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Although there is good evidence that immunity to the blood stages
of malaria parasites can be mediated by different effector compo-
nents of the adaptive immune system, target antigens for a
principal component, effector CD4* T cells, have never been
defined. We generated CD4* T cell lines to fractions of native
antigens from the blood stages of the rodent parasite, Plasmodium
yoelii, and identified fraction-specific T cells that had a Th1 phe-
notype (producing IL-2, IFN-y, and tumor necrosis factor-a, but not
IL-4, after antigenic stimulation). These T cells could inhibit parasite
growth in recipient severe combined immunodeficient mice. N-
terminal sequencing of the fraction showed identity with hypo-
xanthine guanine xanthine phosphoribosyl transferase (HGXPRT).
Recombinant HGXPRT from the human malaria parasite, Plasmo-
dium falciparum, activated the T cells in vitro, and immunization of
normal mice with recombinant HGXPRT reduced parasite growth
rates in all mice after challenge.

Ithough it is known that immunity to malaria can be

mediated by different immune mechanisms (1-4), to date
only target antigens for antibodies have been defined, and these
targets are either variant or demonstrate allelic polymorphism
(5). CD4™ T cells can adoptively transfer resistance to malaria (3,
6, 7) in rodent models, but target antigens have not been defined.
Of interest, CD4* T cells displaying a Th1 cytokine profile (IL-2-
and IFN-y-secreting) and specific for the major merozoite
surface protein 1 (MSP1ly9) of Plasmodium yoelii (a leading
vaccine candidate homologue) are unable to transfer resistance,
and immunization of mice with defined T cell epitopes from
MSP1,9 did not render the mice resistant (8). Identification of a
target antigen(s) would provide an additional vaccine strategy
for vaccine design. The goal of this study was to define such
target antigens in the rodent model, P. yoelii.

Materials and Methods

Mice. Four- to 6-week-old normal BALB/c, athymic BALB/c
nude, and BALB/c severe combined immunodeficient (SCID)
mice were used when 6—8 weeks old.

Parasites and Parasitemia. P. yoelii 17XNL was maintained by
passaging between infected and uninfected mice via the i.p.
route. A thin blood smear was air-dried and stained using
Diff-Quick (Lab Aids, Narrabeen, Australia).

Preparation of Parasite Antigens. Preparation of whole parasite antigen
(pRBC). Parasitized red blood cells (pRBC) in PBS were lysed by
incubation in erythrocyte lysis buffer (0.17 M Tris-hydroxy-
methyl aminomethane/0.16 M ammonium chloride; pH 7.2) at
37°C for 10 min. The parasites were then freeze—thawed at least
three times, sonicated at 4°C to break up the parasites, aliquoted,
and stored at —70°C to be used for in vitro cell cultures.
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Preparation of soluble parasite antigen (sAg). RBCs were lysed by
incubation of the blood in 0.01% saponin/PBS at 37°C for 20 min
in the presence of protease inhibitors (Sigma). The blood was
then given another wash in saponin/PBS buffer before the
pRBCs were sonicated in cold PBS at 4°C.

After sonication, the lysate was centrifuged at 100,000 X g for
30 min at 4°C. The supernatant was then collected and dialyzed
against three changes of PBS at 4°C. The protein concentration
was determined by bicinchoninic acid assay (Pierce) and the sAg
was stored at —70°C until use.

Generation of T Cell Lines in Vitro. Mice were immunized s.c. at the
hind footpads with 50 ul of antigen emulsified in complete
Freund’s adjuvant (CFA) (Sigma). Inguinal and popliteal lymph
nodes were collected 7-10 days later, and lines were then
produced as described (7).

