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T cells and durable protection against heterologous
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A live-attenuated malaria vaccine, Plasmodium falciparum sporo-
zoite vaccine (PfSPZ Vaccine), confers sterile protection against
controlled human malaria infection (CHMI) with Plasmodium falci-
parum (Pf) parasites homologous to the vaccine strain up to 14 mo
after final vaccination. No injectable malaria vaccine has demon-
strated long-term protection against CHMI using Pf parasites het-
erologous to the vaccine strain. Here, we conducted an open-label
trial with PfSPZ Vaccine at a dose of 9.0 x 10° PfSPZ administered i.v.
three times at 8-wk intervals to 15 malaria-naive adults. After CHMI
with homologous Pf parasites 19 wk after final immunization, nine
(64%) of 14 (95% Cl, 35-87%) vaccinated volunteers remained with-
out parasitemia compared with none of six nonvaccinated controls
(P = 0.012). Of the nine nonparasitemic subjects, six underwent re-
peat CHMI with heterologous Pf7G8 parasites 33 wk after final im-
munization. Five (83%) of six (95% Cl, 36-99%) remained without
parasitemia compared with none of six nonvaccinated controls.
PfSPZ-specific T-cell and antibody responses were detected in all
vaccine recipients. Cytokine production by T cells from vaccinated
subjects after in vitro stimulation with homologous (NF54) or het-
erologous (7G8) PfSPZ were highly correlated. Interestingly, PfSPZ-
specific T-cell responses in the blood peaked after the first immuni-
zation and were not enhanced by subsequent immunizations.
Collectively, these data suggest durable protection against homologous
and heterologous Pf parasites can be achieved with PfSPZ Vaccine.
Ongoing studies will determine whether protective efficacy can be
enhanced by additional alterations in the vaccine dose and number
of immunizations.

plasmodium | live-attenuated vaccine | T-cell immunology | malaria |
sporozoite

Malaria caused by Plasmodium falciparum (Pf) is a major
cause of morbidity and mortality, particularly in children in
sub-Saharan Africa (1, 2). Travelers, military personnel, and
international health care workers are also at risk (3, 4). The ideal
vaccine would confer on individuals high-level, sterile protection
against infection with Pf and would facilitate elimination efforts
by interrupting parasite transmission (5, 6).

The most extensively studied candidate malaria vaccine, RTS,S/
ASO01, is composed of a truncated form of the main sporozoite
(SPZ) surface protein (circumsporozoite protein, PfCSP), and an
immune adjuvant (AS01). To our knowledge, this vaccine has never
been tested using controlled human malaria infection (CHMI) with
a heterologous Pf strain of parasites. However, a phase 3 efficacy
trial in Africa using a four-dose regimen on a 0-, 1-, 2-, and 20-mo

Www.pnas.org/cgi/doi/10.1073/pnas. 1615324114

schedule showed a 26% and 36% reduction in clinical malaria
among 6-12-wk-olds and 5-17-mo-olds, respectively, through 34 y
of follow-up (7). Therefore, alternative vaccine approaches are
needed that confer durable and sterile protection against homolo-
gous and heterologous strains.

In contrast to recombinant subunit vaccine approaches, at-
tenuated PfSPZ immunization consistently achieves high-level
(>80%) sterile protection against CHMI with homologous Pf
parasites (8-11). In addition, short-term protection (<8 wk)
against a heterologous CHMI with the Pf7G8 clone was dem-
onstrated in five subjects after exposure to >1,000 irradiated
PfSPZ-infected mosquitoes (10, 12). Therefore, high-level
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durable sterile protection against heterologous CHMI has not
been achieved with any injectable malaria vaccine (10, 13).

Results

Study Design. We recently showed that four i.v. immunizations
with PfSPZ Vaccine at a dose of 2.7 x 10° PfSPZ conferred
~55% sterile protection after homologous CHMI up to 14 mo
after the final immunization (14). On the basis of the favorable
safety profile and dose-dependent durable efficacy against ho-
mologous CHMI (11, 14), we continued PfSPZ Vaccine dose
escalation to 9.0 x 10° PfSPZ per dose. A three-dose regimen at
8-wk intervals was selected on the basis of data showing that an
8-wk interval between immunizations resulted in enhanced im-
munogenicity in nonhuman primates (11).

Study Population. Thirty-one volunteers were enrolled: 15 vaccine
recipients, 12 CHMI controls, and four back-up controls (SI Ap-
pendix, Fig. S1). Baseline demographic characteristics are shown in
SI Appendix, Table S1. Fifteen volunteers (100%) completed all
three scheduled vaccinations. Fourteen volunteers underwent
CHMI with homologous Pf parasites; one vaccine recipient
withdrew before CHMI to attend medical school.

