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cells mediate protection against murine malaria
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Natural killer T (NKT) cells are a unique population of lympho-
cytes that coexpress a semiinvariant T cell and natural killer cell
receptors, which are particularly abundant in the liver. To
investigate the possible effect of these cells on the development
of the liver stages of malaria parasites, a glycolipid, a-galacto-
sylceramide (a-GalCer), known to selectively activate Va14 NKT
cells in the context of CD1d molecules, was administered to
sporozoite-inoculated mice. The administration of «-GalCer re-
sulted in rapid, strong antimalaria activity, inhibiting the devel-
opment of the intrahepatocytic stages of the rodent malaria
parasites Plasmodium yoelii and Plasmodium berghei. The anti-
malaria activity mediated by a-GalCer is stage-specific, since the
course of blood-stage-induced infection was not inhibited by
administration of this glycolipid. Furthermore, it was deter-
mined that IFN-y is essential for the antimalaria activity medi-
ated by the glycolipid. Taken together, our results provide the
clear evidence that NKT cells can mediate protection against an
intracellular microbial infection.

atural killer T cells (NKT cells) are a unique subset of

lymphocytes that express markers of NK cells and a semi-
invariant T cell receptor (TCR) (1-3). In mice, NKT cells express
the NK cell marker NK1.1 and a TCR with an invariant Va chain,
encoded by the Val4 and Ja281 gene segments, in association
with a highly skewed set of VB chains, most frequently V8.2 (4).
The TCR of NKT cells recognizes the MHC class I-like molecule
CD1d (5-8). NKT cells have been implicated in the rejection of
bone marrow allografts (9) and in the control of the development
of autoimmune diseases (10-12).

A limited number of studies have suggested a role for NKT
cells in the immune response to infectious agents. In Mycobac-
teria infection, one study has recently shown that NKT cells
contribute to the granulomatous reaction caused by mycobac-
terial cell walls (13). Another study has shown that this infection
increases the density of CD4* NKT cells in the liver and shifts
their cytokine production from IL-4 to IFN-vy (14). In MHC class
II-deficient mice, CD4* NKT cells (a subset of NKT cells)
appear to regulate the development of cell-mediated immunity
to Toxoplasma gondii infection (15). After Listeria infection,
NKT cells have been implicated in recruiting monocytes to the
sites of infection by rapidly secreting IL-4 (16). However, a
recent study demonstrated that in vivo treatment of mice with
anti-CD1 monoclonal antibody decreases the lethality of Listeria
infection in mice, suggesting a pathogenic role mediated by NKT
cells (17).

NKT cells were also shown to play a role in the initiation of
certain antitumor responses (18). A glycolipid, a-galactosylcer-
amide (a-GalCer, KRN7000), a natural product isolated from
marine sponges, displays a profound antitumor activity in mice
(19), and was shown to bind to CD1d by surface plasmon
resonance studies (20, 21). In the context of CD1d molecules,
a-GalCer activates murine Val4-expressing NKT cells in vitro

and in vivo (22, 23), causing inhibition of the development of
hepatic metastasis of melanomas (24).

In the liver of normal mice, 20-30% of their lymphoid cells
consist of NKT cells (1-3). Because malaria parasites in their
infective stage, namely sporozoites, rapidly invade, differentiate,
and multiply within hepatocytes, after being introduced into
mammalian hosts by mosquito bite, we decided to determine the
possible role of NKT cells in the development of these liver
stages of these parasites. Protective antimalaria immunity in
mice has been shown to be mediated not only by antibodies but
also by various populations of T cells, including CD8", CD4*,
and yd T cells, all shown to inhibit the development of the
parasite’s liver stages (25-27). In addition, NK cells were recently
shown to be capable of mediating sporozoite-induced immunity
(28). However, the potential role played by NKT cells, one of
the major T cell populations of the liver, targeted against the
intrahepatocytic development of malaria parasites, has up to
now remained unknown and is the subject of the current
communication.

Materials and Methods

Parasites and Their Use for Challenge. Plasmodium berghei (NK65
strain) and Plasmodium yoelii (17X NL strain) sporozoites and
blood forms were obtained as previously described (26). For
sporozoite and blood form challenge, 75 P. yoelii or 5 X 103 P.
berghei sporozoites and 1 X 103 P. yoelii or P. berghei-infected red
blood cells, respectively, were injected intravenously into the tail
vein of the mice. Parasitemia was determined by microscopic
examination of Giemsa-stained daily thin blood smears, from
days 3 to 14 after the challenge. Complete protection was defined
as the absence of parasitemia.

Mice. Six- to 8-week-old BALB/c, C57BL/6, and 129 /sv wild-
type and mutant mice deficient in IL-12, perforin, tumor
necrosis factor (TNF)-a, IFN-vy, IFN-y receptor, and Fas
ligand were obtained from The Jackson Laboratory. We
established Val4 NKT-deficient mice by specific deletion of
the Ja281 gene segment with homologous recombination and
aggregation chimera techniques (18). Val4/VB8.2 NKT-
transgenic mice on a RAG1—/— C57BL/6 background, which
overexpress Val4/VB8.2 NKT cells but do not have NK, T,
and B cells, were generated by mating RAG1—/—/VB8.2tg
mice and RAG1—/—/Valdtg mice as previously described
(22). CD1-deficient mice were generated from embryonic stem
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Fig.1. Administration of a-GalCer to mice inhibits the development of P. yoelii
liver stages. (A) BALB/c and C57BL/6 mice were injected i.p. with different doses
(10 ng, 100 ng, or 1 ug) of a-GalCer in 0.025% polysorbate-20, control vehicle
(0.025% polysorbate-20 in PBS), or PBS. Two days later the mice were challenged
i.v.with 1 X 105 P. yoelii sporozoites, and after 42 h their livers were removed and
their rRNA was measured by semiquantitative competitive RT-PCR (30). (B) A
single dose of 1 ug of a-GalCer was administered to five mice between 5 days
before (—5) and 1 day after (+1) sporozoite challenge. The parasite burden in the
liver was measured, as in A. The results represent one of two similar experiments
expressed as the mean = SD of five mice.