Lymphocyte Proliferation Assay. T cells taken after rest phase were
mixed with irradiated syngeneic splenocytes (1:3) and cultured at
2 X 10° cells per ml for 4 days in 96-flat-well microtiter plates in
a humidified incubator containing 5% CO; at 37°C. Cells were
in triplicate or quadruplicate wells in medium only (negative
control), tuberculin purified protein derivative (PPD) (CSL,
Parkville, Australia), or Con A (Sigma) as positive controls or
with test antigen, for the assessment of proliferation and/or
cytokine secreted into culture supernatants at 24, 48, or 72 h.
Proliferation was measured by pulsing with 0.25 uCi (1 Ci =
37 GBq) per well [*H]thymidine (Amersham Pharmacia Bio-
tech), harvesting onto glass fiber mats, and scintillation counting.

Adoptive Transfer and Infection-Cure Regimens. T cells harvested at
resting phase were purified over Ficoll/Hypaque (Pharmacia),
washed, and resuspended in PBS, and 200 wl was transfused i.v.
into each mouse. Twenty-four hours after transfusion, the T cells
were expanded in vivo by an iv. infection of 10° pRBC per
mouse. Two days later the mice were treated i.p. with pyri-
methamine (0.2 mg/0.2 ml PBS per mouse per day) for 3 days.
This cycle of infection-cure regimen was repeated before mice
were given an i.v. challenge infection (10° pRBC per mouse).
There were 3-week intervals between reinfections.

Cytokine ELISA. Supernatants from cell cultures were collected.
IL-4 and IFN-y— were measured by ELISA (9), using mAb
clones BVD4-1D11 (5 pg/ml) and R4-6A2 (2 pg/ml) (Phar-
Mingen), respectively.

Abbreviations: HGXPRT, hypoxanthine guanine xanthine phosphoribosyl transferase; IEF,
isoelectric focusing; OVA, ovalbumin; pRBC, parasitized RBC; SCID, severe combined im-
munodeficient.
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Fig. 1. (A) Specificity of T cell lines by proliferative response. Final concen-
trations of 100 ug/ml OVA, 500 ug/mlsoluble parasite antigen (sAg), 2.5 X 10°
pRBC per ml, and 5 ug/ml Con A were used. The data are mean com *+ SD of
triplicate wells. The background cpm for F-, J-, pRBC-, E-, and OVA-specific T
cell lines were 2,630 + 51, 560 + 83, 2,573 = 325, 3,330 + 403, and 274 * 46,
respectively. (B) Immunophenotypic and cytokine characterization of para-
site-specific and OVA T cell lines. For each cell line, the percentage of cells
or cytokine concentration is a representative result of cells or supernatant
harvested from two 24-well culture plates in two or three independent
experiments.
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Fig. 2. Parasitemia levels of BALB/c SCID mice after adoptive transfer of T
cells and challenge infection. The mice (five mice per group) were transfused
with 5 X 10° antigen-specific T cells. One day later the mice were subjected to
two cycles of an infection-cure regimen before an i.v. challenge infection with
10> pRBC. 1, death.

Intracellular Cytokine Staining. Viable rested T cells were stimu-
lated at 37°C for 6 h, with 40 ng/ml phorbol 12-myristate
13-acetate (PMA) (Sigma) and 2 puM calcium-ionophore
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Fig. 3. Resolution of proteins in the F pool of fractions on SDS/PAGE, after
narrow-range IEF. Preparative SDS/PAGE gradient gel (6-18%) was stained
with Coomassie blue to indicate single-band proteins nominated for excision
and assessment of protective efficacy. The arrows indicate the position of the
17 bands. The relative molecular masses of standard marker proteins (std) are
indicated on the left.
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Fig. 4.

Parasitemia levels in BALB/c SCID mice showing evaluation of protective efficacy of individual protein bands by using two independent assays, A and

B. In A, the mice (three mice per group) were adoptively transfused with single-band-specific T cells (5 X 108 per mouse) expanded in vitro with the F pool of
protein fraction antigens. The cells were expanded in vivo 24 h after transfer by two cycles of an infection-drug-cure regimen, as described in Materials and
Methods, before the mice were challenged i.v. with parasitized erythrocytes (10°> pRBC per mouse). In B, SCID mice (three or four mice per group) were transfused
with F-antigen specific T cells (108 per mouse), immunized twice with single-band proteins in complete Freund'’s adjuvant (CFA)/incomplete Freund's adjuvant
(IFA) (total of 5 ug per mouse), and subjected to two cycles of an infection-cure regimen. All mice were then challenged i.v. with parasitized erythrocytes (105

pPRBC per mouse). t, death.