Vaccine Safety. Vaccinations were well tolerated. Solicited local
and systemic adverse events (AEs) were generally graded as none or
mild (SI Appendix, Table S2). After the third immunization, one
subject had a temperature of 39.3 °C (graded as severe), which
coincided with an acute viral illness. All unsolicited AEs reported
during the vaccination period were classified as unrelated to the
vaccine. Alanine aminotransferase levels measured 14 d after vac-
cination were not elevated in any vaccine recipient (SI Appendix,
Fig. S2). There were no serious AEs attributed to vaccination.

Vaccine Efficacy, Homologous CHMI. Vaccine efficacy was first
assessed by CHMI with the Pf clone 3D7 by mosquito bite 19 wk
after final immunization. The vaccine is composed of the NF54
strain, which is likely of African origin (15). 3D7 is a clone from
the NF54 strain, and thus is homologous to the vaccine (16). 3D7
has been used to evaluate efficacy in the majority of malaria
vaccine trials using CHMI (10, 17-21). Nine (64%) of 14 vaccine
recipients (95% CI, 35-87%) and none of the six nonvaccinated
controls remained without parasitemia after homologous CHMI
(P = 0.012) (Fig. 14 and SI Appendix, Table S3). In the five
vaccinated volunteers who became parasitemic, the time to first
positive malaria PCR ranged from 13 to 15 d compared with 9 to
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Fig. 1. Efficacy against homologous and heterologous CHMI. Kaplan-Meier
curves showing the percentage of volunteers remaining without parasitemia
after CHMI with homologous Pf3D7 (A) or heterologous Pf7G8 (B). Six con-
trols were enrolled for each CHMI. In A, nine (64%) of 14 vaccinated vol-
unteers (black, solid line) and none of six controls (red, dashed line)
remained without parasitemia. In B, five (83%) of six vaccinated volunteers
(black, solid line) and none of six controls (red, dashed line) remained
without parasitemia. Only vaccinated volunteers who remained without
parasitemia after CHMI with the homologous strain, Pf3D7, underwent re-
peat CHMI with the heterologous strain, Pf7G8.

2712 | www.pnas.org/cgi/doi/10.1073/pnas. 1615324114

12 d for the controls (P < 0.0001, controls vs. all vaccine recip-
ients by log-rank; SI Appendix, Table S4).

Vaccine Efficacy, Heterologous CHMI. To assess the durability of
vaccine efficacy against heterologous CHMI, six of the nine
vaccinated subjects who were not parasitemic after homologous
CHMI underwent CHMI by the bite of mosquitoes infected with
7G8, a clone of Brazilian origin (22), ~33 wk after final vacci-
nation. Five (83%) of six vaccine recipients (95% CI, 36-99%)
and none of the six nonvaccinated controls remained without
parasitemia after heterologous CHMI (Fig. 1B). Microsatellite
analysis of blood-stage parasites from vaccinated and non-
vaccinated individuals confirmed that the parasites detected af-
ter heterologous CHMI were genetically distinct from the 3D7
reference clone (SI Appendix, Fig. S4).

Antibody Responses. Antibody responses against PfCSP after im-
munization with PfSPZ Vaccine administered at lower doses
have been shown to be a sensitive measure of vaccine immuno-
genicity, have functional activity in vitro and in vivo, and may be
useful as an immune correlate of protection (14). After the first
vaccination, low-level PfCSP IgG responses were detected in 13/
14 subjects [Fig. 24; geometric mean (GM), 213.5]. Such re-
sponses were substantially boosted ~40-fold after the second
vaccination (14/14 subjects with PfCSP responses; GM, 9,336),
with modest boosting after the third vaccination (GM, 13,060).
There was a trend toward higher antibody responses among
subjects who remained without parasitemia after homologous
CHMI [GM, 15,858 (not parasitemic) vs. 8,717 (parasitemic)]. This
comparison did not reach the threshold for statistical significance
(P = 0.23) with this sample size (nine not parasitemic vs. five par-
asitemic). We also measured antibody responses against whole
PfSPZ by the automated immunofluorescence assay and showed
that they were highly concordant with PfCSP antibody levels
(Spearman’s r = 0.8787; P < 0.0001; Fig. 2B and SI Appendix, Tables
S5 and S6). Finally, we measured the ability of serum to inhibit SPZ
invasion of hepatocytes in vitro as a functional assessment of anti-
bodies. Inhibitory activity increased significantly after the three
immunizations compared with the preimmunization serum (P =
0.0012; SI Appendix, Fig. S4). These data showed that at doses of
9.0 x 10° PfSPZ, malaria-specific antibody responses were in-
duced in all subjects, but did not easily discriminate between
protected and unprotected subjects (SI Appendix, Table S7).

