
nation regimens with PfSPZ vaccines has been empirical.
Here, we report the safety, immunogenicity, and vaccine ef-
ficacies (VE) against controlled human malaria infection
(CHMI) of Sanaria® PfSPZ Vaccine (radiation-attenuated
PfSPZ)7,8,10–12,14–19 and PfSPZ-CVac (infectious PfSPZ
Challenge administered to subjects taking chloroquine che-
moprophylaxis)9,13 in healthy 18- to 35-year-old Equatogui-
nean adults.

MATERIALS AND METHODS

Study design and population. This age de-escalation,
double-blind, randomized, placebo-controlled trial was con-
ducted in Baney, Equatorial Guinea, between October 2016
and January 2018. It had two major components: an age de-
escalation and age escalation component to assess safety
and immunogenicity of PfSPZVaccine in 6months to 17-year-
olds and 36- to 65-year-olds (part A) and a safety, immunoge-
nicity, andCHMIcomponent to assessVE in 18- to 35-year-olds
of PfSPZ Vaccine and PfSPZ-CVac (part B); part B is described
in this report.
For part B, healthy male and female subjects aged 18–35

yearswere recruited from theBaney district and city ofMalabo
on Bioko Island. Fifty subjects who met inclusion and ex-
clusion criteria (Supplemental Appendix, Tables S1 and S2)
and successfully completed a test of understanding were
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consented and enrolled. The eligibility criteria are available at
https://clinicaltrials.gov/show/NCT02859350. Subjects were
allocated to either the PfSPZ Vaccine arm or the PfSPZ-CVac
arm; within each arm, they were randomized to either vaccine
or normal saline (NS). Controls (placebo subjects) in the
PfSPZ-CVac arm also received chloroquine on the same
schedule as did vaccinees.
Investigational products (IP). Sanaria PfSPZ Vaccine

comprised radiation attenuated, aseptic, purified, vialed, cry-
opreserved PfSPZ.7,8,10–12,14–20 Sanaria PfSPZ Challenge is
identical to PfSPZ Vaccine, except it is not attenuated.9,13,21–29

Normal saline was the placebo. Chloroquine phosphate
(Resochı́n, Kern Pharma), administered weekly beginning
2 days before the first dose through to 12 days after the final
dose, was used to chemo-attenuate PfSPZ Challenge for
PfSPZ-CVac.
Randomization and intervention.Group 1a subjects were

randomized to receive PfSPZ Vaccine (2.7 × 106 PfSPZ) (n =
20) or NS (n = 6) at 0, 8, and 16 weeks. This dose, which was
also being assessed at the same time in Burkina Faso
(NCT02663700), was chosen assuming higher doses would
be associated with increased immunogenicity and protection.
Group 1b, PfSPZ-CVac, subjects were randomized to receive
PfSPZChallenge (1.0 × 105 PfSPZ) (n = 19) or NS (n= 5) at 0, 4,
and 8 weeks; PfSPZ Challenge and corresponding NS recip-
ients received chloroquine. The dosing intervals for both
groups were the same as in previous trials of PfSPZ
Vaccine12,16–18,30 and PfSPZ-CVac.9,13 The study team was
blinded to treatment assignment within each group. Plasmo-
dium falciparum sporozoite Vaccine, PfSPZ Challenge, or NS
in0.5mLwasadministeredbyDVI througha25-gaugeneedle.
Chloroquine was administered orally under direct observation
2 days before the first dose of PfSPZChallenge or NS in the
PfSPZ-CVac group and weekly thereafter through 5 days

after the final injection of PfSPZChallenge or NS (Figure 1,
Supplemental Figure S1); the first dose was 600 mg chlo-
roquine base, and subsequent doses were 300 mg chloro-
quine base.
Vaccine efficacy. Vaccine efficacy was assessed by CHMI

by DVI of 3.2 × 103 PfSPZ of PfSPZ Challenge and calculated
based on the first positive qPCR result. Controlled human
malaria infection were planned for 10–14 weeks after last im-
munization, although for several subjects, the CHMI was
delayed (Figure 1 andSupplemental Figure S1). Subjectswere
observed as inpatients beginning 8 days after PfSPZ Chal-
lenge injection until diagnosed by thick blood smear (TBS) and
treated, or until day 21. Thick blood smear-negative subjects
continuedwith every other day outpatientmonitoring until day
28. After initiation of treatment, TBSs were assessed until two
consecutive daily TBSswere negative. A qPCR specimenwas
obtained at each study visit during CHMI and at the final
scheduled study visit (56 days after CHMI). All qPCR samples
were run retrospectively, unless to confirm a positive TBS, in
which case they were run within 24 hours.
Adverse events (AE). Solicited local (Supplemental Table

S3) AEs were collected for 3 days after each immunization.
Solicited systemic (Supplemental Table S3) and unsolicited
AEs were collected for 7 and 28 days, respectively, after each
immunization in Group 1a. In Group 1b to account for AEs that
might be related to chloroquine administration or the transient
parasitemia associated with PfSPZ-CVac, solicited AEs were
collected from the first day of chloroquine administration
(2 days before the first immunization) through 12 days after
final immunization and 7 days after final chloroquine dose
(Supplemental Table S4). Solicited AEs after injection of
PfSPZChallenge for CHMIwere recorded for 5 days. Subjects
were observed for 2 hours after administration of PfSPZ
Vaccine or PfSPZ Challenge, then followedwith daily home or

FIGURE 1. CONSORT diagram: Adult subjects aged 18–35 years. This figure appears in color at www.ajtmh.org.

2 JONGO AND OTHERS

https://clinicaltrials.gov/show/NCT02859350
http://www.ajtmh.org


clinic visits. Any subject who reported AEs at home was re-
ferred to the clinic. Grading of severity of AEs and relatedness
to IP were carried out according to a prespecified system
(Supplemental Table S3). Subjects were admitted to a hotel
8 days after PfSPZ Challenge administration for CHMI to be
observed and treated for Pf malaria as needed. Symptoms
and signs identified throughprespecified (Supplemental Table
S3) and open-ended questioning during the 8- to 28-day pe-
riod were assessed for relationship to Pf infection and con-
sidered related if theeventwaswithin 3daysbefore and7days
after the TBS was first positive.
Treatment. Plasmodium sp. infections diagnosed in sub-

jects beforeCHMIwere treated according to national guidelines
with artesunate–amodiaquine or artemether–lumefantrine.
Subjects with positive TBSs in the 28-day interval following
CHMIwere treatedwithALwithin 24hours of first positive TBS
confirmed by qPCR. Subjects who were TBS negative were
treated at the final study visit on day 56 after CHMI, regardless
of qPCR findings.
Detection of Pf parasites and parasite DNA. After each

immunizing dose in the PfSPZ-CVac arm of the study, para-
sitemia was monitored daily on days 6–10 by TBS and qPCR.
During CHMI, samples were assessed by TBS and qPCR
twice daily on days 8–14 after injection of PfSPZ Challenge,
daily thereafter until positive or until day 20 andondays 22, 24,
26, and 28. Thick blood smears could be performed more
frequently, if subjects had symptoms or signs consistent with
malaria.
Slide preparation and reading for TBSs were performed as

described.24 In brief, 10 μL of blood collected in EDTA was
placedona10-mmby20-mmrectangle onaglass slide, dried,
and stained. For asymptomatic individuals, ∼0.5 μL of blood
was assessed. For symptomatic individuals, ∼2.0 μL of blood
was assessed. Two asexual erythrocytic stage Pf parasites
had to be identified for a slide to be considered positive,
yielding a lower limit of detection for a positive slide of four
parasites/μL blood when ∼0.5 μL of blood was assessed.
Parasites were quantified by qPCR using the PlasQ qPCR

assay as described.31 The lower limit of detection for this
qPCR assay was 50 copies/mL.
A single positive time point was considered positive for in-

fection with Pf. After the start of CHMI, the time of the first
blood sample positivity by qPCR was used to determine in-
fection status and calculation of the prepatent period. During
CHMI, all samples were analyzed by qPCR in real time as they
were continuously collected from the subjects. Samples
collected during the immunization period were analyzed
retrospectively.
We used molecular approaches to discriminate between

NF54, the vaccine, and CHMI strain and naturally acquired
infections. First, Plasmodium species differentiation by qPCR
was conducted.31 Samples positive for Pf were genotyped by
assessing polymorphisms for msp1/msp232 and selected
microsatellite markers.33 In addition, twowidespreadmarkers
of sulphadoxine–pyrimethamine, dhfr and dhps, were ampli-
fied and sequenced.34

Chloroquine levels. Whole blood stored at −80�C was
shipped to the Clinical Pathology Department, Noguchi Me-
morial Institute for Medical Research, University of Ghana.
Samples collected on the day of first administration of IP,
which was 2 days after administration of the loading dose of
chloroquine (600mgbase), were analyzed in a blinded fashion

for chloroquine, using high-performance liquid chromatogra-
phy. The samples were run in two lots, corresponding to the
two different cohorts enrolled in the PfSPZ-CVac arm of the
trial. For the second cohort, plasma samples from the same
time point stored at −80�C were also analyzed by Swiss Bio-
Quant AG, Reinach, Switzerland, using HPLC.
Antibody assays. Blood for immunogenicity testing was

drawn before the first immunization, 2 weeks after final im-
munization, and before CHMI. Serum was separated and
frozen at −80�Cwithin 4 hours of collection. IgG antibodies to
Pf circumsporozoite protein (PfCSP) and Pfmerozoite surface
protein 1 (PfMSP1) were assessed by ELISA as described.17

The serum dilution at which optical density was 1.0 (OD 1.0),
the difference between the post-OD 1.0 and pre-OD 1.0 (net
OD 1.0), and the ratio of post-OD 1.0 to pre-OD 1.0 (OD 1.0
ratio) were calculated. An individual was considered to have
seroconverted if the net OD 1.0 was ³ 50 and the OD 1.0 ratio
was ³ 3.0.
Statistical analysis. The sample size of 20 vaccinees per

dosage group with six controls was chosen to show with a
power of 80% that a 40% Pf infection frequency in vaccinees
was significantly different froma99%Pf infection frequency in
controls (α = 0.05, two tailed), with allowance for loss of up to
two vaccinees and one control. Categorical variables were
summarized using absolute (n) and relative (%) frequencies.
Continuous variables were summarized using mean and SD,
median, and range. Comparisons of categorical variables
between groups were analyzed using Barnard’s two-sided
exact unconditional test; for comparisons of continuous var-
iables, the Mann–Whitney two-sided test was used. Time to
event was assessed by Kaplan–Meier curves and logrank for
trend. Time to event data was analyzed from CHMI injection
until positive qPCR result. No corrections were made for
multiple comparisonsbecauseof the early phasenature of this
trial. A P value < 0.05 was considered significant.

RESULTS

Vaccine efficacy. Normal saline controls. Four of 11 sub-
jects did not undergo CHMI (Figure 1). Two subjects de-
veloped malaria before CHMI, one was withdrawn with a new
diagnosis of non-Hodgkin lymphoma and one was lost to
follow-up. Four of the remaining seven saline controls were
positive byboth TBSandqPCRafterCHMI, twowere negative
by TBS but positive by qPCR, and one was negative by both
tests after CHMI (Table 1). This last individual did not receive
chloroquine or any other antimalarial during the study.
PfSPZ vaccine. Three of 20 subjects did not undergoCHMI.