(Sigma) in the presence of monensin (GolgiStop, PharMingen).
Cells were washed twice and stained with a 1:50 FITC-
conjugated rat anti-mouse CD4 mAbs (Caltag, Burlingame,
CA). Cells were washed, resuspended, and fixed in 4% ice-cold
paraformaldehyde for 30 min. After two washes the cells were
further fixed and permeabilized by incubation in cytofix/
cytoperm (PharMingen) for 20-30 min at 4°C. Cells were washed
twice in permeabilization buffer and resuspended at 2 X 107 cells

2630 | www.pnas.org/cgi/doi/10.1073/pnas.0337629100

per ml of cytofix/cytoperm, and 10° cells were dispensed into
fluorescence-activated cell sorting (FACS) tubes. Cells were
stained for 30 min at 4°C in the dark for IL-2, IFN-vy, tumor
necrosis factor (TNF)-«, and IL-4 by using a 1:50 phycoerythrin-
conjugated rat anti-mouse IL-2, IFN-y, TNF-«, and IL-4 mAbs
(PharMingen), respectively, washed, and analyzed by FACS.
Fluorescence was analyzed using a FACSCalibur flow cytom-
eter (Becton Dickinson) equipped with CELLQUEST software.
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P. yoelii sequence 1 19
P. berghei HGXPRT L D] D E| ¢ [0] s[F]v 7[Flo kN Y[R T[TENGLET] %0
P. falciparum HGXPRT 1 Dpjn|G Y DL DIs|FlmT Pla|H ¥k k v{LIT|K V] |]v PN GV I 50
Human HGXPRT 1 DE|r|G¥ DL DI |Flc|l PN[H ¥4 E D|L|E|R ¥|F|T P HGL 1| 2
Mousec HGXPRT 1 DE|r|G¥ DL Dl |Flc|l PIN[H¥|s ED|L|E[R V|[F[T P HGL 1| 42
P. yoelii sequence 0 19
P. berghei HGXPRT 5 rHLUECLLKGsr s{FF 7| s[L L x[¥ 1]D R §v v v 1 A D 100
P. falciparum HGXPRT 31 "HI|LEeL LK SRf'I’B‘TALLKFLSR\I“'S-\\Llw
Human HGXPRT a VALEVLEGG v k] FF AlolL L ol¥ 1]k 4 . . -.RNs§ ¥
Mouse HGXPRT s vaLevLEGo v | FF alolL o]y 1|« 4 . ..RNS ®
P. yoelii sequence 0 2 19
P. berghei HGXPRT 101 AS[TIN s Y REH[YVEVY T R[T]e[TV]s -EPLC Sk [CRNVETVEBTTHT] 1
P. falciparum HGXPRT W MsKPLFGEHYVRVEKSYCNDOQSTG|T|L|E|t v|s - JEPLSCLIKIGKHYLIVEDI1DT| 14
Human HGXPRT Nnn11MT\nFlRLKBVCNDQSTGnIKVIu'u'DnLs-rI.'rGKN\'LIVI:I)III)T139
Mouse HGXPRT 9‘]111!!1T’M'[\rI’!FIRLKBVCNOQSTGHLK\'li}i.iDnLSTLTGKN\"LI\leIID"I'139
F. yoelii sequence 2 19
P. berghei HGXPRT 150 NT )]s k Fon v[T BK FIE[FR|T[T]A[V S A E]v[T RET F]. w [CF K|a T s[V Fu f[FT 199
P. falciparum HGXPRT 10 |GRTL|VvEFCEY|LKKF[E T|RIT|V[alt AcL|Fft KRT Pl wi[GF KlAIDFVGF|s|I PBHFVV| 19
Human HGXPRT 4 [GKTMoT L L SL|VRQY|N M{¥[k|V A SLlIL|[VERTPIr s VIGYK[F(DF VGF|E|T P DK FV V8
Mouse HGXPRT o [GKTMloT 11 s1|vEKQY|s M¥[k[VASL|[VKERT[Ern s v[Gy R|P[DF VGF|e|I P DK FV V| s
P. yoelii sequence o 19