CD8 and CD4 T-Cell Responses. CDS8 T cells are the primary cellular
effectors that are critical for mediating protection after whole-
SPZ vaccination in mice and nonhuman primates (23-25). Here,
after PfSPZ vaccination, the frequency of PfSPZ-specific cyto-
kine (IFN-y, IL-2, or TNF-a) producing memory CDS8 T-cell
responses peaked after the first immunization [0.38 + 0.12%
(mean + SEM); P = 0.002 compared with prevaccine; Fig. 2C], as
assessed by intracellular cytokine staining (ICS) after in vitro
stimulation with PfSPZ. Of note, IFN-y* CD8 T-cell responses
declined markedly after the second immunization and were not
different from prevaccine (background) levels 2 wk after the
third immunization (P = 0.12). The frequency of cytokine-pro-
ducing PfSPZ-specific memory CD4 T cells also peaked after the
first immunization [1.55 + 0.38% (mean + SEM); Fig. 2D]. Such
responses declined to 0.59 + 0.08% and 0.51 + 0.07% after the
second and third immunizations, respectively. CD8 T-cell re-
sponses were detected in 11/14 volunteers, and CD4 T-cell re-
sponses were detected in 14/14 volunteers. The magnitude of the
total PfSPZ-specific memory T-cell cytokine responses did not
significantly differ among vaccinated subjects who did or did not
develop parasitemia after homologous CHMI at the assessed
points (SI Appendix, Table S7).

Analysis of activation markers HLA-DR and CD38 on T cells
without ex vivo antigen stimulation has been used as a sensitive

Lyke et al.
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Fig. 2.

%(IFN-y, IL-2, and/or TNF-a)+

PfSPZ-specific antibody, CD8, and CD4 responses. (A) Antibody responses to PfCSP 2 wk after each vaccination and at the time of homologous (3D7)

and heterologous (7G8) CHMI. Subjects who were parasitemic (red, dashed line and red squares) or not parasitemic (black, solid line and black circles) are
shown. (B) Antibody responses to whole PfSPZ (NF54) compared with PfCSP responses. Spearman’s r was calculated using data from the three points com-
bined: n = 15 for study week 18 (black circles), n = 14 for study week 35 (red squares), n = 6 for study week 49 (blue triangles). (C) Frequency of PfSPZ-specific
cytokine-producing memory CD8 T cells. Results are the percentage of memory CD8 T cells producing IFN-y, IL-2, and/or TNF-a after PfSPZ stimulation minus
the percentage of cells after stimulation with vaccine diluent (1% human serum albumin in media). (D) Frequency of PfSPZ-specific cytokine-producing
memory CD4 T cells. Results are calculated as in C. (E) Representative flow cytometry gating of the T-cell activation markers HLA-DR and CD38 over time
showing memory CD4 T cells from a vaccinated subject without additional in vitro antigen stimulation. (F) CD4 T-cell activation in vivo. Results are the
percentage of memory CD4 T cells expressing HLA-DR and CD38, as measured on PBMCs without antigen stimulation. (G) Correlation of CD4 T-cell activation
in vivo and frequency of PfSPZ-specific memory CD4 T cells. The y axis shows the change in percentage of memory CD4 T cells expressing HLA-DR and CD38
from prevaccine to 2 wk after vaccination #1. The x axis shows the percentage of memory CD4 T cells expressing IFN-y, IL-2, and/or TNF-o determined by
intracellular cytokine staining after ex vivo stimulation with PfSPZ. Black circles denote the frequency 2 wk after vaccination #1; gray diamonds denote the
frequency prevaccination. Spearman’s r was calculated using postvaccination data. For A, C, D, and F, n = 14 for study week 0 through 35 and n = 6 at week
49. Arrowhead designates PfSPZ Vaccine administration, arrows designate time of CHMI with 3D7 or 7G8. For weeks 0-35, data are stratified by outcome
after homologous CHMI at study week 35. Data at week 49 are stratified by outcome after heterologous CHMI at study week 49. Individual points represent

one subject. Line is geometric mean (A) or mean (C, D, F).

measure of T-cell activation in vivo after immunization (Fig. 2F)
(26, 27). The frequency of HLA-DR*CD38* memory CD4
T cells increased by 1.69 + 0.42 percentage points (mean + SEM;
P < 0.001; Fig. 2F) 2 wk after first immunization compared with

Lyke et al.

baseline (prevaccine). The mean increase was similar to the level
of memory CD4 T cells that were determined to be PfSPZ-specific
by the ICS assay (Fig. 2D; i.e., 1.55%), and individual responses
were highly correlated (Spearman’s r = 0.8462; P = 0.0003;
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Fig. 2G), suggesting the ICS assay used to assess the frequency of
PfSPZ-specific T-cell responses after in vitro stimulation with
PfSPZ accurately reflects the absolute magnitude of in vivo CD4
T-cell activation by the first PfSPZ vaccination. Interestingly, al-
though circulating PfSPZ-specific CD4 T cells were detected at
>0.5% by in vitro PfSPZ stimulation after the second and third
vaccination, the frequency of HLA-DR*CD38* memory CD4
T cells 2 wk after second and third immunizations were only 0.17 +
0.15 percentage points (mean = SEM) and 0.25 + 0.18 percentage
points, respectively, above the prevaccination frequencies. These
findings indicate that the second and third vaccinations resulted in a
dramatic reduction in in vivo activation of circulating PfSPZ-specific
CD4 T cells compared with the first vaccination.

v5 T-Cell Responses. Prior studies have shown that yd T cells ex-
pand after immunization with PfSPZ Vaccine, and the frequency
of the V82* subfamily of y5 T cells is a potential immune correlate
of protection (11, 14). Here, we extend these findings and show that
v8 T cells have a high level of in vivo activation after vaccination, as
measured by HLA-DR*CD38* coexpression (Fig. 34). Activation
peaked at a mean of 34% (compared with 6.4% at prevaccination)
2 wk after second immunization (Fig. 3B). The frequency of circu-
lating V82* T cells increased after each vaccination (Fig. 3C). The
frequency was 2.8-fold higher than prevaccination, and this increase
persisted through follow-up (2.5-fold increase at the time of CHMI
with 3D7).