One subject became pregnant during immunization, one did
not respond to initial treatment for incidental Loa loa infection,
and one withdrew. Seventeen subjects immunized with 2.7 ×
106 PfSPZ of PfSPZ Vaccine underwent CHMI. One subject
was excluded from analysis after he was retrospectively de-
termined to be qPCR-positive for Pf on the day of CHMI. Fif-
teenPfSPZVaccine subjects underwent CHMI 14–16 (median
14) weeks after last vaccine dose. Eight were positive by both
TBS and qPCR, two were negative by TBS but positive by
qPCR, and five were negative by both TBS and qPCR. The
16th subject immunized with PfSPZ Vaccine underwent first
CHMI 33 weeks after last immunization and was negative by
both TBS and qPCR (Table 1). Vaccine efficacies at a median
of 14 weeks after last dose of vaccine was 27% (6 of 16
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vaccinees versus oneof seven controls negative byqPCR,P=
0.32, Barnard’s test, two tailed).
PfSPZ-CVac. Five of 19 subjects did not undergo CHMI.

One subject developed L. loa infection during immunization,
and four were positive for Pf by qPCR before CHMI. Fourteen
subjects immunized with PfSPZ-CVac underwent CHMI. One
subject was excluded from analysis because he was retro-
spectively determined to beqPCR-positive for Pf on the dayof
CHMI. ThirteenPfSPZ-CVac subjects underwentCHMI 14–19
(median, 15) weeks after last vaccine dose. Three were posi-
tive by both TBS and qPCR, two were negative by TBS but
positive by qPCR, and eight were negative by both TBS and
PCR (Table 1). Vaccine efficacies at amedian of 15weeks after
last vaccine dosewas 55% (8 of 13 vaccinees negative versus
one of seven controls negative by qPCR, P = 0.051). By time-
to-event analysis (Figure 2), there was a significant trend
toward improved VE (P = 0.033, logrank test for trend) from
saline controls to PfSPZ Vaccine to PfSPZ-CVac. The VEs of
PfSPZ-CVac (55%) and PfSPZ Vaccine (27%) were not sig-
nificantly different (P = 0.27).
Prepatent periods.Theprepatent periods for qPCR-positive

and TBS-positive subjects are presented in Table 2. There
were no significant differences in the prepatent periods by
qPCR, although the results for qPCRmay be skewed because
several subjectswere positive on the first qPCRmeasurement
taken on day 8 after CHMI andmay have been positive earlier.
By TBS, the prepatent periods were significantly longer for
PfSPZ Vaccine than controls (P = 0.02), but not for PfSPZ-
CVac recipients who became parasitemic.

Antibody responses. Antibodies against PfCSP were
assessed in subjects from all groups 14 days after the third im-
munization and the day before CHMI, which was 98–231 days
after last immunization. We also assessed pre-CHMI sera for an-
tibodies to the late liver stage/asexual erythrocytic stage protein
PfMSP1 by ELISA (Figure 3, Supplemental Figure S2, Table S5).
Antibodies to PfCSP. PfSPZ vaccine versus PfSPZ-CVac

versus NS placebo. Antibody responses to PfCSP 2 weeks
after the third dose (Figure 3A, Supplemental Figure S2A, Table
S5)weresignificantlyhigher in thePfSPZVaccinegroup (median
net OD1.0 = 2,936 andmedianOD1.0 ratio = 40.35) than that in
the PfSPZ-CVac group (median net OD 1.0 = 258 and median
OD 1.0 ratio = 2.98) (net P < 0.0001 and ratio P < 0.0001,
Mann–Whitney test, two tailed). The PfSPZ-CVac group had
higher antibody levels than NS controls (median net OD 1.0 = 1
and median OD 1.0 ratio = 1.02) (net P < 0.0001 and ratio P =
0.0003). Antibody responses to PfCSP the day before CHMI
(Figure 3B and Supplemental Figure S2B) were significantly
higher in the PfSPZ Vaccine group (median net OD 1.0 = 1,407
and median OD 1.0 ratio 45.37) than in the PfSPZ-CVac group
(median net OD1.0 = 520 andmedianOD1.0 ratio 4.07) (netP =
0.0093and ratioP<0.0001). ThePfSPZ-CVacgrouphadhigher
antibody levels than NS controls (median net OD 1.0 = 26 and
medianOD1.0 ratio =1.27) (netP=0.0002and ratioP<0.0001).
Uninfected versus infected 2 weeks after third dose. There

was no significant difference in antibody levels 14 days after
the third dose between subjects who received PfSPZ Vaccine
and did not become infected, versus those who became in-
fected (median net OD 1.0 4,268 versus 2,600, P = 0.180 and

TABLE 1
Vaccine efficacy against homologous CHMI

# Undergoing
CHMI

Median time from last vaccine
dose to CHMI (range)

# Without parasitemia
at 28 days by TBS

# Without parasitemia
at 28 days by qPCR VE by qPCR

PfSPZ vaccine 17* 14 weeks (14–33 weeks) 8 6 27% (P = 0.32)†
PfSPZ-CVac 14* 15 weeks (14–19 weeks) 10 8 55% (P = 0.051)†
Controls (pooled) 7 – 3 1 –

CHMI = controlled human malaria infection; VE = vaccine efficacies.
* One subject was excluded from analysis in the PfSPZ Vaccine arm and onewas excluded in the PfSPZ-CVac arm after theywere found to have naturally acquired Pf parasitemia by qPCRon the

day of CHMI.
†P-values calculated using Barnard’s test, two tailed.

FIGURE 2. Kaplan–Meier survival curves in vaccinees andcontrols as assessedbyqPCR.Kaplan–Meier curves in subjects undergoingcontrolled
humanmalaria infection (CHMI) after the last of threedoseswith 2.7×106PfSPZ (n=16) or 1.0×105PfSPZChallenge (n=13) vs. pooledsaline (n=5)
and oral chloroquine plus saline controls (n = 2). The median time from the last dose to CHMI was 14 weeks for PfSPZ Vaccine and 15 weeks for
PfSPZ-CVac. This figure appears in color at www.ajtmh.org.
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medianOD 1.0 ratio 67.57 versus 40.35,P = 0.591) (Figure 3C,
Supplemental Figure S2C). Likewise, there was no significant
difference in antibody levels 14 days after the third dose be-
tween subjects who received PfSPZ-CVac who were not in-
fected, versus those who became infected (median net OD
411versus 258,P=0.833 andmedianOD1.0 ratio 3.76 versus
2.48, P = 0.943). Antibody levels were higher in subjects who
received PfSPZ Vaccine and became infected, versus those
who received PfSPZ-CVac and did not become infected
(median net OD 2600 versus 411, P = 0.0012 and median OD
1.0 ratio 40.35 versus 3.76, P = 0.0008).
Uninfected versus infected before CHMI. There was a sig-

nificant difference in net OD 1.0 antibody levels before CHMI
between subjects who received PfSPZ Vaccine who were
uninfected versus those who were infected (median net
OD 1.0 2,936 versus 1,012, P = 0.031) (Figure 3D and
Supplemental Figure S2D). The median OD 1.0 ratio was also
higher in uninfected vaccinees but did not reach the level of
statistical significance (median OD 1.0 ratio 60.28 versus
30.97, P = 0.219). In subjects who received PfSPZ-CVac who
were uninfected or infected, the difference in the net OD 1.0
and OD 1.0 ratios was higher in the uninfected, but not sig-
nificant (median netOD618versus293,P=0.126, andmedian
OD 1.0 ratio 6.04 versus 2.49, P = 0.247).
Antibodies to PfMSP1. Uninfected versus infected before

CHMI. In subjects who received PfSPZ Vaccine who were un-
infected, the PfMSP1 median OD 1.0 measured before CHMI
was higher than that of infected subjects (medianOD 1.0 = 899
versus 55), but not significantly (P = 0.515) (Supplemental
Figure S2E and Table S5). Uninfected subjects who received
PfSPZ-CVac also had higher antibodies to PfMSP-1 before
CHMI than the infected subjects (medianOD1.0= 3,000 versus
423), but the difference was not significant (P = 0.178).
Safety. Solicited AEs following immunization. PfSPZ

vaccine. There were no significant differences between soli-
cited AEs in vaccinees and controls (Figure 4) collected 6 days
following each immunization. Ten of 56 injections (in nine of 20
subjects receiving 2.7 × 106 PfSPZ of PfSPZ Vaccine) were
associated with 17 systemic solicited AEs (five reports of fa-
tigue and three each of arthralgias, headache, myalgias, and
subjective fever) compared with one of 18 injections (one re-
port of arthralgias) in the six subjects receiving NS (P = 0.215,
Barnard’s test two tailed). One event (headache in a vaccine
recipient) was grade 2, and all others were grade 1. All events
were considered related to IP (Supplemental Table S6). One
subject in the PfSPZ Vaccine group experienced one local AE
(tenderness) during immunization.

PfSPZ-CVac. Therewerenosignificant differencesbetween
systemic solicited AEs in vaccinees and controls collected
throughout the 70-day immunization period (Figure 4). Seven-
teenof55 injections (in12of19subjects receivingPfSPZ-CVac)
were associated with 30 systemic solicited AEs and six local
solicited AEs, all grade 2 or less; five of 14 injections (in four of
five subjects receiving NS with chloroquine) experienced 10
systemic solicited AEs and no local solicited AEs (P = 0.822)
(Supplemental Table S6). Seven systemic solicited AEs in five
subjects were temporally associated with a positive qPCR for
Pf, suggesting these AEs represented symptomatic para-
sitemia; no solicited systemic AEs were documented in the
control subjects during this time period (Figure 4).
Comparison of PfSPZ vaccine and PfSPZ-CVac. Systemic

solicited AEs were more frequent after each dose in the
PfSPZ-CVac group (occurring in 17 of 55 immunizations) than
thePfSPZVaccinegroup (occurring in 10of 56 immunizations)
but were collected over a longer period of time, and the dif-
ference was not significant (P = 0.128). There was no differ-
ence when the first 6 days of solicited AEs for PfSPZ-CVac
(occurring in 12 of 55 immunizations) were compared with the
first 6 days for PfSPZ Vaccine (occurring in 10 of 56 immuni-
zations) (P = 0.676), implying that the excess AEs observed in
the PfSPZ-CVac group were associated with the transient
parasitemia occurring on day 7–10 or to the continuous use of
chloroquine. The role for chloroquine was supported by the
comparison of systemic solicited AEs in the two control arms
of the study, demonstrating more frequent events in the NS +
chloroquine controls (fiveof 14 injections) than theNScontrols
(one of 18 injections, P = 0.028). Pruritus, a frequently cited
adverse effect of chloroquine in African populations, was only
noted in two subjects after the first dose with PfSPZ-CVac,
was mild, resolved spontaneously, and did not reoccur, de-
spite ongoing chloroquine administration.
Laboratory abnormalities following immunization. There

was no significant difference in the number of subjects ex-
periencing laboratory abnormalities between PfSPZ Vaccine
and NS control (Supplemental Table S7). All laboratory ab-
normalities were grade 2 or less. Likewise, there were no dif-
ferences in vaccinees and controls in the PfSPZ-CVac arms,
except that significantly more subjects receiving PfSPZ-CVac
experienced grade 1 or 2 neutropenia than controls (P =
0.0089) (Supplemental Table S7), although none of the epi-
sodes were clinically significant. One subject had an un-
explained, unrelatedgrade3 elevation of total bilirubin 14days
after the third dose, with all prior and subsequent sample re-
sults in the normal range.

