The Journal of Immunology

Artesunate versus Chloroquine Infection-Treatment—
Vaccination Defines Stage-Specific Inmune Responses
Associated with Prolonged Sterile Protection against
Both Pre-erythrocytic and Erythrocytic

Plasmodium yoelii Infection

Xiaohong Peng,*" Gladys J. Keitany,” Marissa Vignali,” Lin Chen,*" Claire Gibson,’
Kimberly Choi,” Fusheng Huang,*' and Ruobing Wang'*!

Sterile protection against malaria infection can be achieved through vaccination of mice and humans with whole Plasmodium spp.
parasites. One such method, known as infection-treatment—vaccination (ITV), involves immunization with wild type sporozoites
(spz) under drug coverage. In this work, we used the different effects of antimalarial drugs chloroquine (CQ) and artesunate (AS)
on blood stage (BS) parasites to dissect the stage-specific immune responses in mice immunized with Plasmodium yoelii spz under
either drug, as well as their ability to protect mice against challenge with spz or infected RBCs (iRBCs). Whereas CQ-ITV induced
sterile protection against challenge with both spz and iRBCs, AS-ITV only induced sterile protection against spz challenge.
Importantly, AS-ITV delayed the onset of BS infection, indicating that both regimens induced cross-stage immunity. Moreover,
both CQ- and AS-ITV induced CD8" T cells in the liver that eliminated malaria-infected hepatocytes in vitro, as well as Abs that
recognized pre-erythrocytic parasites. Sera from both groups of mice inhibited spz invasion of hepatocytes in vitro, but only
CQ-ITYV induced high levels of anti-BS Abs. Finally, passive transfer of sera from CQ-ITV-treated mice delayed the onset of
erythrocytic infection in the majority of mice challenged with P. yoelii iRBCs. Besides constituting the first characterization, to our
knowledge, of AS-ITV as a vaccination strategy, our data show that ITV strategies that lead to subtle differences in the persistence
of parasites in the blood enable the characterization of the resulting immune responses, which will contribute to future research in

vaccine design and malaria interventions.

alaria remains one of the most prevalent global infectious

M diseases, causing a significant burden of morbidity and

mortality in developing countries in tropical and sub-

tropical areas (1). An effective and affordable vaccine and/or new

drugs are required to save lives and to end this devastating disease.

The eradication of malaria will require novel vaccination strategies
that induce effective immune responses (2).

Protection of animals and humans against experimental chal-

lenge with Plasmodium sporozoites (spz) has been accomplished
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by immunization with whole parasites attenuated to prevent symp-
toms that associate with blood stage (BS) infection (reviewed in
Ref. 3). For example, sterile protection in human volunteers can
be achieved by exposure to ~1,000 bites of irradiated (irr) mosquitoes
infected with Plasmodium falciparum spz (4-6) or by i. v. adminis-
tration of ~450,000 irr-spz (7). In comparison, the alternative in-
fection—treatment—vaccination (ITV) strategy, which involves
administration of wild type (wt) malaria parasites under drug
treatment, requires significantly less spz to elicit protection (8-
10), suggesting that irr-spz are not as immunogenic as wt spz
under drug coverage. For example, infection of naive individuals
via 3 doses of 15 bites each of mosquitoes infected with wt
P. falciparum under chloroquine (CQ) coverage induces long-term
protection against challenge (11, 12). Despite these promising
results, the severity of CQ resistance in the African continent pre-
cludes the use of CQ-ITV as an immunization strategy. The present
malaria treatment strategy of choice consists of artemisinin-based
combination therapy (1). Artemisinin derivatives such as artesunate
(AS) are potent plant-derived antimalaria drugs that act rapidly
against the intraerythrocytic BS of P. falciparum and P. vivax in-
fection, and are effective for both CQ-sensitive and CQ-resistant
parasites (13). Neither CQ nor AS affects the pre-erythrocytic stages
of the malaria parasite; but whereas CQ kills Plasmodium parasites
at the trophozoite stage, AS acts on all intraerythrocytic stages of
BS development (14, 15).

Whole-parasite vaccination—mediated protection has been shown
to involve both direct killing of infected hepatocytes by CD8" T cells
and Ab-mediated blocking of hepatocyte invasion and traversal by
spz (5, 16-18). More recently, it was shown in a rodent malaria
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model of infection that CQ-ITV leads to Ab-mediated immunity
against BS Ags resulting from transient exposure to BS parasites
during the treatment regimen (19). In general, immunization with
irr-spz or early-arresting genetically attenuated parasites (GAPs)
exposes the host to a restricted range of spz and early liver stage
(LS) parasite Ags, whereas immunization with ITV or late-arresting
GAPs likely broadens the repertoire of Ags to include those
expressed by late LS and early BS parasites (3, 20). This differ-
ence may explain why protection by CQ-ITV requires a much
lower dose of wt spz as compared with irr-spz or early-arresting
GAPs (21, 22).

To understand immune responses elicited by immunization with
whole Plasmodium parasites in the presence and absence of BSs,
we have used two drugs that have differential chemical effects on
BS parasites. We identified a dose of AS-ITV that eliminates BSs,
and compared it with a previously studied dose of CQ-ITV, which
results in the persistence of BSs (8, 19, 23). This is the first time,
to our knowledge, that these immunization strategies have been
directly compared in terms of protection against different forms of
the malaria parasite.