P. berghei HGXPRT 200 C G N[FRDLNHAYVC TS E|r 1k T[FlM o s 5 s

P. falciparum HGXPRT 0 |G sLDYNtllRBL@BCIVD}?G an:lrrl-mrm

Human HGXPRT W |GY ALDYNE|VIFRDLNHVCyI SE|[T|GK|[s|KY KA 218

Mouse HGXPRT W [GYALDYNE|VIFRDLNHVCVI E[T|GK|[s|K Y K A 218

Fig. 5.
substitutions.

Analysis of Cell Surface Phenotypes. Cells were stained for surface
expression of the following molecules: CD3, CD4, CDS, CD19,
NKI1.1, TCR «/B, and TCR v/3, as described (10).

Immunization and Challenge Infections. Groups of three to five mice
were immunized s.c. on the hind footpad with antigen emulsified
in complete Freund’s adjuvant (CFA) (Sigma). At 4 and 6 weeks,
booster immunizations were given s.c. on the abdomen and i.p.,
respectively, by using same amount of antigen emulsified in
incomplete Freund’s adjuvant (IFA) (Sigma). PBS mixed with
adjuvant was used as control antigen. Ten days after the last
booster the mice were challenged iv. with P. yoelii 17XNL
parasitized RBC.

Serum Analysis by ELISA for Parasite-Specific Antibodies. This was
performed as described (10).

Preparative Isoelectric Focusing (IEF) for Fractionation of Soluble
Parasite Proteins. Preparative wide-range (pH 3.5-10.0) and
narrow-range (pH 5.3-6.0) IEF was performed on a Multiphor
II electrophoresis unit (Amersham Pharmacia Biotech) as de-
scribed (11).

SDS/PAGE. A standard method described by Laemmli (12) was
used with few modifications. Protean II gel slab (Bio-Rad) was
cast using acrylamide:bis-acrylamide (29:1).

After loading, the gel was electrophoresed at constant voltage
(60 V) for ~1 h and 30 min. The proteins were then visualized
by staining with Coomassie brilliant blue R-250 (Sigma) or silver
stain by the method of Rabilloud et al. (13).

Passive Elution of Proteins from SDS/PAGE Gels. Coomassie-stained
gels were washed in water for 30 min. Protein bands were excised
from the gel with a sterile scalpel and the proteins were eluted
overnight at 37°C with extraction buffer (100 mM sodium
acetate/0.1% SDS/10 mM DTT). The supernatants were col-
lected and analyzed by SDS/PAGE to confirm purity and
subsequently transferred onto a poly(vinylidene difluoride)
(PVDF) membrane.

Makobongo et al.

Alignment of HGXPRT sequences from Plasmodia, humans, and mice. Dark gray shading indicates identities; light shading indicates conservative

PVDF-Membrane Electroblotting and N-Terminal Sequencing. Pro-
teins were separated on SDS/PAGE and blotted onto a PVDF
membrane by using Multiphor II electrophoresis unit. The band
of interest excised was sequenced by the Edman degradation
method (14).

Statistical Analysis. The significance of differences was deter-
mined using Student’s ¢ test.

Results

We made a soluble preparation of P. yoelii pRBC that was
fractionated by IEF into 12 pools (A-L) that were then emul-
sified in CFA and used to immunize mice. Lymph nodes were
taken 8 days later and polyclonal T cell lines were produced.
Lines were successfully established for the E, F, and J fractions.
The lines demonstrated antigenic specificity (Fig. 14) and
expressed CD3, CD4, and af8 T cell receptors and produced
cytokines (IL-2, IFN-y, and tumor necrosis factor-a, but not
IL-4; Fig. 1B). The lines were given to athymic nude BALB/c
mice that were challenged with parasites. One line (F), which
demonstrated the most potent antiparasite activity, was chosen
for further investigation. However, recipients of F-specific T cells
died (at low parasitemia) after challenge, as did the recipients of
the other lines. T cell-mediated immune pathology can be a
common feature of rodent malaria infections (7, 15).