TABLE 2
Prepatent periods by qPCR and TBS

PfSPZ vaccine PfSPZ-CVac Controls

Controlled humanmalaria infection (n), evaluable 16 13 7
qPCR + (n) 10 5 6
Prepatent period, qPCR (days)
Median 11.0 8.0 8.5
Minimum, maximum 8, 18 8, 16 8, 15
P-value (vs. control) P = 0.21 P = 0.84 –

TBS+ (n) 8 3 4
Prepatent period, TBS (days)
Median 17 14 14.5
Minimum, maximum 15, 19 14, 26 13, 16
P-value (vs. control) P = 0.02 P = 0.89 –

PfSPZ = Plasmodium falciparum sporozoite; TBS = thick blood smear.
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Unsolicited AEs following immunization. Nine unsolicited
AEs were reported in eight of the 20 subjects receiving PfSPZ
Vaccine; one AE was considered probably related to vaccine
(acute gastritis, grade 2). One event was considered grade 3
(toothache); all others were grade 2 or less. One AE was re-
ported in controls. Twenty-five unsolicited AEs were reported

in 12 of the 19 subjects immunized with PfSPZ-CVac, with
five AEs reported in three of the five chloroquine controls; all
AEs were grade 2 or less, and none were considered related
to IP. The most common unsolicited AEs included tooth-
ache, upper respiratory tract infections, and musculoskel-
etal pain.

FIGURE 3. Antibodies to Plasmodium falciparum circumsporozoite protein (PfCSP) ELISA. IgG antibodies to Pf circumsporozoite protein PfCSP
by ELISA 2 weeks after the third dose (A) and at the time of controlled human malaria infection (CHMI) (B) comparing PfSPZ Vaccine and PfSPZ-
CVac. IgGantibodies toPf circumsporozoite proteinPfCSPbyELISA2weeks after the third dose (C) andat the timeofCHMI (D) comparing infected
and uninfected subjects in PfSPZ Vaccine and PfSPZ-CVac. Filled circles (•) represent subjects remaining uninfected after CHMI; open circles (x̂)
represent subjects infected afterCHMI. Additional figures for antibodies toPfCSPand the antibody results forMSP-1 are found in theSupplemental
Appendix.In the PfSPZ Vaccine group, 18/18 (100%), and in PfSPZ-CVac group, 7/17 (41.2%) subjects seroconverted (P = 0.00012) when
measured 2 weeks after the third dose.When PfCSP antibodies weremeasured before CHMI, 15/16 (93.8%) had positive antibody response in the
PfSPZVaccinegroupand8/13 (61.5%) in thePfSPZ-CVacgroup (P=0.038) (Supplemental Table5). Antibody responses toPfCSP2weeksafter the
third dose (A) were significantly higher in the PfSPZVaccine group (median net OD 1.0 = 2,936) than in the PfSPZ-CVac group (median net OD 1.0 =
258) (P<0.0001,Wilcoxon signed-rank test, two tailed). ThePfSPZ-CVacgrouphadhigher antibody levels thannormal saline (NS) controls 2weeks
after the third dose (median net OD 1.0 = 1) (net P < 0.0001, Wilcoxon signed-rank test, two tailed). Antibody responses to PfCSP the day before
CHMI (B) were significantly higher in the PfSPZVaccine group (median net OD1.0 = 1,407) than in the PfSPZ-CVac group (median net OD1.0 = 520)
(netP=0.0093,Mann–Whitney test, two tailed). ThePfSPZ-CVacgrouphadhigher antibody levels thanNScontrolsbeforeCHMI (B,mediannetOD
1.0 = 26,P = 0.0002,Wilcoxon signed-rank test, two tailed).Median net OD1.0 of PfCSP antibodiesmeasured 2weeks after the third dose (C) in the
PfSPZ Vaccine group were higher in uninfected vs. that in infected subjects (median net OD 1.0 4,268 vs. 2,600, P = 0.180, Wilcoxon signed-rank
test, two tailed), but the difference was not significant. Likewise, there was no significant difference in antibody levels 2 weeks after the third dose
between subjects who received PfSPZ-CVac whowere not infected, vs. thosewho became infected (median net OD 411 vs. 258,P = 0.833). There
was a significant difference in net OD 1.0 anti-PfCSP antibody levels before CHMI (D) between subjects who received PfSPZ Vaccine who were
uninfectedvs. thosewhowere infected (mediannetOD1.02,936vs. 1,012,P=0.031,Wilcoxon signed-rank test, two tailed).NetOD1.0 anti-PfCSP
antibody levels before CHMI in subjects who received PfSPZ-CVac who were uninfected were higher than infected subjects (median net OD 618
vs. 293, P = 0.126), but not significantly.
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Serious AEs. Three serious AEs occurred in three study
subjects. An 18-year-old woman was hospitalized for hyper-
emesis gravidarum. Symptom onset was 19 weeks after her
last dose of PfSPZ Vaccine. The remainder of her pregnancy
wasuneventful, and she delivered a healthy girl at 37½weeks.
A 19-year-old woman was found to have intrauterine fetal

demise 9weeks into her third pregnancy and 9weeks after her
first and only dose of PfSPZ Vaccine. Pregnancy loss before
20weeks approaches 20% in sub-Saharan Africa35; however,
the temporal relationship to immunization led the team to
consider the event possibly related to vaccine.
A 29-year-old man in the chloroquine + placebo arm of the

PfSPZ-CVacgroupdevelopednon-Hodgkin’slymphoma.ThisSAE

was considered unrelated to immunization; the details of this case
are reportedelsewhere (S.Manocketal.,manuscript inpreparation).
Plasmodium parasitemia during PfSPZ-CVac immuniza-

tions and before CHMI.Six to 10days after each immunization,
17/18 subjects who received three doses of PfSPZ-CVac de-
velopedparasitemiabyqPCRafter thefirst dose, 13/18after the
second, and third doses (Figure 5). Median parasitemia at each
time point was lower in subjects protected during CHMI
(Figure 5C). There was no significant correlation between par-
asitemia with dose 1 and pre-immunization antibody levels to
PfCSP (r2 = 0.10) or PfMSP1 (r2 = 0.002). There was no signifi-
cant difference in peak parasitemia between subjects infected
and subjects not infected after CHMI (Figure 5C).

FIGURE 4. Solicited systemic adverse events as a percentage of doses administered. For subjects in the PfSPZ Vaccine arm, solicited adverse
events (AEs) are reported for 6 days after each immunization. In the PfSPZ-CVac arm, solicited AEs are collected at the time of the first chloroquine
administration (2 days before the first immunization) and continued for 12 days after the third immunization (70 days total). These AE are further
categorized into predetermined intervals (days 1–6, 7–13, and beyond day 13) following each immunization (#1, #2, or #3) for PfSPZ-CVac. During
days 1–6, reactions to vaccination were assessed, while during days 7–13 the impact of Pf parasitemia in PfSPZ-CVac recipients. The period after
day 13 was to assess the additional impact of continued chloroquine administration. There was no significant difference in AEs between PfSPZ
Vaccine and normal saline (NS) (P=0.215), betweenPfSPZ-CVac andNS+ chloroquine (P=0.822), or betweenPfSPZVaccine andPfSPZ-CVac on
days 1–6 (P = 0.676) or overall (P = 0.128). On days 7–13, more AEs occurred in the subjects receiving PfSPZ-CVac than subjects receiving NS +
chloroquine (P = 0.073, Barnard’s test, two-sided).
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FIGURE 5. ParasitemiabyqPCRafterfirst, second, and thirdPfSPZ-CVac immunizations. (A) TransientparasitemiawitheachsuccessivedoseofPfSPZ
Challenge in vaccineesprotectedafter controlledhumanmalaria infection (CHMI). (B)TransientparasitemiawitheachsuccessivedoseofPfSPZChallenge
in vaccinees not protected after CHMI. (C) Median Pf parasitemia overall and in subjects protected and not protected during CHMI. Only subjects
completingall threedosesandparticipating inCHMI (n=13) represented.Onesubject (#525, solidblack line inA)waspersistentlyqPCRpositiveonday10
after the secondand third immunizations and subsequently found to havenaturally acquiredPf infection. Twoadditional subjects positive 10days after the
third (A) or first (B) dose were qPCR negative at the next measurement 18 days later. This figure appears in color at www.ajtmh.org.
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During the immunization phase, six subjects had asymp-
tomatic parasitemia outside the 6- to 10-day window during
scheduled PCR sampling and two subjects each receiving
PfSPZ Vaccine, PfSPZ-CVac, and NS control (Supplemental
Table S8). Genotype analysis excluded the PfNF54 strain
identified as the cause of parasitemia in three subjects and
suggested this was not the etiology in two additional subjects
(Supplemental Table S9). Four additional subjects in the
PfSPZ-CVac arm (three receiving PfSPZ Challenge and one
NS) had asymptomatic Pf parasitemia in the interval between
immunization and CHMI. A fifth subject in this group had
symptomatic Pf parasitemia with an oral temperature of
38.2�C 14 weeks after third immunization.
Adverse events after CHMI. Solicited AEs were assessed for

5 days after administration of PfSPZ Challenge for CHMI. Con-
trolledhumanmalaria infectionwaswell-tolerated (Supplemental
TableS10). One subject inGroup 1a hadmild pain after injection.
Onesubject inGroup1bhadarthralgias 2days afterCHMIwhich
wereattributed tophysical activity; noother localorsystemicAEs
were reported during the 5 days after administration of PfSPZ
Challenge. Nine unsolicited AEs were reported in eight subjects
during the 28 days after CHMI, none of which were deemed
related to IP or malaria in blinded assessments.
Chloroquine levels during administration of PfSPZ-CVac.

Whole blood chloroquine levels 2 days after the initial loading
dose ranged from15.4 to 129.9 ng/mL; corresponding plasma
levels for a subset of samples were uniformly higher than the
correspondingwhole blood level. All levelswere above IC50 for
the NF54 strain to chloroquine (8.7 ng/mL).36

Clinical manifestations of malaria after CHMI. Symptoms or
signs of malaria were recorded in 9/21 subjects who de-
veloped parasitemia: 4/11, 2/5, and 3/7 who received PfSPZ
Vaccine, PfSPZ-CVac, and NS, respectively (Supplemental
Table S10). Eight of the nine with symptoms were qPCR-
positive and TBS-positive; 1/9 was only qPCR-positive. The
median interval between qPCR positivity and symptom onset
was 7 days (range, 5–13), and the median interval between
TBSpositivity and symptomonsetwas 1 day (range,−1 to +3).
All symptoms were mild to moderate; two subjects had ele-
vated temperature (38.2, 38.3�C).