Materials and Methods

Mice and parasites

Female BALB/cJ or Swiss Webster mice (6—8 wk old) were purchased from
Jackson Laboratory or Harlan, respectively. Animal handling was con-
ducted following the protocol approved by Institutional Animal Care and
Use Committee at Seattle Biomedical Research Institute. Both wt and
GFP-luciferase Plasmodium yoelii 17XNL parasites were cycled between
Swiss Webster mice and Anopheles stephensi mosquitoes. Infected mos-
quitoes were maintained on sugar water at 24°C and 70% humidity.
P. yoelii spz were obtained by dissection of salivary glands from infected
mosquitoes on day 14 postinfection (p.i.) with blood meal.

Vaccination

BALB/c mice were immunized 3 times by i.v. injection with 10,000 live
P. yoelii spz at 4-wk intervals. Uninfected mosquito salivary gland debris
was used to immunize mice in the mock control group. Mice were treated
with AS or CQ for 10 consecutive days starting on the same day that
mice received the spz vaccination. Chloroquine diphosphate salt (Sigma-
Aldrich) was diluted in 1X PBS (Sigma-Aldrich), and artemisinin (Sigma-
Aldrich) was dissolved in 5% sodium bicarbonate (Sigma-Aldrich) and
then diluted in 1X PBS before use. Parasitemia was examined daily by thin
blood smear and Giemsa staining, starting on day 3 after vaccination.

Quantitative PCR

RNA was extracted from 100-pl aliquots of blood collected from mice on
days 1, 4, 8, and 14 after drug withdrawal (i.e., days 11, 14, 18, and 24 p.i.)
using an RNeasy kit (Qiagen) following the manufacturer’s instructions.
cDNA generation and quantitative PCR (qPCR) were performed as pre-
viously described (24). The P. yoelii 18S rRNA signal was normalized to
that of mouse GAPDH.

Challenge

Before challenge, the absence of BS infection was confirmed by Giemsa
staining of thin blood smears. Mice were challenged with 10,000 wt P. yoelii
spz or with 20,000 BS parasite-infected RBCs (iRBCs) by i.v. injection
4 wk after the last immunization. BS infection was examined daily from
days 3-24 postchallenge, and parasitemia was calculated as the percentage
of iRBCs. Sterile protection was determined by the absence of BS infec-
tion on day 24 postchallenge.

Lymphocyte purification, staining, and flow cytometry analysis

Livers and spleens were collected 28 d after the first, second, and third
vaccinations, and 6 days after challenge with spz. Lymphocytes were
isolated as previously described with minor modifications (25). In brief,
mice were euthanized by CO,, and the liver was perfused with 10 ml liver
perfusion buffer (Life Technologies). After harvest, the liver was cut into
small pieces in prewarmed liver digestion medium (Life Technologies) and
incubated in a 37°C water bath for 45 min before passing through a 100-pm
nylon cell strainer. The resulting cell pellet was resuspended in 44% Percoll
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solution (GE Healthcare) and underlaid with 67% Percoll buffer, followed by
centrifugation at 500 X g for 20 min at room temperature. The lymphocyte-
containing middle layer was harvested for downstream analysis.

Phenotypic analysis of lymphocytes was performed by flow cytometry
using six-color mAb staining: Pacific Blue—conjugated anti-mouse CD3¢,
eFluor605-conjugated anti-CD62L, PerCP anti-mouse CD8a, and PE/Cy5-
conjugated anti-mouse CD127 Abs were purchased from Biolegend;
FITC-conjugated anti-mouse CD4 Ab was ordered from BD Biosciences;
and allophycocyanin-conjugated circumsporozoite protein (CSP; SYV-
PSAEQI) tetramer was obtained from the National Institutes of Health
(NIH) Tetramer Core Facility. In brief, 10° cells were resuspended in
FACS buffer (PBS supplemented with 2% heat shocked FBS; Gemini
Bioproducts) and washed twice by centrifugation at 300 X g for 5 min
Next, 25 wl diluted anti-mouse CD16/32 mAb (eBioscience) was added to
each sample, which was then incubated on ice for 10 min. This was fol-
lowed by the addition of 25 pl staining mixture containing the fluorophore-
conjugated Abs described earlier and incubation on ice for 30 min. After
two washes with FACS buffer, cells were fixed by incubating in 2%
paraformaldehyde (Sigma-Aldrich) buffer for 20 min and resuspended in
FACS buffer for measurement. Flow cytometry was performed using a BD
LSR II Flow Cytometer (BD Biosciences), and data were analyzed using
FlowJo software (Tree Star).

Inhibition of LS development assay

Lymphocytes obtained from mice livers on day 6 after the third dose of ITV
were stained with PE/Cy7-conjugated anti-mouse CD3e Ab, PerCP-Cy5.5—
conjugated anti-mouse CD8a Ab, and FITC-conjugated anti-mouse CD4 Ab
(BD Biosciences). After staining for 20 min and two washes as described
earlier, the CD3"CD8" T cells were sorted by flow cytometry. Purity of the
CD8" cell fraction was determined to be >95% by flow cytometry. Cells
were diluted at a concentration of 50,000 per 100 .l in 10% FBS RPMI 1640
medium containing anti-CD28 Ab (5 pg/ml; Biolegend) and hIL-2 (10 ng/ml;
Promega). Cells were then transferred into a 96-well plate and incubated at
37°C in 5% CO, for 3 d. Next, cells were transferred into a 6-well plate
with 2 ml 10% FBS RPMI 1640 containing additional hIL-2 (at 10 ng/ml),
and cultured for a further 34 d.