T-Cell Responses Against 7G8. Because we observed protection
against homologous and heterologous CHMI in subjects that
received only the homologous NF54 vaccine strain, we assessed
the PfSPZ-specific T-cell cytokine producing responses against
the heterologous 7G8 strain and compared them with responses
against the homologous NF54 vaccine strain. There was a sig-
nificant correlation in the magnitude of CD8 T-cell cytokine
responses to NF54 and 7G8 PfSPZ (Spearman r = 0.8052; P =
0.0005; Fig. 44) 2 wk after the first immunization, when such
responses were measurable at detectable frequencies. CD8 T-cell
responses were also assessed by expression of the TNF-receptor
superfamily member 4-1BB (a marker of T-cell activation also known
as CD137). This marker has been used to identify antigen-specific

A Pre-vaccine

V1 +2weeks V2+2weeks V3+2weeks

CD8 T cells after ex vivo antigen stimulation (28). Using this alter-
native assessment, CD8 T-cell responses were also highly correlated
(Spearman’s r = 0.9033; P < 0.0001; Fig. 4B). CD4 T-cell cytokine
responses were significantly correlated between the two strains
(Fig. 4C). Finally, yd T-cell activation by the two strains (as
measured by 4-1BB) was also highly correlated (Fig. 4D). Ex-
pression of 4-1BB in the y86 T-cell compartment in response to
PfSPZ was evident in the prevaccine sample, as expected, as this
lineage of cells is prevalent before vaccination, albeit at lower
absolute frequencies than found after vaccination.

Discussion

The data presented here show that PfSPZ Vaccine administered
three times at a dose of 9.0 x 10° PfSPZ was safe and immu-
nogenic. The finding that nine (64%) of 14 volunteers remained
without parasitemia on homologous CHMI at 19 wk after final
vaccination with a three-dose regimen is higher than that pre-
viously achieved by four or five doses of 1.35 x 10° or 2.7 x 10°
PfSPZ and further demonstrates the dose-dependent efficacy of
PfSPZ Vaccine (11, 14, 29). The results after heterologous
CHMI 33 wk after final immunization provide the first evidence
that durable protection can be induced against heterologous
CHMI with an injectable malaria vaccine. These data support
our hypothesis that higher PfSPZ Vaccine doses are required for
durable heterologous protection than are required for durable
homologous protection (14, 29).

We assessed heterologous efficacy after homologous CHMI in
subjects that were previously protected. Such sequential CHMIs
have been used in the majority of studies to assess durable vac-
cine efficacy (9, 13, 14, 19, 20, 29). In terms of whether a CHMI
may influence immunity, we have previously demonstrated that
there is no measurable boosting of PfSPZ-specific T-cell or anti-
body responses after homologous CHMI in protected subjects (14).
In addition, in our recent report, the estimated vaccine efficacy
against homologous CHMI at 5 mo was 55% in subjects who un-
derwent sequential CHMI at 3 wk and 5 mo, which was the same as
those who had their first CHMI at 5 mo (14). Collectively, these
data suggest that the single homologous CHMI did not likely in-
fluence immunity or protection against heterologous CHMI.
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Fig. 3. PfSPZ-specific yd T-cell responses. (A) Flow cytometry gating showing y5 T-cell activation in vivo. PBMCs were stained as in Fig. 2E. (B) y5 T-cell ac-
tivation in vivo. Results are the percentage of memory y8 T cells expressing HLA-DR and CD38 as measured on PBMCs without antigen stimulation.
(C) Frequency of V52* T cells after immunization. Results are expressed as fold-change from the prevaccine frequency. For each graph, n = 14 for study week
0 through 35 (time of homologous CHMI) and n = 6 at week 49 (time of heterologous CHMI). Arrowhead designates PfSPZ Vaccine administration, arrows
designate time of CHMI with 3D7 or 7G8. For B and C, data points are stratified as Fig. 2A, and lines are mean (B) and geometric mean (C).
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Fig. 4. T-cell responses to PfSPZ NF54 and 7G8. (A) Memory CD8 T-cell cy-
tokine production after in vitro PfSPZ 7G8 antigen stimulation compared
with PfSPZ NF54. Results are the percentage of memory CD8 T cells pro-
ducing IFN-y, IL-2, and/or TNF-a after stimulation with PfSPZ 7G8 (y axis) or
PfSPZ NF54 (x axis) after subtracting the percentage of cytokine-producing
cells in PBMCs incubated with the vaccine diluent (1% human serum albumin
in media). (B) Percentage of memory CD8 T cells expressing the activation
marker 4-1BB after PfSPZ antigen stimulation as in A. (C) Memory CD4 T-cell
cytokine responses as in A. (D) Percentage of memory y5 T cells expressing
4-1BB after PfSPZ antigen stimulation as in B. n = 14 for each point. Each
symbol represents an individual volunteer. Blue circles are samples 2 wk after
vaccination #1, and gray squares are prevaccine samples. Blue line is linear
regression on postvaccination sample percentages. P value is by Spearman’s
correlation on postvaccination sample percentages.