DISCUSSION

This is the first trial to directly compare the VE of PfSPZ-
CVac and PfSPZ Vaccine. At 14–15 weeks after the last dose,
a three-dose PfSPZ-CVac regimen of 1.0 × 105 PfSPZ/dose
had a VE of 55% (eight of 13,P= 0.051), whereas a three-dose
PfSPZ Vaccine regimen of 2.7 × 106 PfSPZ/dose had a VE of
27% (five of 15, P = 0.32), both against homologous CHMI.
The VE of PfSPZ-CVac versus that of PfSPZ Vaccine oc-
curred, despite the fact that 27 times fewer PfSPZ were in-
cluded in the PfSPZ-CVac regimen. Subjects who received
PfSPZ Vaccine and became infected had significantly longer
prepatent periods by TBS than did the controls, a finding
consistent with previous studies.18 Subjects who received
PfSPZ-CVac and became infected did not have significantly
longer prepatent periods than did controls. Wewill investigate
this unexpected finding in subsequent studies.
During the week after inoculation, the chemo-attenuated

PfSPZ in PfSPZ-CVac replicated up to 5 × 104 times in he-
patocytes of the vaccinees and expressed ∼3,000 proteins
not expressed by the nonreplicating PfSPZ of PfSPZ

Vaccine.13 Three doses of 9 × 105 PfSPZ of PfSPZ Vaccine
protected 72% of vaccinees against homologous CHMI at
9.5 weeks after the last dose in Germany (B. Mordmüller, per-
sonalcommunication) and64%ofvaccinees in theUnitedStates
against homologous CHMI at ∼19 weeks after the last vaccine
dose,12 and three doses of 5 × 104 PfSPZ of PfSPZ-CVac pro-
tected 100% of vaccinees in Germany against homologous
CHMIat 10weeksafter the last dose.13 Thus, thebetter VEwith a
much lower dose of PfSPZ-CVac in our trial was expected.
Data from mice and nonhuman primates indicate the VE of

radiation-attenuated and chemo-attenuated PfSPZ is dependent
on CD8+ T cells; antibodies alone are not adequate.7,37–39

Nonetheless, in a previous study of PfSPZ Vaccine, protected
vaccinees had significantly higher levels of antibodies to
PfCSP than unprotected vaccinees.8 In this study, at the time
of CHMI, uninfected PfSPZ Vaccine vaccinees (2,936) had 2.9
times higher levels of antibodies to PfCSP than did infected
vaccinees (1,012) (P = 0.031), and uninfected PfSPZ-CVac
vaccinees (618) had 2.7 times higher levels of antibodies to
PfCSP than did infected vaccinees (293) (P = 0.126). Most
strikingly, infected (non-protected) PfSPZ Vaccine vaccinees
had significantly higher levels of antibodies than uninfected
(protected) PfSPZ-CVac vaccinees. Within a particular group
(e.g., PfSPZ Vaccine or PfSPZ-CVac), there was an associa-
tion between levels of antibodies toPfCSPand protection, but
between groups, this was not the case. Within a group, levels
of antibodies to PfCSP are a biomarker for protection andmay
contribute marginally to protection; on the other hand, the
complete lack of association when antibodies are compared
between PfSPZ Vaccine and PfSPZ-CVac is consistent with
CD8+ T cells being the primary mediator of protection.
Conducting this second ever clinical trial of an IP in Equa-

torial Guinea introduced challenges and potential limitations
to the interpretation of the results. Serious AEs that led to
halting of the trial disrupted the schedule for immunizations
andCHMI in someof the subjects, leading to differences in the
time between the second and third doses and the intervals
between the third dose and CHMI. Naturally acquired,
asymptomaticmalariawasdiscovered in someof the subjects
before undergoingCHMI, and this had to be treated, which led
to a delay in the CHMIs or, in some cases, the subjects not
undergoing CHMI. The investigative team was also chal-
lenged by several unrelated SAEs that required substantial
amounts of their time (e.g., lymphoma in a young adult).
One of the seven control subjects who participated in CHMI

did not develop Pf parasitemia by either TBS or qPCR. This
substantially contributed to lower VEcalculations in both arms
of the study. Although100%ofnonimmunecontrol subjects in
the United States and Europe (73/73)13,26,27,29,40,41 and Tan-
zania (34/34)15,18 have been infected with this dose, in other
settings in Africa, including Gabon (20/25),27,42 Gambia (17/
19),28 and unpublished data from Mali (8/15) and Kenya (137/
170) (submitted), this has not been the case.
The doses of PfSPZ Vaccine and PfSPZ-CVac were

probably not optimal, based on the results of concurrent
studies in similar populations. In studies of the VE against
homologous CHMI of PfSPZ Vaccine in Tanzania, it has
been shown that three immunizations of 9.0 × 105 PfSPZ ad-
ministered at 8-week intervals resulted in VE of 100% against
CHMI conducted 3–11 weeks after the third immunization.
However, when the dose was increased to 1.8 × 106 PfSPZ
administered at 8-week intervals, VE against CHMI conducted
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7 weeks after the third immunization was reduced to 33%,
suggesting doses can be too high.18 When the EGSPZV2 trial
wasdesigned, itwas thought that higherdoseswouldbebetter,
thus the choice of 2.7 × 106 PfSPZper dose. The resulting VE of
27% is consistent with the findings in Tanzania, increasing the
dose beyond 9.0 × 105 apparently reduces VE against CHMI.
Thus, in our next studies, we plan to immunize with 9.0 × 105

PfSPZ.
The dose of PfSPZ-CVac, 1.0 × 105 PfSPZ, was two

times higher than the dose that achieved 100% VE in
malaria-naive adults in Tubingen, Germany.13 A regimen of
three doses of 2.0 × 105 PfSPZ at 1-month intervals was
tested in Mali for protection against naturally transmitted
malaria and gave suboptimal results (Thera and Laurens,
unpublished). The results indicated that higher doses of
PfSPZ-CVac are needed in Africa because of naturally
acquired immunity and an associated immune hypores-
ponsiveness to malaria immunogens. Immune hypores-
ponsiveness could also explain the limited decrease in
parasitemia seen after each successive immunization in
this study, unlike PfSPZ-CVac trials in malaria-naive
adults, where a consistent decrease in mean parasitemia
is seen in all subjects with each successive dose.13,43 A
subsequent study in Mali assessing the VE of PfSPZ-CVac
against naturally transmitted malaria is using three doses
of 4.0 × 105 PfSPZ (NCT03952650).
For subjects immunized with radiation-attenuated PfSPZ

Vaccine, there were no significant differences in the number
of solicited systemic AEs between PfSPZ Vaccine and NS
recipients. Likewise, there was no significant difference be-
tween vaccinees and controls in the first 5 days after each
dose of PfSPZ-CVac. However, solicited AEs were more
frequent in vaccinees receiving PfSPZ-CVac than controls
during days 7–13 after each immunization (P = 0.073), which
we attribute to symptoms related to parasitemia in the 6–
12 days after immunization. In addition, AEs attributed to
chloroquine accounted for 1/3 of the AEs reported in vacci-
nees and controls in the PfSPZ-CVac group and account for
the differences in the numbers of AEs between the NS +
chlorquine control group and the NS control group. Despite
parasitemia-associated AEs occurring exclusively in vacci-
nees, there was no significant difference in the number of
solicited systemic AEs between those receiving PfSPZ-
CVac (PfSPZ Challenge + chloroquine) and those receiving
NS and chloroquine. It was noteworthy that only two of 19
individuals experienced pruritus during 9 weeks of chloro-
quine administration; in both cases, it was mild, resolved
spontaneously, and did not reoccur, despite ongoing chlo-
roquine dosing.
In summary, as part of an ongoing effort to optimize the

dosage regimens for PfSPZ Vaccine and PfSPZ-CVac, we
conducted a trial comparing a single dosage regimen of each.
Plasmodium falciparum sporozoites-CVac provided higher VE
than did PfSPZ Vaccine at a much lower dose. However,
neither regimen was optimal. Higher doses of PfSPZ-CVac
and lower doses of PfSPZ Vaccine will be assessed next.
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ihi.or.tz. Vicente Urbano, José Raso Bijeri, Martin Eka Ondo Mangue,
Beltrán Ekua Ntutumu Pasialo, Genaro Nsue Nguema, Salomon
Nguema Owono, Matilde Riloha Rivas, and Mitoha Ondo’o Ayekaba,
Ministry of Health and Social Welfare, Government of Equatorial
Guinea, Malabo, Bioko Norte, Equatorial Guinea, E-mails: viceurb2013@
gmail.com, jraso@mcd.org, mondo@mcd.org, bntutumu@mcd.org,
gnguema@mcd.org, mitoha.ondo@gob.gq, mrriloha@gmail.com, and
mitoha_ondo@yahoo.com. L. W. Preston Church, Eric R. James,
ThomasStabler, Yonas Abebe, ToobaMurshedkar, Peter F. Billingsley,
Thomas L. Richie, and Stephen L. Hoffman, Sanaria Inc., Rockville,
MD, E-mails: lwpchurch@sanaria.com, ejames@sanaria.com,
tstabler@sanaria.com, yabebe@sanaria.com, tmurshedkar@sanaria.com,
pbillingsley@sanaria.com, trichie@sanaria.com, and slhoffman@
sanaria.com. Stephen R. Manock, Department of Family Medicine,
John Peter Smith Hospital, Fort Worth, TX, E-mail: smanock@
jpshealth.org. Tobias Schindler, Maximillian Mpina, Anna Deal,
Julian Sax, Salome Hosch, Anneth Tumbo, Linda Gondwe, J. Luis
Segura, Marcel Tanner, and Claudia Daubenberger, Swiss Tropical
andPublicHealth Institute,Basel,Switzerland,E-mails: tobias.schindler@
swisstph.ch, mmpina@ihi.or.tz, annacadeal@gmail.com, julian_sax@
gmx.de, salome.hosch@swisstph.ch, atumbo@ihi.or.tz, 92lindageoffrey@
gmail.com, ,luis.segura@swisstph.ch, marcel.tanner@swisstph.ch, and
claudia.daubenberger@swisstph.ch. Natasha KC and B. Kim Lee Sim,
Sanaria Inc. and Protein Potential LLC, Rockville, MD, E-mails: nkc@
sanaria.com and ksim@protpot.com. Elizabeth Saverino, Viela Bio, Gai-
thersburg, MD, Email: elizabeth.saverino@gmail.com. Carlos Cortes,
Wonder Philip Phiri, Guillermo A. Garcia, and Christopher Schwabe, Med-
ical Care Development International, Silver Spring, MD, E-mails: ccortes@
mcd.org, wphiri@mcd.org, ggarcia@mcd.org, and cschwabe@mcd.org.
Dianna Hergott, Department of Epidemiology, University of Washington,
Seattle, WA, E-mail: dhergott@uw.edu. Carl D. Maas, Center for Child and
Family Studies, College of Social Work, University of South Carolina, Co-
lumbia SC, E-mail: cdmaas@mailbox.sc.edu.

This is an open-access article distributed under the terms of the
Creative Commons Attribution (CC-BY) License, which permits un-
restricted use, distribution, and reproduction in anymedium, provided
the original author and source are credited.

REFERENCES

1. World Health Organization, 2018, World Malaria Report 2018.
Geneva: World Health Organization.

2. FeachemRGA et al., 2019. Malaria eradication within a generation:
ambitious, achievable, and necessary. Lancet 394: 1056–1112.

3. GBD 2015 Mortality and Causes of Death Collaborators, 2016.
Global, regional, and national life expectancy, all-cause

10 JONGO AND OTHERS

http://www.ajtmh.org
mailto:sjongo@ihi.or.tz
mailto:aolotu@ihi.or.tz
mailto:amtoro@ihi.or.tz
mailto:ahamad@ihi.or.tz
mailto:enyakarungu@ihi.or.tz
mailto:enyakarungu@ihi.or.tz
mailto:mchemba@ihi.or.tz
mailto:kramadhani@ihi.or.tz
mailto:sabdulla@ihi.or.tz
mailto:sabdulla@ihi.or.tz
mailto:viceurb2013@gmail.com
mailto:viceurb2013@gmail.com
mailto:jraso@mcd.org
mailto:mondo@mcd.org
mailto:bntutumu@mcd.org
mailto:gnguema@mcd.org
mailto:mitoha.ondo@gob.gq
mailto:mrriloha@gmail.com
mailto:mitoha_ondo@yahoo.com
mailto:lwpchurch@sanaria.com
mailto:ejames@sanaria.com
mailto:tstabler@sanaria.com
mailto:yabebe@sanaria.com
mailto:tmurshedkar@sanaria.com
mailto:pbillingsley@sanaria.com
mailto:trichie@sanaria.com
mailto:slhoffman@sanaria.com
mailto:slhoffman@sanaria.com
mailto:smanock@jpshealth.org
mailto:smanock@jpshealth.org
mailto:tobias.schindler@swisstph.ch
mailto:tobias.schindler@swisstph.ch
mailto:mmpina@ihi.or.tz
mailto:annacadeal@gmail.com
mailto:julian_sax@gmx.de
mailto:julian_sax@gmx.de
mailto:salome.hosch@swisstph.ch
mailto:atumbo@ihi.or.tz
mailto:92lindageoffrey@gmail.com
mailto:92lindageoffrey@gmail.com
mailto:,luis.segura@swisstph.ch
mailto:marcel.tanner@swisstph.ch
mailto:claudia.daubenberger@swisstph.ch
mailto:nkc@sanaria.com
mailto:nkc@sanaria.com
mailto:ksim@protpot.com
mailto:elizabeth.saverino@gmail.com
mailto:ccortes@mcd.org
mailto:ccortes@mcd.org
mailto:wphiri@mcd.org
mailto:ggarcia@mcd.org
mailto:cschwabe@mcd.org
mailto:dhergott@uw.edu
mailto:cdmaas@mailbox.sc.edu
https://creativecommons.org/licenses/by/4.0/


mortality, and cause-specificmortality for 249 causes of death,
1980–2015: a systematic analysis for the Global Burden of
Disease Study 2015. Lancet 388: 1459–1544.