Primary hepatocytes were harvested from BALB/c mice 2 d before
performing the killing assay, as previously described (18). Isolated hep-
atocytes were diluted in William’s E medium (Sigma-Aldrich) supple-
mented with 10% FBS at a concentration of 400 cells/pl. Next, 100 wl of
this cell suspension was added to each well of a 96-well tissue culture plate
(Becton Dickinson Labware) and incubated overnight at 37°C in 5%
CO,. The next day, hepatocyte cultures were infected with 30,000 GFP-
luciferase P. yoelii wt spz. Three hours p.i., plates were shaken gently, the
supernatant was aspirated, and fresh culture medium was added. Infected
cultures were further incubated for 24 h at 37°C in 5% CO,. Various
dilutions of expanded CD8* T cells were added to the infected
hepatocytes and incubated for an additional 16 h. Finally, luminescence
units were measured using a Centro XS* LB 960 Microplate Luminometer
under the Bright-Glo Luciferase Assay System protocol (Promega). The
percentage inhibition was calculated as 1 — OD of test sample/mean OD
of medium.

Immunofluorescence assay and ELISA

Sera were collected from immunized mice on day 9 after the last immu-
nization. Ab titers were determined by immunofluorescence assay (IFA)
using paraformaldehyde-fixed spz, LS parasites, or iRBCs, respectively, as
previously described (8). For the MSP1 and schizont lysate ELISAs,
Immulon 4 HBX 96-well plates were coated with 100 wl of 0.5 pg/ml yP.y.
MSP1-19(XL)/VQ1 (MRA-48, deposited by D.C. Kaslow) or with 50 .l
schizont lysate (5 pg/ml in PBS) prepared as previously described (26).
Plates were incubated in blocking buffer (5% milk in PBS with 0.05%
Tween 20; Fisher) for 1 h at room temperature. For the MSP1 ELISA,
serum samples were serially diluted in blocking buffer, and for the schizont
lysate ELISA, serum samples were diluted at 1:10 in blocking buffer.
After a 1-h incubation at room temperature, 100 pl rabbit anti-mouse
IgG (Sigma) diluted 1:400 in blocking buffer was added to each well,
and plates were incubated for an additional 30 min. For the CSP ELISA,
maleimide-activated plates (Thermo Scientific Pierce) were coated with
2 ng/ml PyCSP peptide (QGPGAPQGPGAPQGPGAP) in 100 .l of 1X PBS,
and the ELISA was performed as per the manufacturer’s instruction. All
plates were read using a SpectraMax M2 Microplate reader.

Inhibition of spz invasion assays

Thirty thousand GFP-luciferase P. yoelii wt spz were coincubated for
20 min at room temperature with serum collected on day 9 after each
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vaccination and diluted 1:10 in RPMI. Next, the serum-incubated spz were
transferred into 96-well plates that were preseeded with 30,000 HepG2
cells the previous day. Forty hours p.i., cells were lysed by incubation with
100 pl Glo lysis buffer (Promega) containing 0.5% Triton X. Lumines-
cence units were measured as described earlier.

Passive transfer

Serum from AS-ITV or CQ-ITV mice immunized with three doses of
wt P. yoelii spz (or mock immunized) was collected on day 9 after the last
immunization and pooled. Naive mice were injected by i.v. with 300 .l
pooled serum and challenged i.v. with 10,000 P. yoelii spz or 20,000
P. yoelii iRBCs 24 h postinjection, as described previously (26). Parasitemia
was examined daily by thin blood smear and Giemsa staining, starting on
day 3 postvaccination.

Statistical analysis

Data are presented as the mean + SEM. Statistical analysis was performed
using Prism software version 5.0 (GraphPad), and means were compared
by two-tailed Student ¢ tests or one-way ANOVA. A p value <0.05 was
considered statistically significant. Analysis of FACS data was performed
using FlowJo software (Tree Star).

Results
AS-ITV, but not CQ-ITV, eliminates BS infection after
vaccination with wt P. yoelii spz

First, we sought to select a chemoprophylactic dose of AS that
eliminates BS forms. To do this, we infected BALB/c mice with
10,000 wt P. yoelii spz isolated from the salivary glands of in-
fected A. stephensi mosquitoes by i.v. injection and treated them
with either 0.3, 1.5, or 3.0 mg AS daily from days 1-10 p.i.
(Fig. 1A). BS infection was monitored daily for 3 wk by thin
blood smear microscopy. Mock-treated mice developed BS in-
fection at day 4 p.i., with parasitemia levels peaking on day 11.
Similarly, mice treated with 0.3 mg AS became patent on day 3,
although parasitemia levels were lower overall and the peak of
parasitemia was delayed by 3—4 d as compared with that of mock-
treated mice. Mice treated with 1.5 mg AS displayed a low-level
burst of patent parasitemia 4-5 d after drug withdrawal. Mice
treated with 3 mg AS displayed no evidence of BS infection, in-
dicating that 3 mg AS constitutes an optimal dose to eliminate BS
infection.

We also treated mice with 0.8 mg CQ, the previously established
chemoprophylaxis dose for this drug in the rodent malaria model
(8). Similarly to the results observed with 1.5 mg AS, these mice
developed a low-level burst of patent parasitemia 4-5 d after drug
withdrawal (Fig. 1B). Doubling the dose to 1.6 mg CQ did not
abrogate this low-level burst of parasitemia, in agreement with
a recent report (19). This result agrees with the known mechanism
of action of CQ, which only affects late trophozoites and schiz-
onts, allowing for the persistence of ring and early trophozoites in
the iRBCs during the CQ treatment phase that become patent after
drug withdrawal (15, 19).