The consistent high-level protection observed with whole-
PfSPZ Vaccine approaches in CHMI studies suggest several
critical differences in the immune responses induced by attenu-
ated PfSPZ compared with subunit protein or viral vector vaccines.
PfSPZ Vaccine primes antigenically diverse T-cell responses (11)
and strain-transcending CD8 and CD4 T cells (Fig. 4). In addition,
PfSPZ Vaccine expands yd T cells, which are not induced by
current subunit malaria vaccines. y8 T cells recognize an invariant
antigen from intracellular PfSPZ (phosphoantigens) (11, 14, 30).
Together, these characteristics of both antigenic and effector cell
breadth may help limit vaccine escape mutants that may reduce
protective efficacy of vaccines where immune responses are di-
rected against a single protein (31).

Pf-specific T-cell responses were induced in all vaccinated
volunteers and were significantly higher than we previously
reported, with lower doses of PfSPZ Vaccine (11, 14). CD8 and
CD4 T-cell responses in the blood were highest after the first
immunization, with limited boosting after the second and third
immunizations. The goal of PfSPZ Vaccine administration is to
induce immunity that interferes with the development of natu-
rally transmitted Pf sporozoites. Therefore, rapid induction of
anti-PfSPZ immunity may limit boosting by subsequent admin-
istrations of PfSPZ Vaccine, especially at the higher vaccine
doses used here compared with prior studies. Indeed, limited
boosting after irradiated SPZ vaccination has been demonstrated
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in mouse models (32, 33). These data raise the question of whether
equivalent protective efficacy may be possible with fewer than
three immunizations, especially with higher doses of the vaccine.
Another possibility is that the second and third vaccinations were
expanding nonrecirculating liver-resident CD8 T cells (14, 34).

The frequency of PfSPZ-specific cytokine-producing CD8 and
CD4 T-cell responses were not different between subjects who were
not parasitemic and parasitemic at the peak after vaccination or be-
fore the homologous CHMI. The lack of a significant correlation may
be a result of the small sample size studied here. Furthermore, pro-
tection may be mediated primarily by nonrecirculating liver-resident
T cells that cannot be directly measured in the blood (14, 35).

This study was performed in malaria-naive US adults repre-
sentative of travelers or military personnel who would benefit
from a highly protective vaccine. Important considerations for
successfully using this vaccine in Africa and other endemic areas
include how preexisting malaria exposure, age, and baseline health
status influence immunogenicity and protection. Future studies
using additional heterologous CHMI strains in conjunction with
field studies against natural exposure will further establish the
breadth of protective efficacy conferred by PfSPZ Vaccine.

The findings reported here suggest that sterile protection
against homologous and heterologous CHMI can be achieved in
malaria-naive adults by a three-dose regimen of PfSPZ Vaccine.
On the basis of the favorable safety profile of the doses tested to
date and the immune data reported here, further dose increases
as well as fewer immunizations will be tested to determine
whether higher protective efficacy can be achieved, which will be
necessary for travelers and for mass vaccination strategies aimed
at interrupting transmission in endemic regions.

Materials and Methods

Study Design. VRC 314 was an open-label, dose-escalation trial with CHMI to
assess safety, immunogenicity, and protective efficacy of PfSPZ Vaccine (34,
36). The Vaccine Research Center Clinical Trials Core at the NIH Clinical
Center and the University of Maryland, Baltimore, developed the protocol
and conducted the clinical trial. The trial is registered at ClinicalTrials.gov
(NCT02015091). Briefly, malaria-naive, healthy adults 18-45 y of age were
enrolled after obtaining written informed consent. Results of the initial
dose-escalation phase were reported previously (14). On the basis of the
favorable safety profile and data consistent with dose-dependent efficacy,
an amendment to the protocol was made, and an additional group of vol-
unteers was enrolled to receive 9.0 x 10° PfSPZ three times at 8-wk intervals.
The vaccine developer and investigational new drug (IND) application
sponsor, Sanaria Inc., participated in protocol design.