4. Cook J, Hergott D, Phiri W, RivasMR, Bradley J, Segura L, Garcia
G, Schwabe C, Kleinschmidt I, 2018. Trends in parasite prev-
alence following 13 years of malaria interventions on Bioko
island, Equatorial Guinea: 2004–2016.Malar J 17: 62.

5. GhebreyesusTA, 2019. Themalaria eradication challenge.Lancet
394: 990–991.

6. Richie TL et al., 2015. Progress with Plasmodium falciparum
sporozoite (PfSPZ)-based malaria vaccines. Vaccine 33:
7452-61.

7. Epstein JE et al., 2011. Live attenuated malaria vaccine designed
to protect through hepatic CD8+T cell immunity. Science 334:
475–480.

8. Seder RA et al., 2013. Protection against malaria by intravenous
immunization with a nonreplicating sporozoite vaccine. Sci-
ence 341: 1359–1365.

9. BastiaensGJ et al., 2016. Safety, immunogenicity, and protective
efficacy of intradermal immunization with aseptic, purified,
cryopreserved Plasmodium falciparum sporozoites in volun-
teers under chloroquine prophylaxis: a randomized controlled
trial. Am J Trop Med Hyg 94: 663–673.

10. Ishizuka AS et al., 2016. Protection against malaria at 1 year and
immune correlates following PfSPZ vaccination. Nat Med 22:
614–623.

11. Epstein JE et al., 2017. Protection againstPlasmodium falciparum
malaria by PfSPZ vaccine. JCI Insight 2: e89154.

12. Lyke KE et al., 2017. Attenuated PfSPZ Vaccine induces strain-
transcending T cells and durable protection against heterolo-
gous controlled human malaria infection. Proc Natl Acad Sci U
S A 114: 2711–2716.

13. Mordmuller B et al., 2017. Sterile protection against human
malaria by chemoattenuated PfSPZ vaccine. Nature 542:
445–449.

14. Sissoko MS et al., 2017. Safety and efficacy of PfSPZ Vaccine
againstPlasmodium falciparum via direct venous inoculation in
healthy malaria-exposed adults in Mali: a randomised, double-
blind phase 1 trial. Lancet Infect Dis 17: 498–509.

15. Jongo SA et al., 2018. Safety, immunogenicity, and protective
efficacy against controlled human malaria infection of Plas-
modium falciparum sporozoite vaccine in Tanzanian adults.Am
J Trop Med Hyg 99: 338–349.

16. Olotu A et al., 2018. Advancing global Health through develop-
ment and clinical trials partnerships: a randomized, placebo-
controlled, double-blind assessment of safety, tolerability, and
immunogenicity of Plasmodium falciparum sporozoites vac-
cine for malaria in healthy Equatoguinean men. Am J TropMed
Hyg 98: 308–318.

17. Jongo SA et al., 2019. Safety and differential antibody and T-cell
responses to the Plasmodium falciparum sporozoite malaria
vaccine, PfSPZ vaccine, by age in Tanzanian adults, adoles-
cents, children, and infants. Am J Trop Med Hyg 100:
1433–1444.

18. Jongo SA et al., 2019. Increase of dose associated with decrease
in protection against controlled human malaria infection by
PfSPZ vaccine in Tanzanian adults. Clin Infect Dis ciz1152.

19. Steinhardt LC et al., 2019. Safety, tolerability, and immunoge-
nicity of PfSPZ Vaccine administered by direct venous in-
oculation to infants and young children: findings from an age
de-escalation, dose-escalation double-blinded randomized,
controlled study in western Kenya. Clin Infect Dis 71:
1063–1071.

20. Hoffman SL et al., 2010. Development of a metabolically
active,non-replicating sporozoite vaccine to prevent Plasmo-
dium falciparummalaria. Hum Vaccin 6: 97–106.

21. Roestenberg M et al., 2013. Controlled human malaria infections
by intradermal injection of cryopreserved Plasmodium falcipa-
rum sporozoites. Am J Trop Med Hyg 88: 5–13.

22. Sheehy SH et al., 2013. Optimising controlled human malaria in-
fection studies using cryopreserved parasites administered by
needle and syringe. PLoS One 8: e65960.

23. Hodgson SH et al., 2014. Evaluating controlled human malaria
infection in Kenyan adults with varying degrees of prior

exposure to Plasmodium falciparum using sporozoites ad-
ministered by intramuscular injection. Front Microbiol 5: 686.

24. Shekalaghe S et al., 2014. Controlled human malaria infection of
Tanzanians by intradermal injection of aseptic, purified, cry-
opreserved Plasmodium falciparum sporozoites. Am J Trop
Med Hyg 91: 471–480.

25. Gomez-Perez GP et al., 2015. Controlled human malaria infection
by intramuscular and direct venous inoculation of cryopreserved
Plasmodium falciparum sporozoites in malaria-naive volunteers: ef-
fect of injection volumeanddoseon infectivity rates.Malar J 14:306.

26. Mordmüller B et al., 2015. Direct venous inoculation of Plasmo-
dium falciparum sporozoites for controlled human malaria in-
fection: a dose-finding trial in two centres.Malar J 14: 117.

27. Lell B et al., 2018. Impact of sickle cell trait and naturally acquired im-
munity on uncomplicated malaria after controlled human malaria in-
fection in adults in Gabon. Am J TropMed Hyg 98: 508–515.

28. Achan J et al., 2019. Serologic markers of previous malaria ex-
posure and functional antibodies inhibiting parasite growth are
associated with parasite kinetics following a Plasmodium fal-
ciparum controlled human infection. Clin Infect Dis 70:
2544–2552.

29. Laurens MB et al., 2019. Dose dependent infectivity of aseptic,
purified, cryopreserved Plasmodium falciparum 7G8 sporozo-
ites in malaria-naive adults. J Infect Dis 220: 1962–1966.

30. Lyke K, 2020. Multidose priming and delayed boosting improve
PfSPZ vaccine efficacy against heterologous P. falciparum
CHMI. Clin Infect Dis ciaa1294.

31. Schindler T et al., 2019. Molecular monitoring of the diversity of
humanpathogenicmalaria species inblooddonationsonBioko
Island, Equatorial Guinea.Malar J 18: 9.

32. Snounou G, Zhu X, Siripoon N, Jarra W, Thaithong S, Brown KN,
Viriyakosol S, 1999. Biased distribution of msp1 and msp2 al-
lelic variants inPlasmodium falciparumpopulations in Thailand.
Trans R Soc Trop Med Hyg 93: 369–374.

33. Anderson TJ, Su XZ, BockarieM, LagogM, DayKP, 1999. Twelve
microsatellite markers for characterization of Plasmodium fal-
ciparum from finger-prick blood samples. Parasitology 119:
113–125.

34. Pearce RJ, Drakeley C, Chandramohan D, Mosha F, Roper C,
2003. Molecular determination of point mutation haplotypes in
the dihydrofolate reductase and dihydropteroate synthase of
Plasmodium falciparum in three districts of northern Tanzania.
Antimicrob Agents Chemother 47: 1347–1354.

35. Dellicour S et al., 2016.Weeklymiscarriage rates in a community-
based prospective cohort study in rural western Kenya. BMJ
Open 6: e011088.

36. Barnwell JW, 2013. Report on In Vitro Antimalarial Drug Sensi-
tivities for Seven Lines of Plasmodium falciparum. Prepared for
Sanaria Inc.

37. Weiss WR, Jiang CG, 2012. Protective CD8+ T lymphocytes in
primates immunized with malaria sporozoites. PLoS One 7:
e31247.

38. Lewis MD, Pfeil J, Heiss K, Mueller AK, 2014. CD8(+) T cells me-
diate robust stage-specific immunity to P. berghei under che-
moprophylaxis and this protective environment is not
downregulated by the presence of blood-stage infection.PLoS
One 9: e88117.

39. Brando C, Richardson JH, Murphy J, Ockenhouse CF, Kamau E,
2014. Phenotypic characterization of Plasmodium berghei re-
sponsive CD8+ T cells after immunization with live sporozoites
under chloroquine cover.Malar J 13: 92.

40. Sulyok M et al., 2017. DSM265 for Plasmodium falciparum che-
moprophylaxis: a randomised, double blinded, phase 1 trial
with controlled human malaria infection. Lancet Infect Dis 17:
636–644.

41. Metzger WG et al., 2020. Ivermectin for causal malaria pro-
phylaxis: a randomised controlled human infection trial. Trop
Med Int Health 25: 380–386.

42. Dejon-Agobe JC et al., 2019. Controlled human malaria infection
of healthy lifelong malaria-exposed adults to assess safety,
immunogenicity andefficacyof the asexual blood stagemalaria
vaccine candidate GMZ2. Clin Infect Dis 69: 1377–1384.

43. Roestenberg M et al., 2009. Protection against a malaria chal-
lenge by sporozoite inoculation. N Engl J Med 361: 468–477.

PFSPZ VACCINE AND PFSPZ-CVAC EFFICACY IN EQUATORIAL GUINEA 11



SUPPLEMENTAL DATA 1 
 2 

Figure legends 3 

Figure S1. Proposed study schedule and schedule as executed. This trial was originally 4 

designed to enroll 26 subjects into the PfSPZ Vaccine arm and 26 subjects into the PfSPZ-CVac 5 

arm and randomize within each arm 20 subjects to vaccine and 6 subjects to control. 6 

Immunizations in the PfSPZ-Vaccine arm were scheduled for 1, 9 and 17 weeks and PfSPZ-7 

CVac for 9, 13 and 17 weeks so that both groups could undergo CHMI at the same time (10+1 8 

weeks after the 3rd dose). Due to challenges in recruitment the PfSPZ-CVac arm was broken into 9 

2 cohorts, the first of which began immunizations on schedule with the second cohort delayed by 10 

5 weeks. An unanticipated safety hold to evaluate a SAE led to additional delay with the 3rd dose 11 

for the second cohort administer 13 weeks after the second dose instead of 4 weeks. For these 12 

subjects CHMI was delayed to allow a minimum of 10 weeks between the 3rd dose and CHMI. A 13 

few subjects encountered additional dealys due to intercurrent malaria infections from natural 14 

exposure.    15 

 16 
 17 
Figure S2.  Antibodies to PfCSP and MSP-1 by ELISA. IgG antibodies to Pf 18 

circumsporozoite protein PfCSP by ELISA two weeks after the 3rd dose (panel A) and at the time 19 

of CHMI (panel B) comparing PfSPZ Vaccine and PfSPZ-CVac are presented as OD 1.0 ratios 20 

and correspond to the net OD 1.0 values presented in Figure 3 panels A and B. IgG antibodies to 21 

Pf circumsporozoite protein PfCSP by ELISA two weeks after the 3rd dose (panel C) and at the 22 

time of CHMI (panel D) comparing infected and uninfected subjects in PfSPZ Vaccine and 23 

PfSPZ-CVac are presented as OD 1.0 ratios and correspond to the net OD 1.0 values presented in 24 