The testing procedure was thus modified to allow the cells to
mature for longer periods of time in the host before final
challenge. There is evidence that the natural immune response
to malaria parasites does vary over time, and this is associated
with reduced pathology (16-19). T cells were given to BALB/c
SCID mice (deficient in both T and B cells) that were then
exposed to two infectious episodes, each curtailed by antimalaria
chemotherapy 2 days after challenge with 3-week interval be-
tween infections. SCID mice were chosen so that any protection
could be attributed to the transferred T cells. Control mice
received T cells generated to whole parasites (pRBC) or, as
negative controls, either no T cells or T cells specific for an
irrelevant antigen, ovalbumin (OVA), and demonstrating the
same phenotypic characteristics (CD4*, Thl). After the two
infectious episodes, all mice then received a final challenge not
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Fig. 6. (A) Determination of specificity of lymphocytes primed in vivo with
polypeptide P1 (upper band of protective doublet band 16) by proliferative
assay. Normal BALB/c mice were immunized with P1. Proliferative responses
of P1-primed lymph node cells to culture stimulation with P1, P2 (lower band
of protective doublet) recombinant pfHGXPRT, an unrelated band (A), and P.
yoelii pPRBC were examined ex vivo. Purified protein derivative (PPD) and Con
A were used as positive controls. Based on N-terminal sequencing, both bands
(P1 and P2) appear to be HGXPRT. The data are mean cpm = SD of triplicate
wells. The background cpm was 2,551 + 396. (B) Parasitemia levels in BALB/c
mice immunized with recombinant pfHGXPRT after challenge infection with
P. yoelii 177XNL. Mice immunized with OVA and PBS are included as controls.
The mice (five mice per group) were administered three successive vaccina-
tions with antigen in Freund’s adjuvants following a standard schedule de-
scribed in Materials and Methods. All mice were challenged i.v. with 10° pRBC
parasites 10 days after final booster vaccination. t, death.

curtailed by chemotherapy. Control mice succumbed to chal-
lenge. However, two of five mice that had received the F-specific
T cells survived, and all recipients demonstrated significantly
lower parasite densities throughout the infection (Fig. 2). Sera
from surviving mice contained no parasite-specific antibodies
(data not shown).

To identify the antigenic specificity or specificities of the
protective T cells, fraction F and adjacent fractions of similar pI

2632 | www.pnas.org/cgi/doi/10.1073/pnas.0337629100

were fractionated by narrow-range IEF (pH 5.3-6.0) and pro-
teins were separated by size on SDS/PAGE. Seventeen bands
were selected for further study (Fig. 3). Two methods were
followed. In the first approach (A), new T cell lines were made
by immunizing naive mice with individual bands and then
expanding the cells in vitro with fraction F. These new T cell lines
were then tested in vifro and in vivo (as above). In the second
approach (B), T cells specific for the fraction F were given to
SCID mice that were then immunized with individual bands.
Mice were then challenged with a live infection. The results of
both approaches are given in Fig. 4, showing that T cells specific
for the doublet band 16 were able to slow parasite growth in all
animals and to completely protect 100% and 50% of mice in
approaches A and B, respectively. Band 16-specific T cells
demonstrated a Thl profile (data not shown). Of all of the T
cells, those specific for band 16 showed the most pronounced
effect. In Fig. 44 the mean peak parasitemia of mice that
received band 16-specific T cells was 10.3%. For all other bands
the mean peak parasitemia varied from 29% to 93.7% (average
69%). In experiment B the mean peak parasitemia for recipients
of F-specific T cells that were expanded in vivo by band 16 was
2.2%. For this experiment the mean peak parasitemia for the
other bands ranged from 0.6% to 86.6% (average 22%). In
approach B, however, 2 or 4 mice survived compared to the total
of 3 of 64 mice that survived in all of the other bands combined.