We repeated this experiment in additional groups of P. yoelii—
immunized mice treated for 10 d with 0.8 mg CQ, 3.0 mg AS (or
mock treated), and observed a close correspondence between the
parasitemia levels determined by blood smear and the detection of
P. yoelii 18S rRNA by qPCR on blood samples taken on days 11,
14, 18, and 24 postimmunization, as compared with that of mouse
GAPDH (Fig. 1C).

In conclusion, we identified a dose of AS (3.0 mg) that
completely abolishes BS forms as determined both by Giemsa
staining of thin blood smears and by parasite RNA qPCR, as
expected from the mode of action of this drug on BS Plasmodium
parasites (15). Thus, next we compared the protective immunity
induced by AS-ITV with that of CQ-ITV, which results in the
exposure of the host immune system to replicating BS forms.

ITV AS A TOOL TO DEFINE STAGE-SPECIFIC ANTIMALARIA IMMUNITY

AS-ITV induces protection only to pre-erythrocytic malaria
infection, whereas CQ-ITV provides protection from both
pre-erythrocytic and erythrocytic infections

To characterize the protection resulting from immunization with
wt P. yoelii spz under drug coverage, we vaccinated groups of
10 mice with 1-3 doses of 10,000 wt P. yoelii spz 1 mo apart
and treated with either CQ or AS for 10 d starting on the day of
vaccination (Fig. 2A). In agreement with the data presented in
Fig. 1, 10 of 10 mice had BS parasitemia upon drug withdrawal
after the first course of CQ-ITV, compared with 0 of 10 mice
under AS coverage (Table I, Experiment 1). After subsequent
courses of ITV, none of the mice had detectable BS parasitemia
(Table I, Experiments 2 and 3). One month after each course
of ITV, mice were challenged with 10,000 wt P. yoelii spz. As
a control, a group of five mice were mock immunized with sali-
vary gland extract from noninfected mosquitoes in the absence of
drug treatment. None of the mice in either the CQ- or the AS-ITV
groups displayed protection against challenge with wt P. yoelii
spz 1 mo after the first course of ITV (Table I, Experiment 1, spz:
1 mo). However, 90% of the mice in each group were sterilely
protected against spz challenge after the second course of ITV
(Table I, Experiment 2, spz: 1 mo), and 100% of the mice in each
group acquired sterile protection from spz challenge after the third
course of ITV (Fig. 2B, Table I, Experiment 3, spz: 1 mo). In
comparison, all mock-vaccinated mice had parasitemia on day 3
after challenge (Fig. 2B). To determine the length of the observed
protection, we challenged additional groups of immunized mice
with 10,000 wt P. yoelii spz 3 and 6 mo after the third course of
CQ- or AS-ITV (Table I, Experiment 3, spz: 3 and 6 mo). Sterile
protection was maintained for at least 6 mo after three courses of
CQ- or AS-ITV, confirming that both treatments induce prolonged
sterile protection against spz challenge (17).

Next, we analyzed whether AS- or CQ-ITV elicits immunity
against BS forms of the malaria parasite by challenging mice i.v.
with 20,000 malaria iRBCs 1 mo after three courses of CQ- or
AS-ITV, as described earlier (Fig. 2A). We saw that the majority
(8/13, or 62%) of the CQ-ITV treated mice were sterilely pro-
tected against challenge with iRBC, whereas most of the
remaining mice experienced a 1- to 4-d delay in the onset of
parasitemia, as compared with the mice in the control group
(Fig. 2C, Table I, Experiment 4, iRBC: 1 mo). In contrast, none of
the mice under AS-ITV treatment acquired sterile protection.
Nevertheless, the majority (8/11, or 73%) of the mice in the AS-ITV
group experienced a 1- to 3-d delay in the onset of parasitemia after
iRBC challenge, as compared with untreated, mock-immunized
mice (Fig. 2C, Table I, Experiment 4, iRBC: 1 mo). Taken to-
gether, our data demonstrate that both CQ- and AS-ITV induced
long-term sterile protection against pre-erythrocytic stages of
malaria parasites. Moreover, CQ-ITV treatment also resulted in
sterile protection against BS parasites, in agreement with previous
reports (19). Interestingly, although unable to confer sterile pro-
tection, AS-ITV delayed the onset of BS infection, suggesting that
although we were unable to detect BS in mice treated with AS,
this regimen also induces some level of cross-stage immunity.

CQ- and AS-ITV induce CSP-specific CD8" T effector memory
cells in the liver

The long-lasting sterile protection against challenge with high
doses of spz that we observed in mice subjected to three courses of
CQ- or AS-ITV suggests that both treatments elicit strong immune
responses against pre-erythrocytic stage parasites. Previously, it
has been shown that CD8" T cells play a major role in protection
against pre-erythrocytic infection induced by vaccination with
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FIGURE 1. AS-ITV can control BS parasites, whereas CQ-ITV allows the persistence of BS parasites. (A) Groups of mice infected with 10,000 wt
P. yoelii spz by i.v. injection were mock treated (black circles, n = 3) or treated with either 0.3 (red inverted triangles, n = 5), 1.5 (blue triangles, n = 5), or 3.0
mg (green squares, n = 5) AS for 10 d after the infection (black bar). The y-axis shows the percentage of erythrocytes infected with parasites, as determined
by microscopy of Giemsa-stained thin blood smears, and the x-axis corresponds to days p.i. (B) Groups of mice infected as described earlier were mock
treated (black circles, n = 8) or treated with either 0.8 (red triangles, n = 10) or 1.6 mg (blue diamonds, n = 10) CQ for 10 d after the infection (black bar).
(C) Blood samples taken on days 11, 14, 18, and 24 p.i. with P. yoelii spz as described in (A) were analyzed by thin blood smear microscopy and by gPCR
quantitation of P. yoelii 18S rRNA versus the mouse GAPDH to determine the presence of parasites. The left y-axis shows percentage of erythrocytes
infected with parasites as determined by microscopy of Giemsa-stained thin blood smears, the right y-axis shows the ratio of P. yoelii 18S rRNA versus
mouse GAPDH detected by qPCR, and the x-axis indicates days p.i.