Figure 3 panels C and D. IgG antibodies to Pf merozoite surface protein-1 PfPfMSP-1 by ELISA 25 



measured at the time of CHMI (panel E) comparing PfSPZ Vaccine and PfSPZ-CVac. Filled 26 

circles (�) represent subjects remaining uninfected after CHMI; open circles () represent 27 

subjects infected after CHMI. 28 

 29 

Antibody responses to PfCSP 2 weeks after the 3rd dose (panel A) were significantly higher in 30 

the PfSPZ Vaccine group (median OD 1.0 ratio = 38.70) than in the PfSPZ-CVac group (median 31 

OD 1.0 ratio = 2.48) (p=0.0043, Wilcoxon signed-rank test, 2 tailed). The PfSPZ-CVac group 32 

had higher antibody levels than normal saline controls 2 weeks after 3rd dose (median OD 1.0 33 

ratio = 1.02) (p<0.0001, Wilcoxon signed-rank test, 2 tailed). Antibody responses to PfCSP the 34 

day prior to CHMI (panel B) were significantly higher in the PfSPZ Vaccine group (median OD 35 

1.0 ratio 43.84) than in the PfSPZ-CVac group (OD 1.0 ratio 4.10) (p<0.0001, Mann-Whitney 36 

test, 2 tailed). The PfSPZ-CVac group had higher antibody levels than normal saline controls 37 

prior to CHMI (median OD 1.0 ratio = 1.27, p<0.0001, Wilcoxon signed-rank test, 2 tailed). 38 

 39 

Median OD 1.0 ratio of PfCSP antibodies measured 2 weeks after the 3rd dose (panel C) in the 40 

PfSPZ Vaccine group were higher in uninfected vs that in infected subjects (median OD 1.0 ratio 41 

67.57 vs 40.35, p=0.59, Wilcoxon signed-rank test, 2 tailed), but the difference was not 42 

significant. Likewise, there was no significant difference in antibody levels 2 weeks after the 3rd 43 

dose between subjects who received PfSPZ-CVac who were not infected, versus those who 44 

became infected (median OD 1.0 ratio 3.76 vs 4.90, p=0.93).  45 

 46 

Prior to CHMI (panel D) the uninfected PfSPZ Vaccine group also had a higher median OD 1.0 47 

ratio, but this did not reach the level of statistical significance (median OD 1.0 ratio 61.28 vs 48 



20.11, p=0.15, Wilcoxon signed-rank test, 2 tailed). In subjects who received PfSPZ-CVac who 49 

were uninfected or infected the median OD 1.0 ratios was higher, but not significantly (6.04 vs 50 

3.49, p=0.35). 51 

 52 

In subjects who received PfSPZ Vaccine who were uninfected the PfMSP-1 (panel E) median 53 

OD 1.0 measured prior to CHMI was higher than that of infected subjects (median OD 1.0 = 889 54 

vs 62), but not significantly (p=0.406) (Table S5). Subjects who received PfSPZ-CVac and were 55 

uninfected also had higher antibodies to PfMSP-1 prior to CHMI than the infected subjects 56 

(median OD 1.0 = 1518 vs 605), but the difference was not significant (p=0.880) (Table S5).   57 

 58 
 59 
 60 



 61 
 62 

� 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56

As planned:

Groups

1a  (2.7 x10
6
) 20* 20 20 20**

1a-NS (normal saline) 6* 6 6 6**

1b (1.0x10
5
) 20* 20 20 20**

1b-NS (normal saline) 6* 6 6 6**

As executed:

1a  (2.7 x10
6
) 20 18 18 12 4 1

1a-NS (normal saline) 6 6 6 4 2

1b (1.0x10
5
) 6 6+13 6+12 12 6 6 2

1b-NS (normal saline) 3 3+2 3+2 1 1 1

2.7 x10
6 

SPZ (PfSPZ Vaccine)

1.0 x10
5 

SPZ (PfSPZ Challenge)

Normal Saline

3.2 x10
3
 PfSPZ (PfSPZ Challenge)

Natural Transmission Follow-up

*For the initial DVI, 3 volunteers (2 PfSPZ Vaccine/Challenge, 1  normal saline) will be inoculated 24 hours prior to the remaining  volunteers

** Volunteers will receive CHMI between 10 and 14 weeks post last vaccination (with a window of +/- 7 days on each side) and will be followed for 8 weeks following CHMI. 

Key 

Study Weeks

 63 
 64 
 65 
 66 
Figure S1.  67 
 68 
 69 



A. 2 weeks after 3rd dose. 70 

 71 



 72 

 73 

B. Pre-CHMI 74 

 75 



 76 

 77 

C. 2 weeks after 3rd dose 78 

 79 
 80 



 81 

 82 

D. Pre-CHMI 83 

84 



 85 
E. PfMSP-1 pre-CHMI 86 

 87 
 88 

 89 

Figure S290 



Table S1: Inclusion Criteria 91 

1. Healthy males and females, based on clinical and laboratory findings 92 

2. Age 6 months to 65 years 93 

3. Adults with a Body Mass Index  (BMI) 18 to 30 Kg/m2; or adolescents, children and infants 94 
with Z-score of the selected indicator ([weight-for-height], [(height and BMI) for age]) 95 
category within ±2SD. 96 

4. Long-term (at least one year) or permanent residence in the Baney district or Malabo city 97 

5. Agreement to release medical information and to inform the study doctor concerning 98 
contraindications for participation in the study 99 

6. Willingness to be attended to by a study clinician and take all necessary medications 100 
prescribed during study period 101 

7. Agreement to provide contact information of a third party household member or close friend 102 
to study team 103 

8. Agreement not to participate in another clinical trial during the study period 104 

9. Agreement not to donate blood during the study period 105 

10. Able and willing to complete the study visit schedule over the study follow up period, 106 
including the hospitalizations required for protocol compliance 107 

11. Willingness to undergo HIV, hepatitis B (HBV) and hepatitis C (HCV) tests 108 

12. Volunteer (subjects 18 years of age and older) or the parent / guardian signing the informed 109 
consent (for subjects <18 years of age) is able to demonstrate their understanding of the study 110 
by responding correctly to 10 out of 10 true/false statements (in a maximum of two attempts 111 
for those who failed to respond correctly to all true/false statements in the first attempt). 112 

13. Signed written informed consent, in accordance with local practice, provided by adult 113 
volunteers, parents or legal representatives and relevant assent for children participants as 114 
applicable. 115 

14.  Free from malaria parasitemia by blood smear at enrollment and by PCR for group 1  116 

15.  Has not been treated with any antimalarial medication for at least two weeks prior to  the 117 
first immunization. 118 

16.  Free from helminth infections (detected by microscopy) at enrollment.  119 

17.  Female volunteers aged 9 years and above must be non-pregnant (as demonstrated by a 120 
negative urine pregnancy test), and those aged 13 to 49 years provide consent/assent of their 121 
willingness to take protocol-defined measures not to become pregnant during the study and 122 
safety follow-up period. 123 

 124 

 125 



Table S2: Exclusion Criteria 126 

1. Previous receipt of an investigational malaria vaccine in the last 5 years 127 

2. Participation in any other clinical study involving investigational medicinal products 128 
including investigational malaria drugs within 30 days prior to the onset of the study or 129 
during the study period 130 

3. History of arrhythmias or prolonged QT-interval or other cardiac disease, or clinically 131 
significant abnormalities in electrocardiogram (ECG) at screening 132 

4. Positive family history in a 1st or 2nd degree relative for cardiac disease at age <50 years old 133 

5. A history of psychiatric disease 134 

6. Suffering from any chronic illness including; diabetes mellitus, cancer or HIV/AIDS 135 

7. Any confirmed or suspected immunosuppressive or immune-deficient condition, including 136 
asplenia 137 

8. History of drug or alcohol abuse interfering with normal social function 138 

9. The use of chronic immunosuppressive drugs or other immune modifying drugs within three 139 
months of study onset (inhaled and topical corticosteroids are allowed) and during the study 140 
period 141 

10. Any clinically significant deviation from the normal range in biochemistry or hematology 142 
blood tests or in urine analysis 143 

11. Positive HIV, hepatitis B virus or hepatitis C virus tests 144 

12. Volunteers who are have risk factors for tuberculosis and/or signs and symptoms of 145 
tuberculosis (TB), plus a positive tuberculin skin test (TST).   146 

13. Symptoms, physical signs and laboratory values suggestive of systemic disorders including 147 
renal, hepatic, blood, cardiovascular, pulmonary, skin, immunodeficiency, psychiatric, and 148 
other conditions which could interfere with the interpretation of the study results or 149 
compromise the health of the volunteers 150 

14. Any medical, social condition, or occupational reason that, in the judgment of the 151 
investigator, is a contraindication to protocol participation or impairs the volunteer’s ability 152 
to give informed consent, increases the risk to the volunteer because of participation in the 153 
study, affects the ability of the volunteer to participate in the study or impairs the quality, 154 
consistency or interpretation of the study data. 155 

15. History of non-febrile seizures or atypical febrile seizures. 156 

 157 

 158 

 159 
 160 



Table S3: List of solicited adverse events with the grading system for severity and grading 161 

for relatedness*.   162 

1 
Daily activity minimally affected, with or 
without treatment 

2 Daily activity possible but only with treatment  

• Pain 
• Tenderness 
• Pruritus 3 Daily activity not possible even with treatment 

1 2.5 – 5 cm 

2 5.1 – 10 cm 

Local 
Solicited 
AEs  
(at injection 
site) 

• Erythema  
• Swelling 
• Induration 
• Bruising/extravasated blood 3 >10 cm, necrosis or exfoliative dermatitis 

1 38.0°C – 38.4°C 
2 38.5°C – 38.9°C • Fever  
3 >39.0°C  

1 
Daily activity minimally affected, with or 
without treatment 

Adults, 
adolescents 
and older 
children  
 

• Allergic reaction 
(rash,     

     urticaria, pruritis, 
edema)  

• Headache 
• Subjective Fever** 
• Fatigue  
• Malaise 
• Chills 
• Myalgia 
• Arthralgia 

2 Daily activity possible but only with treatment  

Systemic 
Solicited 
(Core List- 
post 
Vaccination) 

Infants and 
younger 
children  
 

• Allergic reaction 
(rash,     

     urticaria, pruritis, 
edema)  

• Subjective fever* 
• Drowsiness 
• Irritability/fussiness 
• Inability/refusal to eat 

or drink 

3 Daily activity not possible even with treatment 

1 
Daily activity minimally affected, with or 
without treatment 

2 Daily activity possible but only with treatment  

Post CHMI 
Malaria 
Signs and 
Symptoms 
(In addition 
to Core List) 

• Dizziness 
• Rigors 
• Sweats  
• Cough 
• Nausea 
• Vomiting 
• Abdominal pain 
• Diarrhea 
• Chest pain 
• Palpitations 
• Shortness of breath 

3 Daily activity not possible even with treatment 

 163 
*AEs (solicited and unsolicited) were recorded and graded by physicians: mild (easily tolerated), moderate (interfere with normal 164 
activity), severe (prevents normal activity) or life threatening (Table S3). Axillary temperature was Grade 1 (38.0-38.4°C), Grade 165 
2 (38.5–38.9°C) or Grade 3 (> 39.0°C). Hematological and biochemical abnormalities were assessed using standard clinical 166 
assays. All AEs were assessed for severity and relatedness to IP administration. AEs were classified as definitely related, 167 
probably related, possibly related, unlikely to be related, or not related. Definitely, probably, and possibly were classified as 168 
related to IP administration; unlikely to be related and not related were classified unrelated. 169 
** Perceived by the subject and/or subject’s guardian 170 



 171 
Table S4: Solcited adverse events for CVac 172 

 173 
 174 
 175 
 176 



Table S5.  Antibodies to PfCSP and PfMSP1. All out-of-range, negative and zero values are 177 
reported as 1. 178 
 179 