The doublet bands (Fig. 3, band 16) were then sequenced using
Edman degradation, yielding MKIPNNPGAGELGYEPVMI
and MKIPN, known to be the N-terminal sequence of the purine
salvage enzyme, HGXPRT, from the closely related parasite
Plasmodium berghei (Fig. 5). The sequence for HGXPRT from
P. yoelii is not present in the database. Recombinant P. berghei
or P. yoelii HGXPRT was not available, but Plasmodium falci-
parum HGXPRT (pfHGXPRT) was available (20) and could
stimulate protective band-specific T cells (Fig. 64).

Normal BALB/c mice were immunized with recombinant
pfHGXPRT and challenged with a live P. yoelii infection (Fig.
6B). Control mice were immunized with OVA or with PBS. On
day 8 after challenge, the mean parasitemia of immunized mice
was 3.6%, compared with 43.2% in OVA-immunized mice (P <
0.0001) and 47.8% in PBS-immunized mice (P < 0.001). Two of
five HGXPRT-immunized mice were able to completely resolve
their infection. There was no difference in the parasitemia of
OVA-immunized and PBS-immunized mice (P = 0.545).

Discussion

This study identifies HGXPRT as a target antigen of protective
CD4* T cells. The efficacy of the T cells is independent of
antibody, as shown by the ability of T cells to transfer resistance
into SCID mice. Precisely how parasite-specific CD4* T cells
control parasite growth is unknown, but many studies have
shown that such T cells (of unknown specificity) can control
parasite growth (3, 6, 7), and many have suggested that inflam-
matory mediators downstream of IFN-y and tumor necrosis
factor-q, such as nitric oxide (6, 21, 22) and oxygen radicals (23,
24), are critical. We have shown that humans can be immunized
by exposure to ultra-low doses of P. falciparum pRBC (25),
correlating with induction of a parasite-specific Thl T cell
response and up-regulation of nitric oxide synthase, but lack of
any measurable antibody response. The activation of the cells is
specific but the effector function may be nonspecific. A side
effect of the activation of parasite-specific T cells may be
immunopathology (15), which might explain why not all vacci-
nated or T cell-transfused recipients survive, even though the
parasite densities are significantly reduced in all mice. A vaccine
aimed at inducing cell-mediated immunity may benefit greatly by
combination with an antidisease vaccine (26).

We previously investigated whether T cells specific for the
merozoite surface protein fragment, MSP1,9, could protect mice

Makobongo et al.



(8). The results were uniformly negative, despite the fact that
MSP1,9 is capable of inducing a high degree of protection.
Curiously, the nonprotective MSP1o-specific T cells exhibited
the same phenotypic characteristics (CD4 ", Th1) as the protec-
tive HGXPRT-specific T cells in this study. More recently, we
have identified epitopes on the MSP13; fragment that could
induce T cells capable of delaying the growth of parasites after
adoptive transfer. However, recipients eventually died at high
parasitemia (27). Because T cells recognize antigen only after
it is processed, it is unexplained why T cells of one specificity
can protect, whereas those of a different specificity can not.
HGXPRT is found in electron-dense regions within merozoites
and in vesicles within the cytoplasm of the infected red cell (28).
It is possible that antigen accumulates and that abundance is a
critical factor.

Because HGXPRT is highly conserved, it is curious that
natural immunity does not develop more quickly (29). It is
possible such T cells are nevertheless contributing to immunity.
Minor differences in HGXPRT may alter the T cell response to
the protein. It is also worth noting that parasite infection is
known to lead to apoptosis of human mononuclear cells (30) and
of parasite-specific CD4* T cells in vivo in rodent systems (31,
32). A further possibility is that HGXPRT liberated from pRBC
cytoplasm into the plasma at the time of pRBC rupture may
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