drug-attenuated spz (16, 17, 27). Moreover, protection against pre- To assess the abundance of liver Tgy and central memory T cells
erythrocytic infection has been recently demonstrated to cor- (Tcy) in mice immunized three times with P. yoelii spz under CQ
relate with the induction of malaria-specific CD8" effector memory or AS coverage (or mock-immunized, untreated mice), we purified
T cells (Tgp) (28). liver lymphocytes on days 27, 55, 83, and 90, which correspond to
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FIGURE 2. CQ- and AS-ITV induce differential protection against challenge with P. yoelii spz or iRBCs. (A) Experimental design. Mice received 10,000
wt P. yoelii spz (or mosquito salivary gland debris) on days 1 (V1), 28 (V2), and 56 (V3), followed in each case by 10 d of treatment with 0.8 mg CQ or 3.0
mg AS. One month after the last dose, they were challenged with 10,000 wt P. yoelii spz or 20,000 wt P. yoelii iRBCs. Separate groups of mice were
challenged on days 140 or 224 (3 and 6 mo after V3) with 10,000 wt P. yoelii spz. (B and C) Patency curves of groups of mice immunized with three courses
of CQ-ITV (solid line) or AS-ITV (dotted line), or untreated, mock-immunized mice (dashed line) challenged with P. yoelii spz (B) or infected erythrocytes
(©) 1 mo later. The y-axis shows the percentage of mice protected from infection at each time point, and the x-axis corresponds to the day of parasitemia
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Table I. Experimental design and outcome of ITV and challenge phases

ITV AS A TOOL TO DEFINE STAGE-SPECIFIC ANTIMALARIA IMMUNITY

Vaccination Phase (No. Infected/
No. Vaccinated = % Infection)

Challenge Phase (No Protected/No. Challenged = % Protection)

Experiment Treatment V1 V2 V3 spz, 1 mo spz, 3 mo spz, 6 mo iRBC, 1 mo
1 None ND 0/5 (0%)
CQ 10/10 (100%) 0/10 (0%)
AS 0/10 (0%) 0/10 (0%)
2 None ND ND 0/5 (0%)
CQ 10/10 (100%) 0/10 (0%) 9/10 (90%)
AS 0/10 (0%) 0/10 (0%) 9/10 (90%)
3 None ND ND ND 0/5 (0%) 0/5 (0%) 0/5 (0%)
CQ 10/10 (100%) 0/10 (0%) 0/10 (0%) 10/10 (100%) 5/5 (100%) 5/5 (100%)
AS 0/10 (0%) 0/10 (0%) 0/10 (0%) 10/10 (100%) 5/5 (100%) 5/5 (100%)
4 None ND ND ND 0/11 (0%)
CQ 13/13 (100%) 0/13 (0%) 0/13 (0%) 8/13 (61.5%)
AS 0/11 (0%) 0/11 (0%) 0/11 (0%) 0/11 (0%)

For each experiment, the table indicates the drug used for the treatment (none, CQ, or AS) and the outcome of each course of ITV (V1, V2, and V3), both as the number and
percentage of infected mice divided by the number of vaccinated mice, as well as the outcome of the challenge with spz or iRBCs 1, 3, or 6 mo, respectively, after the
corresponding course of ITV, both as the number and the percentage of protected mice divided by the number of challenged mice.

1 d before the second and third immunizations, as well as the day
before and 6 d after challenge with wt P. yoelii spz (Fig. 2A).
We used the flow cytometry—based strategy shown in Fig. 3A to
gate CD3* CD8" T cells and to quantify the abundance of Tcy
(CD127* CD62L") and Tgy (CD1277 CD62L7) cells in the liver.
We observed an increase in the abundance of Tgys only after
the third course of AS- and CQ-ITV, as compared with mock-
immunized mice (Fig. 3B). This increase was most pronounced
after challenge with P. yoelii spz. In comparison, the abundance of
Tcwms remained low throughout the course of the immunization,
and we only observed an increase in Tcys in CQ-ITV mice after
challenge.

We then determined whether the increase in the abundance of
CD8" Tgyms observed on days 83 and 90 in the AS-ITV and
CQ-ITV mice was specific for malaria pre-erythrocytic Ags by
quantifying the abundance of CSP-specific CD8" Tgys. CSP-
specific CD8" Tgys were identified using an allophycocyanin-
labeled MHC H2-K? tetramer epitope (SYIPSAEKI) that recog-
nizes P. yoelii CSP, as previously described (29). Three courses
of CQ-ITV resulted in a significant increase (p = 0.0087) in the
percentage of CSP-specific CD8* Tgys as compared with mock-
immunized, untreated mice measured 1 mo after the last ITV
course, that is, 1 d before spz challenge (Fig. 3C, 3D). AS-ITV
also resulted in an increase in the percentage of CD8" Tgys, al-
though this increase was not statistically significant. We also ob-
served a significant expansion of CSP-specific CD8" Tgys in
mice treated with either CQ- or AS-ITV 6 d after spz challenge
(p = 0.0037 and p = 0.02, respectively). No significant difference
in the levels of CSP-specific CD8" Tgys was observed be-
tween the mice under CQ or AS coverage either before or after
spz challenge. In summary, both CQ- and AS-ITV induce pre-
erythrocytic stage-specific CD8* Tgyy responses, which are long
lasting and can be boosted significantly by re-exposure to wt spz
infection, in agreement with previous studies using similar im-
munization strategies (16, 28).