Study Oversight and Safety Surveillance. VRC 314 was approved by the Intra-
mural Institutional Review Board of the National Institute of Allergy and In-
fectious Diseases and the University of Maryland, Baltimore, operated under a
Reliance Agreement with National Institute of Allergy and Infectious Diseases.
Each step was reviewed and approved by a Safety Monitoring Committee.
Intravenous site and systemic reactogenicity parameters were recorded through
3 d after vaccination as solicited AEs. Unsolicited AEs were recorded until day 28
post-CHMI. Serious AEs and new chronic medical conditions were recorded
through 24 wk after the last vaccination. AEs were graded using a table adapted
from US Food and Drug Administration Guidance for Industry (37). Malaria-
associated symptoms and signs after CHMI were not included in unsolicited AE
listings because Pf infection was recorded as a separate study endpoint.

Vaccine and Vaccination. Sanaria PfSPZ Vaccine, composed of radiation-at-
tenuated PfSPZ of the NF54 strain, was manufactured as described (34, 36).
PfSPZ Vaccine was thawed and diluted in 1 mL PBS containing 1% human
serum albumin. The vaccine (1 mL) was administered by rapid injection
through an intravenous catheter.

CHMI. CHMI was by the bites of five PfSPZ-infected Anopheles stephensi
mosquitoes that met standard infectivity criteria (19, 34, 38-40). Volunteers
underwent CHMI with 3D7 an average of 19 wk (range, 17-20 wk; SI Ap-
pendix, Table S3) after final immunization. CHMI with 7G8 was performed
an average of 33 wk (range, 32-35 wk; S/ Appendix, Table S3) after final
immunization. Volunteers were monitored as outpatients on days 7-18, 20,

PNAS | March7,2017 | vol. 114 | no.10 | 2715

www.manaraa.com

MEDICAL SCIENCES


http://ClinicalTrials.gov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615324114/-/DCSupplemental/pnas.1615324114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615324114/-/DCSupplemental/pnas.1615324114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615324114/-/DCSupplemental/pnas.1615324114.sapp.pdf

o
&
S
&
<
&
8
&
E
e
8
@
o
=
S
B
2
=3
3
3
3
<]
=
g
o
g
=
8
I
@
o
©
o
8
°
8
k-l
8
S
=
H
8
a

22, 24, and 28 after CHMI. PCR was performed at each visit to detect parasite
DNA in blood and was used for primary clinical diagnosis and treatment
using established methods (14). Treatment with combination atovaquone
(1,000 mg) and proguanil (400 mg) tablets by mouth daily for 3 d was ini-
tiated upon two positive PCR results. Volunteers were considered protected
if the PCRs were negative through day 28 post-CHMI.

PfSPZ-Specific Antibody Responses. Sera were assessed for antibodies against
recombinant PfCSP by enzyme-linked immunosorbent assay and against
whole PfSPZ by automated immunofluorescence assay, as described (14). Sera
were evaluated for functional activity by the inhibition of sporozoite in-
vasion (ISI) assay (S/ Appendix).

PfSPZ-Specific T-Cell Responses. PfSPZ-specific T-cell responses were analyzed
by flow cytometry on cryopreserved peripheral blood mononuclear cells
(PBMCs). PfSPZ-specific T cells were identified by stimulating PBMCs with
attenuated PfSPZ or PfSPZ Vaccine diluent and assessing cytokine production
by ICS, as described (14) (S/ Appendix, Tables S8 and S9).

Statistical Analysis. The primary analysis compared the results of the vaccine
group’s first CHMI with those of nonvaccinated controls who underwent CHMI
concurrently, and was based on a Fisher’s exact test, one-tailed. The threshold
for significance for this primary analysis was set to 0.01 in the protocol to ac-
count for analyzing results from multiple vaccine groups. These earlier groups,
which assessed lower vaccine doses and the intramuscular route of immuni-
zation, had completed primary follow-up before the design, screening, en-
rollment, or dosing of the present group. Results from the prior groups are
reported elsewhere (14). All other analyses were based on nonparametric tests:
log-rank test for delay in parasitemia, and Mann-Whitney U test, Wilcoxon’s
signed rank test, and Spearman’s rank correlation for immune responses, as
specified in the text.

. Murray CJ, et al. (2012) Global malaria mortality between 1980 and 2010: A systematic
analysis. Lancet 379(9814):413-431.

. World Health Organization (2015) World Malaria Report 2015 (World Health Orga-
nization, Geneva).

. Askling HH, Nilsson J, Tegnell A, Janzon R, Ekdahl K (2005) Malaria risk in travelers.
Emerg Infect Dis 11(3):436-441.

4. Whitman TJ, et al. (2010) An outbreak of Plasmodium falciparum malaria in U.S.
Marines deployed to Liberia. Am J Trop Med Hyg 83(2):258-265.

. Hoffman SL, Vekemans J, Richie TL, Duffy PE (2015) The march toward malaria vac-
cines. Vaccine 33(Suppl 4):D13-D23.

. Richie TL, et al. (2015) Progress with Plasmodium falciparum sporozoite (PfSPZ)-based
malaria vaccines. Vaccine 33(52):7452-7461.