ELISA PfCSP OD 1.0 
ELISA PfMSP-1 OD 

1.0 
Group 
(Age) 

PfSPZ/ 
Dose Infection Volunteer 

ID Pre-
Immune 

2  weeks 
post-3rd 

dose 

NET 
(Pre-
Post) 

Ratio 
(Post/Pre) 

pre-
CHMI 

NET pre-
CHMI 

Ratio 
(Post/Pre) 

Pre-
Immune 

pre-
CHMI 

E21A317 30 2,966 2,936 98.87 2,182 2,152 71.73 1 1 

E21A371 198 5,797 5,599 29.28 3,575 3,377 17.06 2,283 2,632 

E21A412 130 2,358 2,228 18.14 1,615 1,485 11.42 8,505 7,052 

E21A414 319 11,569 11,250 36.27 15,892 15,573 48.82 355 365 

E21A416  - 2,911 2,911 2,911.00 2,494 2,494 2,494.00  - 1,432 

E21A444 17 5,867 5,850 345.12 4,014 3,997 235.12 1 30 

Uninfected 

Median 130 4,382 4,268 67.57 3,035 2,936 60.28 355 899 

E21A309 39 5,021 4,982 128.74 5,442 5,403 138.54 48 33 

E21A311 108 4,001 3,893 37.05 1,094 986 9.13 121 98 

E21A313 224 14,587 14,363 65.12 4,504 4,280 19.11 67 48 

E21A314 73 2,261 2,188 30.97 520 447 6.12 19 20 

E21A316 21 2,052 2,031 97.71 1,027 1,006 47.90 28 26 

E21A399 1 2,601 2,600 2,601.00 1,057 1,056 1,056.00 24,988 15,331 

E21A402 55 599 544 10.89 320 265 4.82 447 238 

E21A417 1,363 4,499 3,136 3.30 2,381 1,018 0.75 11,376 5,534 

E21A426 958 6,474 5,516 6.76  -  -  -  -  - 

E21A433 31 1,251 1,220 40.35 1,359 1,328 42.84 1 1 

E21A448 7 909 902 129.86 384 377 53.86 83 62 

Infected 

Median 55 2,601 2,600 40.35 1,076 1,012 30.97 75 55 

1a (18-35 
y) 

2.7x106 

PfSPZ 
Vaccine 

Group Median 64 2,966 2,936 40.35 1,899 1,407 45.37 83 80 

E21B-407 98 740 642 7.55 618 520 6.31 20,612 19,348 

E21B-446 104 906 802 8.71 722 618 6.94 50 103 

E21B-508 337 386 49 1.15 954 617 2.83 4,743 3,864 

E21B-509 359 1,633 1,274 4.55 5,721 5,362 15.94 1,021 2,136 

E21B-518 464 643 179 1.39 677 213 1.46 13,377 15,448 

E21B-525 284 316 32 1.11  -  -  -  -  - 

E21B-526 247 1,327 1,080 5.37 1,425 1,178 5.77 234 899 

E21B-530 52 155 103 2.98  -  -  -  -  - 

Uninfected 

Median 266 692 411 3.76 838 618 6.04 2,882 3,000 

E21B-379 210 1,555 1,345 7.40 898 688 4.28 1 423 

E21B-401 139 345 206 2.48 566 427 4.07 1,377 669 

E21B-458 112 685 573 6.12 323 211 2.88 32 361 

E21B-519 196 275 79 1.40 489 293 2.49 5,919 6,908 

E21B-527 257 515 258 2.00 384 127 1.49 88 46 

Infected 

Median 196 515 258 2.48 489 293 2.49 88 423 

1b (18-35 
y) 

1.0x105 

PfSPZ-
CVac 

Group Median 210 643 258 2.98 677 520 4.07 1,021 899 



UnInfected E21A422 108 95 1 0.88 147 39 1.36 1,525 2,036 

E21A411 979 814 1 0.83 559 1 0.57 547 223 

E21A303 64 44 1 0.69 57 1 0.89 1 13 

E21A431 254 294 40 1.16 300 46 1.18 191 306 

E21A472 18 22 4 1.22 31 13 1.72 303 414 

E21B-353 92 95 3 1.03 171 79 1.86 97 125 

Placebo 
Infected 

E21B-459 48 49 1 1.02  -  -  -  -  - 

1b (18-35 
y) 

Group Median 92 95 1 1.02 159 26 1.27 247 265 



Table S6: Solicited Adverse Events Post-Vaccination. Adverse events are shown as the 180 
number of subjects (% of subjects) experiencing the adverse event by dose and stratified 181 
according to the greatest severity reported. Boxes are shaded to highlight the positive responses 182 
(blue – no grade assigned; yellow – mild; orange – moderate). Gray shaded boxes represent 183 
symptoms not solicited for PfSPZ Vaccine. 184 



 PfSPZ Vaccine PfSPZ-CVac 

 2.7x106 Placebo 1.0x105 Placebo 

Solicited 
Event Grade 

Dose 1 
N=20 

Dose 2 
N=18 

Dose 3 
N=18 

Dose 1 
N=6 

Dose 2 
N=6 

Dose 3 
N=6 

Dose 1 
N=19 

Dose 2 
N=18 

Dose 3 
N=18 

Dose 1 
N=5 

Dose 2 
N=5 

Dose 3 
N=4 

Local Adverse Events 

Grade 1-
Mild 

0 0 0 0 0 0 0 0 0 0 0 0 

Grade 2-
Moderate 

0 0 0 0 0 0 0 0 0 0 0 0 

Bruising 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 

Grade 1-
Mild 

0 0 0 0 0 0 0 0 0 0 0 0 

Grade 2-
Moderate 

0 0 0 0 0 0 0 0 0 0 0 0 

Erythema 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 

Grade 1-
Mild 

0 0 0 0 0 0 0 0 0 0 0 0 

Grade 2-
Moderate 

0 0 0 0 0 0 0 0 0 0 0 0 

Induration 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 

Grade 1-
Mild 

0 0 0 0 0 0 1 (5.3) 1 (5.6) 1 (5.6) 0 0 0 

Grade 2-
Moderate 

0 0 0 0 0 0 0 0 0 0 0 0 

Pain 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 

Grade 1-
Mild 

0 0 0 0 0 0 0 0 0 0 0 0 

Grade 2-
Moderate 

0 0 0 0 0 0 0 0 0 0 0 0 

Pruritus 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 

Grade 1-
Mild 

0 0 0 0 0 0 0 0 0 0 0 0 

Grade 2-
Moderate 

0 0 0 0 0 0 0 0 0 0 0 0 

Swelling 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 

Tenderness Reported* 1 (5.0) 0 0 0 0 0 0 0 0 0 0 0 

Grade 1-
Mild 

0 0 0 0 0 0 1 (5.3) 1 (5.6) 1 (5.6) 0 0 0 
 

Grade 2-
Moderate 

0 0 0 0 0 0 0 0 0 0 0 0 



 PfSPZ Vaccine PfSPZ-CVac 

 2.7x106 Placebo 1.0x105 Placebo 

Solicited 
Event Grade 

Dose 1 
N=20 

Dose 2 
N=18 

Dose 3 
N=18 

Dose 1 
N=6 

Dose 2 
N=6 

Dose 3 
N=6 

Dose 1 
N=19 

Dose 2 
N=18 

Dose 3 
N=18 

Dose 1 
N=5 

Dose 2 
N=5 

Dose 3 
N=4 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 

Systemic Adverse Events 

Grade 1-
Mild 

      0 1 (5.6) 1 (5.6) 0 0 0 

Grade 2-
Moderate 

      0 0 1 (5.6) 0 0 0 

Abdominal 
Pain 

Grade 3-
Severe 

      0 0 0 0 0 0 

Grade 1-
Mild 

      0 0 0 0 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Anxiety 

Grade 3-
Severe 

      0 0 0 0 0 0 

Reported* 1 (5.0) 0 0 0 0 0 0 0 0 0 0 0 

Grade 1-
Mild 

0 1 (5.6) 1 (5.6) 0 
1 

(16.7) 
0 0 0 0 0 0 0 

Grade 2-
Moderate 

0 0 0 0 0 0 0 0 1 (5.6) 0 0 0 

Arthralgia 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 

Reported*       0 0 0 0 1 (20.0) 0 

Grade 1-
Mild 

      0 1 (5.6) 0 0 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Blurred 
Vision 

Grade 3-
Severe 

      0 0 0 0 0 0 

Grade 1-
Mild 

      0 0 0 0 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Chest Pains 

Grade 3-
Severe 

      0 0 0 0 0 0 

Reported* 0 0 0 0 0 0 0 0 1 (5.6) 0 0 0 

Grade 1-
Mild 

0 0 0 0 0 0 0 0 0 0 0 0 

Grade 2-
Moderate 

0 0 0 0 0 0 0 0 0 0 0 0 

Chills 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 



 PfSPZ Vaccine PfSPZ-CVac 

 2.7x106 Placebo 1.0x105 Placebo 

Solicited 
Event Grade 

Dose 1 
N=20 

Dose 2 
N=18 

Dose 3 
N=18 

Dose 1 
N=6 

Dose 2 
N=6 

Dose 3 
N=6 

Dose 1 
N=19 

Dose 2 
N=18 

Dose 3 
N=18 

Dose 1 
N=5 

Dose 2 
N=5 

Dose 3 
N=4 

Grade 1-
Mild 

      0 0 0 0 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Confusion 

Grade 3-
Severe 

      0 0 0 0 0 0 

Grade 1-
Mild 

      0 1 (5.6) 0 0 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Cough 

Grade 3-
Severe 

      0 0 0 0 0 0 

Grade 1-
Mild 

      0 1 (5.6) 0 0 0 0 

Grade 2-
Moderate 

      0 0 1 (5.6) 0 0 0 

Diarrhea 

Grade 3-
Severe 

      0 0 0 0 0 0 

Reported*       1 (5.3) 0 0 2 (40.0) 0 0 

Grade 1-
Mild 

      0 1 (5.6) 0 1 (20.0) 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Dizziness 