ITV-induced CD8" T cell responses are cytotoxic to LS
parasite-infected hepatocytes in vitro

It has been demonstrated that CD8* T cells are cytotoxic to
Plasmodium-infected hepatocytes in vitro. For example, we have
previously shown that contact-dependent killing of infected hepa-
tocytes by CD8" T cells is a major effector mechanism in BALB/c
mice vaccinated with genetically attenuated spz (18). More re-
cently, it has been proposed that CD8* T cells that interact with

infected hepatocytes can recruit both parasite-specific and by-
stander CD8" T cells to the proximity of infected hepatocytes,
although only parasite-specific CD8" T cells appear to be involved
in killing the infected hepatocytes (30, 31).

Thus, we evaluated whether CD8" T cells induced by ITV have
the ability to inhibit the development of intrahepatocytic para-
sites. CD8" T cells obtained from the livers of mice 6 d after the
third course of CQ- or AS-ITV, which corresponds to the peak
of CD8" T response (19), were sorted by flow cytometry, and
their purity was determined to be >95% (Supplemental Fig. 1).
These cells were cocultured with primary hepatocytes infected
with luciferase-expressing P. yoelii spz (24), and parasite devel-
opment was quantified as previously described (29). We observed
that addition of 5 X 10° liver CD8" T cells from CQ- or AS-ITV—
treated mice significantly inhibited parasite development (81.2
and 78.5%, respectively) as compared with those from mock-
immunized, untreated mice (Fig. 4A). The observed reduction in
LS parasite development was specific, because inhibition was
proportional to the number of CD8" T cells added to the coin-
cubation assay (Fig. 4B). These data confirm that CD8* T cells
induced by ITV have the ability to affect the development of
Plasmodium-infected hepatocytes (Fig. 4B), although the mecha-
nism of killing remains to be fully elucidated.

CQ- and AS-ITV induce similar patterns of anti—pre-
erythrocytic Abs, but display different reactivity to BS Ags

Abs against malaria parasites have been shown to play a critical
role in the inhibition of hepatocyte invasion by spz, as well as in
BS parasite clearance (7, 19). We next assessed the humoral
responses elicited by CQ-ITV and AS-ITV by analyzing sera from
mice immunized under each of the regimens described earlier.
First, we measured the specificity of these sera against the dom-
inant spz surface Ag CSP, the prevalent BS Ag MSP1, and total
schizont lysate by ELISA using sera obtained from mice subjected
to three courses of CQ-ITV or AS-ITV 9 d after the third immu-
nization. We observed that both CQ-ITV and AS-ITV induced
similar levels of anti-CSP Abs (Fig. 5A). However, only CQ-ITV-
treated mice developed MSP1 reactivity (Fig. 5B). Finally, al-
though CQ-ITV induced high levels of reactivity against a schizont
lysate, AS-ITV induced low but significant reactivity (Fig. 5C),
suggesting that AS-ITV results in the induction of Abs against BS
Ags other than MSP1.

We also determined whether these sera could recognize spz, LS,
and BS of P. yoelii parasites by IFA. IFAs were performed using
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a series of 2-fold titrations of sera obtained from mice treated with
CQ-ITV or AS-ITV. We observed that sera from both CQ-ITV—
and AS-ITV-treated mice recognized spz and LS parasites with
dilutions of up to 1:16,640 = 3,840 and 7,040 = 1,568, respec-
tively (Fig. 5D, left and middle panels). Sera from CQ-ITV-
treated mice also recognized iRBCs with a similar dilution
(1:10,240 = 1,568; Fig. 5D, right panel), whereas sera purified
from AS-ITV—treated mice showed very low reactivity to iRBCs,
consistent with the ELISA results presented earlier. These data
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demonstrate that mice immunized with P. yoelii spz under
CQ coverage develop Abs that can recognize spz, LS, and BS forms
of the malaria parasite, whereas sera from mice under AS-ITV
treatment predominantly recognize spz and LS but display
low reactivity to BS Ags.

Sera from both CQ- and AS-ITV-treated mice inhibits invasion
of hepatocytes by P. yoelii spz in vitro

To determine the functionality of the Ab response induced by
CQ- and AS-ITV, we performed inhibition of spz invasion assays
in vitro. Sera collected from mice immunized with P. yoelii spz
under CQ or AS coverage on day 9 after the third course of ITV
significantly inhibited (p < 0.0001) the invasion of HepG2:CDS81
cells by luciferase-expressing P. yoelii spz (Fig. 6A). Further-
more, sera obtained from AS-ITV-treated mice showed signifi-
cantly higher inhibition efficiency than sera from CQ-ITV mice
(p = 0.024). Sera collected after each course of CQ-ITV inhibited
the invasion of hepatocytes by spz with increasing efficiency
(i.e., 7, 13, and 55% for vaccination doses 1, 2, and 3, respec-
tively; Fig. 6B). Similarly, sera obtained from mice under AS
coverage inhibited spz invasion at 15, 33, and 74% after vacci-
nation doses 1, 2, and 3, respectively. In summary, both CQ-
and AS-ITV elicit Abs that are capable of blocking spz invasion
in vitro, and furthermore, successive vaccinations increase this
functional Ab response.