7. Anonymous; RTS,S Clinical Trials Partnership (2015) Efficacy and safety of RTS,S/ASO01
malaria vaccine with or without a booster dose in infants and children in Africa: Final
results of a phase 3, individually randomised, controlled trial. Lancet 386(9988):31-45.

. Roestenberg M, et al. (2009) Protection against a malaria challenge by sporozoite
inoculation. N Engl J Med 361(5):468-477.

. Roestenberg M, et al. (2011) Long-term protection against malaria after experimental
sporozoite inoculation: An open-label follow-up study. Lancet 377(9779):1770-1776.

10. Hoffman SL, et al. (2002) Protection of humans against malaria by immunization with
radiation-attenuated Plasmodium falciparum sporozoites. J Infect Dis 185(8):1155-1164.

11. Seder RA, et al,; VRC 312 Study Team (2013) Protection against malaria by intravenous
immunization with a nonreplicating sporozoite vaccine. Science 341(6152):1359-1365.

12. Egan JE, et al. (1993) Humoral immune responses in volunteers immunized with ir-
radiated Plasmodium falciparum sporozoites. Am J Trop Med Hyg 49(2):166-173.

13. Schats R, et al. (2015) Heterologous protection against malaria after immunization
with Plasmodium falciparum Sporozoites. PLoS One 10(5):e0124243.

14. Ishizuka AS, et al. (2016) Protection against malaria at 1 year and immune correlates
following PfSPZ vaccination. Nat Med 22(6):614-623.

15. Preston MD, et al. (2014) A barcode of organellar genome polymorphisms identifies
the geographic origin of Plasmodium falciparum strains. Nat Commun 5:4052.

16. Walliker D, et al. (1987) Genetic analysis of the human malaria parasite Plasmodium
falciparum. Science 236(4809):1661-1666.

17. Stoute JA, et al. (1997) A preliminary evaluation of a recombinant circumsporozoite
protein vaccine against Plasmodium falciparum malaria. RTS,S Malaria Vaccine Eval-
uation Group. N Engl J Med 336(2):86-91.

18. Kester KE, et al.; RTS,S Malaria Vaccine Evaluation Group (2001) Efficacy of re-
combinant circumsporozoite protein vaccine regimens against experimental Plas-
modium falciparum malaria. J Infect Dis 183(4):640-647.

19. Kester KE, et al,; RTS,S Vaccine Evaluation Group (2009) Randomized, double-blind, phase 2a
trial of falciparum malaria vaccines RTS,S/AS01B and RTS,S/AS02A in malaria-naive adults:
Safety, efficacy, and immunologic associates of protection. J Infect Dis 200(3):337-346.

20. Ewer KJ, et al. (2013) Protective CD8+ T-cell immunity to human malaria induced by

chimpanzee adenovirus-MVA immunisation. Nat Commun 4:2836.

. Bijker EM, et al. (2013) Protection against malaria after immunization by chloroquine
prophylaxisiandisporozoitesisimediated by preerythrocyticimmunity. Proc Nat/ Acad
Sci USA 110(19):7862-7867.

N

w

5

o

00

©

2

=

2716 | www.pnas.org/cgi/doi/10.1073/pnas.1615324114

Role of the Funding Source. The clinical study, T-cell analysis, and statistical
analysis were supported by the Intramural Research Program of the National
Institutes of Health. Sanaria Inc. provided the vaccine and 7G8-infected
mosquitoes without cost and performed the antibody assays. All authors had
full access to all the data in the study. R.A.S. had final responsibility for the
decision to submit for publication.

ACKNOWLEDGMENTS. We thank the vaccine trial volunteers for their
contribution and commitment to vaccine research. We appreciate the many
contributions of the VRC 314 Study Team, whose members are listed in the S/
Appendix. We acknowledge the contributions of our NIH Clinical Center (CC)
and National Institute of Allergy and Infectious Diseases colleagues, includ-
ing J. Stein, J. Pierson, R. Eckes, P. Driscoll, L. Ediger, and the nursing staff of
the 5NW, SCSU, 5SE-S, and 5SE-N units; our Vaccine Research Center colleagues,
including A. Mittelman, H. Harvey, M. Young, C. Artis, R. Hicks, R. Bailer, and
T. Abram; our University of Maryland, Baltimore, colleagues, including X. Wang,
L. Chrisley, T. Crawford, P. Komninou, J. Courneya, N. Johnson, A. Kwon,
B. Dorsey, M. Travassos, M. Adams, K. Strauss, S. Joshi, and B. Shrestha; the
EMMES Corporation; our Sanaria and Protein Potential colleagues, including
Y. Abebe, J. Jackson, A. Awe, M. King, H. Huang, A. Patil, S. Matheny, J. Overby,
Y. Wen, K. Nelson, V. Pich, M. Orozco, D. Cheney, E. Saverino, B. Jiang, L. Gao,
R. Xu, E. Fomumbod, M. Laskowski, and T. T. Wai for scientific and technical
support, and F. Beams, R. Thompson, D. Dolberg, and A. Hoffman for opera-
tions and legal support; and our Walter Reed Army Institute of Research Ento-
mology Branch colleagues. We appreciate the expert review of the Safety
Monitoring Committee (A. Durbin, K. Kester, and A. Cross); the National Institute
of Allergy and Infectious Diseases Institutional Review Board; the National In-
stitute of Allergy and Infectious Diseases Office of Communications and Govern-
ment Relations; the NIH CC IND Pharmacy; and the NIH CC Patient Recruitment
and Public Liaison Office. This work was supported by the Intramural Research
Program of the US National Institutes of Health. Production and characterization
of PfSPZ Vaccine were supported in part by National Institute of Allergy and
Infectious Diseases Small Business Innovation Research Grants 5R44A1055229-11
(to S.L.H.), 5R44A1058499-08 (to S.L.H.), and 5R44AI058375-08 (to S.L.H.).