Grade 3-
Severe 

      0 0 0 0 0 0 

Reported* 1 (5.0) 0 1 (5.6) 0 0 0 1 (5.3) 0 0 0 0 0 

Grade 1-
Mild 

2 (10.0) 0 1 (5.6) 0 0 0 0 0 1 (5.6) 1 (20.0) 0 0 

Grade 2-
Moderate 

0 0 0 0 0 0 0 0 0 0 0 0 

Fatigue 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 

Grade 1-
Mild 

0 0 0 0 0 0 0 1 (5.6) 0 0 0 0 

Grade 2-
Moderate 

0 0 0 0 0 0 0 0 0 0 0 0 

Fever 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 



 PfSPZ Vaccine PfSPZ-CVac 

 2.7x106 Placebo 1.0x105 Placebo 

Solicited 
Event Grade 

Dose 1 
N=20 

Dose 2 
N=18 

Dose 3 
N=18 

Dose 1 
N=6 

Dose 2 
N=6 

Dose 3 
N=6 

Dose 1 
N=19 

Dose 2 
N=18 

Dose 3 
N=18 

Dose 1 
N=5 

Dose 2 
N=5 

Dose 3 
N=4 

Reported* 1 (5.0) 0 1 (5.6) 0 0 0 1 (5.3) 0 0 0 0 0 

Grade 1-
Mild 

0 0 0 0 0 0 2 (10.5) 1 (5.6) 0 1 (20.0) 0 0 

Grade 2-
Moderate 

1 (5.0) 0 0 0 0 0 0 2 (11.1) 0 0 0 0 

Headache 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 

Grade 1-
Mild 

      0 1 (5.6) 0 0 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Insomnia 

Grade 3-
Severe 

      0 0 0 0 0 0 

Grade 1-
Mild 

0 0 0 0 0 0 0 0 0 0 0 0 

Grade 2-
Moderate 

0 0 0 0 0 0 0 0 0 0 0 0 

Malaise 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 

Reported* 1 (5.0) 0 0 0 0 0 0 0 0 0 0 0 

Grade 1-
Mild 

2 (10.0) 0 0 0 0 0 0 0 0 1 (20.0) 1 (20.0) 0 

Grade 2-
Moderate 

0 0 0 0 0 0 0 0 0 0 0 0 

Myalgia 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 

Reported*       0 0 0 0 1 (20.0) 0 

Grade 1-
Mild 

      1 (5.3) 0 0 0 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Nausea 

Grade 3-
Severe 

      0 0 0 0 0 0 

Grade 1-
Mild 

      0 0 0 0 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Palpitations 

Grade 3-
Severe 

      0 0 0 0 0 0 



 PfSPZ Vaccine PfSPZ-CVac 

 2.7x106 Placebo 1.0x105 Placebo 

Solicited 
Event Grade 

Dose 1 
N=20 

Dose 2 
N=18 

Dose 3 
N=18 

Dose 1 
N=6 

Dose 2 
N=6 

Dose 3 
N=6 

Dose 1 
N=19 

Dose 2 
N=18 

Dose 3 
N=18 

Dose 1 
N=5 

Dose 2 
N=5 

Dose 3 
N=4 

Grade 1-
Mild 

      0 0 0 0 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Photosensiti
vity 

Grade 3-
Severe 

      0 0 0 0 0 0 

Reported*       1 (5.3) 0 0 0 0 0 

Grade 1-
Mild 

      1 (5.3) 0 0 0 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Pruritus 

Grade 3-
Severe 

      0 0 0 0 0 0 

Reported* 0 0 0 0 0 0 1 (5.3) 0 0 0 0 0 

Grade 1-
Mild 

0 0 0 0 0 0 1 (5.3) 0 0 0 0 0 

Grade 2-
Moderate 

0 0 0 0 0 0 0 0 0 0 0 0 

Rash, 
urticaria, 
pruritus, 
edema 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 

Grade 1-
Mild 

      0 0 0 0 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Rigors 

Grade 3-
Severe 

      0 0 0 0 0 0 

Grade 1-
Mild 

      0 0 0 0 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Shortness of 
Breath 

Grade 3-
Severe 

      0 0 0 0 0 0 

Reported* 0 0 1 (5.6) 0 0 0 0 0 0 0 0 0 

Grade 1-
Mild 

1 (5.0) 1 (5.6) 0 0 0 0 1 (5.3) 1 (5.6) 0 0 0 0 

Grade 2-
Moderate 

0 0 0 0 0 0 0 0 0 0 0 0 

Subjective 
Fever 

Grade 3-
Severe 

0 0 0 0 0 0 0 0 0 0 0 0 



 PfSPZ Vaccine PfSPZ-CVac 

 2.7x106 Placebo 1.0x105 Placebo 

Solicited 
Event Grade 

Dose 1 
N=20 

Dose 2 
N=18 

Dose 3 
N=18 

Dose 1 
N=6 

Dose 2 
N=6 

Dose 3 
N=6 

Dose 1 
N=19 

Dose 2 
N=18 

Dose 3 
N=18 

Dose 1 
N=5 

Dose 2 
N=5 

Dose 3 
N=4 

Grade 1-
Mild 

      0 0 0 0 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Sweats 

Grade 3-
Severe 

      0 0 0 0 0 0 

Grade 1-
Mild 

      0 0 0 1 (20.0) 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Tinnitus 

Grade 3-
Severe 

      0 0 0 0 0 0 

Grade 1-
Mild 

      0 0 0 0 0 0 

Grade 2-
Moderate 

      0 0 0 0 0 0 

Vomiting 

Grade 3-
Severe 

      0 0 0 0 0 0 

 
 Denominators are based on the number of subjects with systemic solicited event records submitted for each vaccine dose at the time of data cutoff 
 *Symptom was reported but grading was not done. 

 185 
 186 



Table S7: Abnormal Laboratory Valuesa. Number (and %) of subjects in each group 187 
experiencing the listed lab abnormality at least one during the study period. 188 
 189 

 Group 1A Group 1B 

Lab parameter 2.7x106 
(N=20) 

Placebo 
(N=6) 

1.0x105 
(N=19) 

Placebo 
(N=5) 

Red Blood Cells 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 

Decreased Hemoglobin 2 (10.0) 2 (33.3) 3 (15.8) 0 (0.0) 

Decreased Platelets 2 (10.0) 1 (16.7) 2 (10.5) 1 (20.0) 

Increased WBC Count 0 (0.0) 0 (0.0) 1 (5.3) 2 (40.0) 

Decreased WBC Count 7 (35.0) 3 (50.0) 9 (47.4) 0 (0.0) 

Decreased Neutrophils 15 (75.0) 4 (66.7) 18 (94.7)† 2 (40.0) 

Decreased Lymphocytes 3 (15.0) 2 (33.3) 5 (26.3) 0 (0.0) 

Increased Eosinophils 7 (35.0) 3 (50.0) 9 (47.4) 3 (60.0) 

Elevated ALT 2 (10.0) 3 (50.0) 4 (21.1) 2 (40.0) 

Elevated AST 3 (15.0) 1 (16.7) 5 (26.3) 2 (40.0) 

Elevated Total Bilirubin 0 (0.0) 0 (0.0) 1 (5.3)* 0 (0.0) 

Elevated Creatinine 4 (20.0) 1 (16.7) 3 (15.8) 0 (0.0) 

Hypoglycemia 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 

*Includes at least one Grade 3 result. 190 
†p=0.0089, Barnard’s test, 2-tailed. No other comparison between vaccine and corresponding control was     191 
staitistically  significant. 192 

 193 



 194 
Table S8: Asymptomatic parasitemia detected during the study prior to CHMI.  195 
 196 

Study 
number 

Group or 
prospective 

group Vaccine Time point(s) Species 
Screening P. malariae 
V2 P. falciparum 
CHMI-7 P. falciparum 408 

PfSPZ 
Vaccine 

2.7x106 PfSPZ 
CHMI P. falciparum, 

P. malariae 
415 PfSPZ 

Vaccine 
placebo V3, V3+28, V3+56 P. malariae 

V3 P. ovale 
416 

PfSPZ 
Vaccine 

2.7x106 PfSPZ 
V3+196 P. falciparum 

Scr3 
P. falciparum, 
P. malariae 

V2 P. malariae 
431 

PfSPZ 
Vaccine 

placebo 

V3, V3+28, V3+56 P. falciparum 
     

404 PfSPZ-
CVac 

1.0x105 PfSPZ CHMI-7 P. falciparum 

512 PfSPZ-
CVac 

1.0x105 PfSPZ CHMI-7, CHMI-7 (2) P. falciparum* 

515 PfSPZ-
CVac 

placebo CHMI P. falciparum* 

519 PfSPZ-
CVac 

1.0x105 PfSPZ Sc3 P. falciparum 

525 PfSPZ-
CVac 

1.0x105 PfSPZ V3, V3+14, CHMI-7 P. falciparum* 

528 PfSPZ-
CVac 

1.0x105 PfSPZ CHMI-7 P. falciparum, 
P. ovale 

530 PfSPZ-
CVac 

1.0x105 PfSPZ CHMI-7 P. falciparum 

* - genotyping confirmed as wild type or not the PfSPZ Challenge strain (NF54).  197 
For the remaining Pf isolates in the PfSPZ-CVac arm, genotyping was either not performed (2) 198 
or inconclusive (2). In the PfSPZ Vaccine arm, all Pf infections were assumed to be naturally 199 
acquired field strains. 200 



Table S9: Genotype data: 201 
 202 

sample metadata 
malaria qPCR 

data msp1/msp2 genoptyping drug resistance marker microsatellite genotyping Conclusion 
Sid grp visit pf/uL Non-

Pf 
msp1
_k 

msp1
_m 

msp1
_r 

msp2
_fc 

msp2
_ic 

k13 dhfr dhps Poly-A PFPK2 TA-81 ARA-2 TA-87 TA-40  

culture derived NF54 
 
 

- - 250 - - - 500 PFNF
54 

PFNF54 PFNF54 153 172 123 67 100 223 PfNF54 

512 G1B PD 0.35 - - 200 - - - - - - - - - - - - field strain 

525 G1B PD 10.1 - 200 - - - 500; 
600 

PFNF
54 

N51I; 
C59R; 
S108N 

PFNF54 - - - - - - multiple strain 
infection, PfNF54 
unlikley 

525 G1B CH-7 22.1 - 200 - - - 500; 
600 

PFNF
54 

N51I; 
C59R; 
S108N 

PFNF54 - - - - - - field strain 

528 G1B CH-7 92.2 Po 250; 
400 

200 - 350 500 PFNF
54 

N51I; 
C59R; 
S108N 

PFNF54 - - - - - - multiple strain 
infection, PfNF54 
can NOT be 
excluded 

529 G1B CH-7 0.9 - - - - - - - - - - - - - - - inconclusive 

530 G1B CH-7 0.1 - - - - - - - - - - - - - - - inconclusive 

510 G1B CH-7 0.25 - - - - - - - - - - - 124 - - - inconclusive 

515 G1B PD 84.9 - - 200 - - 700 PFNF
54 

N51I; 
C59R; 
S108N 

S436A; 
G437A 

- 164 - 70 109 - field strain 

316 G1A CH+18
T0 

63.2 - 250 - - - 500 PFNF
54 

PFNF54 PFNF54 - - 122 - - - PfNF54 

314 G1A CH+18
T0 

25 - 250 - - - 500 PFNF
54 

PFNF54 - - - 122 - - - PfNF54 

303 G1A CH+13
T0 

59.3 - 250 - - - 500 PFNF
54 

PFNF54 PFNF54 - - - 67 100 - PfNF54 

309 G1A CH+18
T0 

53.5 - 250 - - - 500 PFNF
54 

PFNF54 PFNF54 - - 122 - - - PfNF54 

 203 
 204 
 205 



 206 
Table S10. Solicited AE, unsolicited AE and symptoms and signs of malaria. Solicited AE 207 
were collected for 5 days after CHMI. Specific symptoms and signs of malaria were solicited at 208 
each visit starting at day 7 through to day 29 and were attributed to malaria if they corresponded 209 
to Pf parasitemia as described. Unsolicited AE not corresponding to parasitemia and presumed 210 
unrelated to malaria were collected from days 1 to 29.  211 
 212 
 

All (n=36) 
TBS+/qPCR

+ (n=15) 
TBS-/qPCR+ 

(n=6) 
TBS-/qPCR- 

(n=15) 
Number subjects (%) with 
solicited AEs, CHMI days 1-6 

1 (2.8%)    

Number of subjects with 
symptoms or signs of malaria*  

9 (25.0%) 8 (53.3%) 1 (16.7%) 0 (0.0%) 

Number subjects with unsolicited 
AEs, CHMI days 1-29# 

7 (19.4%) 2 (13.3%) 2 (33.3%) 3 (20.0%) 

*Symptoms or signs of malaria were identified using a predefined list of symptoms or signs occurring 213 
from 3 days prior to 7 days after the detection of parasitemia by TBS. For the one qPCR+/TBS- subject 214 
with symptoms  the identified symptoms occurred beginning 5 days after the first positive sample was 215 
positive by qPCR. 216 
#Unsolicited AE included toothace (3), arthralgias, conjunctivitis, left foot swelling, nipple pain, trauma 217 
to the right great toe and upper lip swelling. None were considered related to injection of PfSPZ 218 
Challenge. 219 
 220 
 221 
 222 