Adoptive transfer of sera from mice treated with CQ-ITV, but
not with AS-ITV, significantly delayed BS infection in naive
mice challenged with P. yoelii iRBCs

Finally, to determine whether Abs from vaccinated mice could
protect in vivo against spz or iRBC infection, we adoptively
transferred sera from CQ-ITV- and AS-ITV-treated mice to naive
mice. Twenty-four hours after receiving 300 .l donor sera by i.v.
injection (26), mice were challenged with either 10,000 P. yoelii
spz or 20,000 iRBC by i.v. injection. We observed that none of
the mice that received sera from donor mice immunized under
either CQ- or AS-ITV treatment acquired sterile protection against
spz challenge (Fig. 6C). Interestingly, four of five mice (80%)
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dependent manner. (A) Quantification of P. yoelii GFP-luciferase intra-
hepatocytic development in the presence of 500,000 pooled liver CD8*
T cells, isolated from CQ-ITV (CQ), AS-ITV (AS), or mock-immunized,
untreated mice (mock) 6 d after the last dose. The y-axis shows lumines-
cence units. Data correspond to two independent experiments. Significance
was analyzed using two-tailed Student ¢ tests. Error bars represent SEM.
##%kp < 0.001, n.s., not significant. (B) Percent inhibition of P. yoelii
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number of CD8" T cells isolated from CQ- or AS-ITV-treated mice,
calculated as the percentage reduction in luciferase signal compared with
that of the mock-immunized, untreated control.
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that received sera from donor mice from the CQ-ITV treatment only one of five mice (20%) that received sera from AS-ITV-
group showed a 1- to 2-day delay of patency, as compared with treated mice displayed delayed patency after iRBC challenge
control mice upon challenge with iRBCs (Fig. 6D). However, (Fig. 6D).
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Overall, the in vivo experiments described earlier demonstrate
that Abs generated under CQ- or AS-ITV are not sufficient to confer
sterile protection against either an i.v. spz or an i.v. BS challenge in
a passive transfer experiment. Taken together, our data suggest that
the protective immunity induced by CQ- and AS-ITV associates
with the different effects of these drugs during the Plasmodium
life cycle in the mammalian host (Fig.7).

Discussion

After decades of malaria vaccination studies in both animal models
and malaria-naive humans, whole-parasite immunization is by far
the most effective strategy in generating sterile protection, whether
through irr spz, ITV, or GAP (reviewed in Refs. 22, 32). Although
sterile protection can be achieved by immunization with a low
number of bites of malaria-infected mosquitoes under CQ cover-
age, widespread resistance to this drug limits the applicability
of the CQ-ITV approach in malaria control. Artemisinin-based
combination therapies are currently the treatment of choice for
uncomplicated P. falciparum and P. vivax malaria in adults and
children in all endemic areas (33), although there have been
several reports of drug resistance in the same geographic area
where CQ resistance originated in the 1950s, where artemisinin
and its derivatives have been used as a monotherapy for more than
three decades at subtherapeutic doses (34, 35). Like CQ, AS
prevents BS infection by blocking the ability of the parasite to
complete the intraerythrocytic cycle. A major difference between
CQ and AS is that CQ acts mainly on late BS parasites, whereas
AS acts throughout the BSs, including early ring stages (reviewed
in Ref. 15). In this work, we exploited the difference between the
effects of AS and CQ on malaria erythrocytic parasites as a tool to
define correlates of protection.
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We first identified a dose of AS that completely blocks parasite
development before the formation of pathogenic BSs (Fig. 1). By
comparing the immune responses elicited by this AS-ITV strategy
with those induced by CQ-ITV, we were able to characterize liver-
stage immunity in the absence and presence of BS infection, re-
spectively.

Consistent with the fact that neither CQ nor AS affect the pre-
erythrocytic stages of malaria parasites (15), we observed that
although a single course of either CQ- or AS-ITV was insufficient
to induce sterile immunity against challenge with 10,000 wt
P. yoelii spz, three courses resulted in sterile protection of all mice
that lasted for at least 6 mo (Fig. 2, Table I). Our results agree
with a recent study demonstrating that three courses of CQ-ITV
induced long-lasting protective immunity against P. falciparum
in malaria-naive volunteers (36). In contrast, two previous mouse
studies reported that a single course of CQ-ITV is sufficient to
generate 78-100% protection against spz challenge (19, 23). This
apparent contradiction can be explained by the number of spz
used in the challenge phase of each of these studies: Doll et al.
(19), who report 100% sterile protection after a single course of
CQ-ITV, used only 1000 spz for the challenge; Belnoue et al.
(23), who report partial protection, used only 4000 spz; whereas
our study used 10,000 spz. Therefore, these data suggest that the
level of protection observed is inversely correlated to the number
of spz used for the challenge. In addition to this, the level of
protection from a particular immunization regimen has been
shown to depend on the strain of mouse used for experimentation
(22, 37). Therefore, the differences discussed earlier could also be
attributed in part to the use of different mouse strains: whereas
both Belnoue et al. (23) and this study used BALB/c mice, Doll
et al. (19) used C57BL/6 mice.