22. Burkot TR, Williams JL, Schneider | (1984) Infectivity to mosquitoes of Plasmodium falcipa-
rum clones grown in vitro from the same isolate. Trans R Soc Trop Med Hyg 78(3):339-341.

23. Schofield L, et al. (1987) Gamma interferon, CD8+ T cells and antibodies required for
immunity to malaria sporozoites. Nature 330(6149):664-666.

24. Weiss WR, Sedegah M, Beaudoin RL, Miller LH, Good MF (1988) CD8+ T cells (cyto-
toxic/suppressors) are required for protection in mice immunized with malaria spo-
rozoites. Proc Natl Acad Sci USA 85(2):573-576.

25. Weiss WR, Jiang CG (2012) Protective CD8+ T lymphocytes in primates immunized
with malaria sporozoites. PLoS One 7(2):e31247.

26. Schwenk R, et al. (2013) Ex vivo tetramer staining and cell surface phenotyping for early
activation markers CD38 and HLA-DR to enumerate and characterize malaria antigen-
specific CD8+ T-cells induced in human volunteers immunized with a Plasmodium fal-
ciparum adenovirus-vectored malaria vaccine expressing AMA1. Malar J 12:376.

27. Miller JD, et al. (2008) Human effector and memory CD8+ T cell responses to smallpox
and yellow fever vaccines. Immunity 28(5):710-722.

28. Gros A, et al. (2016) Prospective identification of neoantigen-specific lymphocytes in
the peripheral blood of melanoma patients. Nat Med 22(4):433-438.

29. Epstein JE, et al. (2017) Protection against Plasmodium falciparum malaria by PfSPZ
Vaccine. JCI Insight 2(1):e89154.

30. Teirlinck AC, et al. (2011) Longevity and composition of cellular immune responses
following experimental Plasmodium falciparum malaria infection in humans. PLoS
Pathog 7(12):e1002389.

31. Neafsey DE, et al. (2015) Genetic Diversity and Protective Efficacy of the RTS,S/AS01
Malaria Vaccine. N Engl J Med 373(21):2025-2037.

32. Murphy SC, Kas A, Stone BC, Bevan MJ (2013) A T-cell response to a liver-stage
Plasmodium antigen is not boosted by repeated sporozoite immunizations. Proc Nat/
Acad Sci USA 110(15):6055-6060.

33. Cockburn IA, Chakravarty S, Overstreet MG, Garcia-Sastre A, Zavala F (2008) Memory
CD8+ T cell responses expand when antigen presentation overcomes T cell self-reg-
ulation. J Immunol 180(1):64-71.

34. Epstein JE, et al. (2011) Live attenuated malaria vaccine designed to protect through
hepatic CD8" T cell immunity. Science 334(6055):475-480.

35. Fernandez-Ruiz D, et al. (2016) Liver-resident memory CD8(+) T cells form a front-line
defense against malaria liver-stage infection. Immunity 45(4):889-902.

36. Hoffman SL, et al. (2010) Development of a metabolically active, non-replicating spo-
rozoite vaccine to prevent Plasmodium falciparum malaria. Hum Vaccin 6(1):97-106.

37. 72. Federal Register 187 (2007), p 54917, Document Number E7-19155.

38. Chulay JD, et al. (1986) Malaria transmitted to humans by mosquitoes infected from
cultured Plasmodium falciparum. Am J Trop Med Hyg 35(1):66-68.

39. Rickman LS, et al. (1990) Plasmodium falciparum-infected Anopheles stephensi in-
consistently transmit malaria to humans. Am J Trop Med Hyg 43(5):441-445.

40. Lyke KE, et al. (2010) Plasmodium falciparum malaria challenge by the bite of aseptic
Anopheles stephensi mosquitoes: Results of a randomized infectivity trial. PLoS One
5(10):e13490.

Lyke et al.

www.manaraa.com


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615324114/-/DCSupplemental/pnas.1615324114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615324114/-/DCSupplemental/pnas.1615324114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615324114/-/DCSupplemental/pnas.1615324114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615324114/-/DCSupplemental/pnas.1615324114.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1615324114