Sterile protection induced by CQ-ITV in the mouse model has
been shown to depend on immune responses against both pre-
erythrocytic and BS Ags that involve CD8*, CD4* T cells, and
Abs (17, 19, 23). CD8™ T cells have been shown to be required for
protection against malaria LSs (16, 18, 20, 38, 39). In agreement
with this, we observed that repeated exposure of mice to malaria
parasites under either CQ or AS coverage resulted in the induction
of total and malaria-specific liver CD8" Tgys, whereas CD8"* Ty
levels remained low (Fig. 3). Challenge with spz further induced
the levels of CD8" Tgys in CQ- and AS-ITV mice, as well as
slightly increasing CD8" T¢ys in CQ-ITV mice. These data agree
with previous reports suggesting that CD8" Tgy levels correlate
with protection (16, 40), and that passive transfer of CD8" Tgys
into naive mice results in sterile protection against spz challenge
(28).

Previous studies from our group and others have shown that
CD8* T cells induced by whole parasites are capable of killing
Plasmodium-infected hepatocytes in vitro and in vivo (18, 30, 31).
In this study, we determined that ITV-induced liver CD8" T cells
are also capable of interfering with the development of malaria-
infected hepatocytes in vitro (Fig. 4). Several mechanisms have
been implicated in the killing of infected hepatocytes by CD8*
T cells, including the production of proinflammatory cytokines
such as IFN-y and TNF-a, the production of cytotoxic molecules
such as perforin and granzyme, and the clustering of CD8* T cells
around infected hepatocytes (18, 31, 39).

Although the role of CD8" T cells in immunity against whole
parasites is well established, humoral immunity also plays a cru-
cial role in controlling malaria infection (7, 19, 40-42). Thus,
we investigated the Ab response mounted against the predomi-
nant pre-erythrocytic protein, CSP, by mice immunized with wt
P. yoelii spz under CQ and AS coverage. Both CQ-ITV and AS-
ITV induced similar levels of Abs against pre-erythrocytic Abs
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(Fig. 5). Furthermore, whereas both CQ- and AS-ITV induced
functional Abs that were capable of blocking invasion of hepa-
tocytes by P. yoelii spz in vitro, passive transfer of sera from mice
immunized under CQ-ITV or AS-ITV did not have any protective
effect against challenge with wt P. yoelii spz by i.v. injection
(Fig. 6). The difference observed between in vitro and in vivo
assays could be because of the route of challenge used in our ex-
periments, as it was recently shown that challenge by mosquito bite
instead of i.v. not only allows Abs to act against the skin traversal
phase of parasite infection, but also gives them sufficient time to
block hepatocyte invasion (26).

Previous studies using CQ-ITV and late LS arresting GAP
parasites have suggested that cross-stage immunity plays a role in
protection against malaria challenge (19, 20, 23). This immunity
has been attributed to expression of shared Ags by LS and BS
parasites, in addition to exposure to low levels of BS parasites in
the case of CQ-ITV. Similarly to what was recently reported by
Doll et al. (19), we saw that CQ-ITV resulted in sterile protection
against BS challenge in >60% of mice. This protection was
shown to be dependent on the presence of transient BS parasite-
mia after drug withdrawal, because a prolonged treatment that pre-
vented the reoccurrence of these parasites abolished cross-stage
protection (19). In contrast, we observed that a dose of AS that
completely blocks the development of BSs did not result in sterile
protection against BS challenge, although the majority of the AS-
ITV—treated mice displayed a delayed patency, suggesting that
AS-ITV induces some level of cross-stage immunity (Fig. 2). This
could be caused by an immune response to Ags expressed by late
LS parasites (20, 43), or alternatively by transient exposure to BS
Ags expressed by merozoites as they exit the liver and briefly exist
in the circulation before invading RBCs and being cleared by AS.
Similarly to AS-ITV, late-arresting GAPs also result in cross-stage
protection that is likely mediated by exposure to BS Ags during
late LS (20).

Although some reports have suggested that CD8* and CD4*
cells are involved in BS immunity (44, 45), most studies indicate
that Abs are the main mediators of protection (reviewed in Ref.
41). Consistent with the mode of action of CQ on late BS para-
sites, we saw a high level of reactivity of sera from CQ-ITV-
treated mice against BS Ags (including MSP1 and schizont lysate)
and iRBCs (Fig. 5). In addition, passive transfer of Abs from
CQ-ITV—treated mice into naive mice delayed the onset of para-
sitemia after BS challenge. These results suggest that Abs could
contribute to the sterile protection against BS challenge observed
in CQ-ITV mice (Fig. 2). In contrast, sera from AS-ITV-treated
mice did not react against MSP1 (Fig. 5B), although it showed low
levels of reactivity against schizont lysate and iRBCs. Although
this low level of cross-stage Ab response elicited by AS-ITV did
not result in protection against challenge with iRBC, it could
partially explain the delay in patency observed. Further studies are
required to establish whether BS-specific CD8" and CD4" cells
are involved in cross-stage protection in the AS-ITV model, as
well as to determine the identity of shared liver and BS Ags that
may associate with cross-stage immunity.

In summary, we showed that the ability of ITV to induce pro-
tection against LS and BS parasites depends on the stages of the
malaria parasite affected by the drug used to cover the spz infec-
tion (Fig. 7). Furthermore, although both CQ- and AS-ITV induce
cross-stage immune responses against BS, only CQ-ITV results in
sterile protection. This suggests that exposure to a significant load
of BS Ags during immunization is essential to confer sterile
protection. Therefore, although pre-erythrocytic vaccines have
the advantage that they act during a bottleneck in the parasite
life cycle and before the large LS and BS expansions in parasite

numbers, to be fully protective they might need to also elicit
cross-stage protection that is able to block any break-through in-
fection. Thus, vaccines that rely on ITV or on late-LS arresting
parasites and allow expression of LS and BS Ags might constitute
the most efficient means to confer anti-infection and antidisease
immunity.
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