cells of 129 origin and used after seven or eight backcrosses to
BALB/cor C57BL/6 (6). In all cases, +/+ or +/— littermates
were used as controls.
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Fig.2. The antimalaria activity of a-GalCer requires CD1d-positive Va14 NKT
cells. Five CD1-deficient and wild-type (WT) mice on BALB/c and C57BL/6
background (A) and Va14 NKT-deficient mice (Ja281—/—) or WT mice of these
strains (B) were injected i.p. with 1 ug of a-GalCer. Two days later the mice
were challenged with P. yoelii sporozoites, and their parasite burden in the
liver was assessed as in Fig. 1. The results represent one of two similar
experiments expressed as mean values + SD.

Chemicals. a-GalCer [(25,3S,4R)-1-O-(a-D-galactopyranosyl)-/N-
hexacosyl-2-amino-1,3,4-octadecanetriol] was synthesized by Ki-
rin Brewery (Gunma, Japan). The original solution was dissolved
with 0.5% polysorbate-20 (Nikko Chemical, Tokyo) in 0.9%
NaCl solution and diluted with the vehicle (0.5% polysorbate-20
in 0.9% NaCl solution) just before use.

Table 1. Administration of «a-GalCer to mice protects them against sporozoite-induced but not blood

form-induced P. yoelii or P. berghei infection

Parasite stage Parasite species Mouse strain

No. of mice
protected/no.
of challenged

Percentage
protection

Injected with (no parasitemia)

Sporozoites P. yoelii C57BL/6
BALB/c

P. berghei C57BL/6

Blood forms P. yoelii C57BL/6
BALB/c

P. berghei C57BL/6

a-GalCer 14/15 93
Vehicle 0/10 0
— 0/15 0
a-GalCer 13/15 87
Vehicle 0/10 0
— 0/15 0
a-GalCer 9/10 90
Vehicle 0/5 0
— 0/10 0
a-GalCer 0/10 0
— 0/10 0
a-GalCer 0/10 0
— 0/10 0
a-GalCer 0/10 0
— 0/10 0
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Table 2. Administration of a-GalCer to CD1d-deficient mice fails
to protect them against sporozoite-induced P. yoelii
malaria infection

No. of mice Percentage
protected/no. of protection
Mice Injected with challenged (no parasitemia)
C57BL/6
cD1—/— a-GalCer 0/6 0
— 0/5 0
CD1+/- a-GalCer 5/5 100
— 0/4 0
CD1+/+ a-GalCer 5/5 100
— 0/5 0
BALB/c
cD1—-/—- a-GalCer 0/6 0
— 0/5 0
CD1+/+ a-GalCer 4/4 100
— 0/4 0
Results

a-GalCer Administration Results in Inhibition of Development of Liver
Stages of Murine Malaria. Because a-GalCer-activated NKT cells
rapidly produce large amounts of IFN-+y, which is known to inhibit
intrahepatocytic development of malaria parasites (29), we assessed
the antimalaria activity elicited by the administration of this glyco-
lipid to mice. BALB/c and C57BL/6 mice were injected intraperi-
toneally with a single dose of a-GalCer, which ranged from 10 ng
to 1 ug. Two days later these mice were challenged with 10° P. yoelii
sporozoites, and 42 h after the challenge, the liver was removed
from these mice and the amount of parasite-specific rRNA was
measured by a semiquantitative competitive reverse transcriptase-
PCR (RT-PCR) assay (30).

Administration of a single dose of 1 ug of a-GalCer exerted
a strong antiparasite effect, in both strains of mice, inhibiting
almost completely the parasite-specific rRNA, compared with
controls (Fig. 14). This antimalaria activity was also assessed by
another outcome, namely parasitemia. Mice treated with «a-
GalCer developed complete protection, failing to develop par-
asitemia upon challenge with 75 P. yoelii sporozoites (Table 1).

However, when mice were challenged with 1,000 P. yoelii- or
P. berghei-infected red blood cells, all of the a-GalCer-treated
mice failed to become protected and developed parasitemia

(Table 1). Thus the antimalaria activity of a-GalCer adminis-
tration is stage specific, affecting only the preerythrocytic de-
velopmental stages of malaria parasites.

The optimal timing of the administration of a-GalCer for its
antiplasmodial effect was determined by injecting a single i.p.
dose of 1 ug of a-GalCer at different times, from 5 days before
to 1 day after sporozoite challenge. As shown in Fig. 1B, the
maximal antimalaria effect was displayed when a-GalCer was
administered 1 or 2 days before sporozoite challenge.

Antimalaria Activity of a-GalCer Requires CD1 and NKT Cells. To
ascertain whether CD1d molecules are required for the anti-
parasitic activity of a-GalCer, this glycolipid was injected into
CD1d-deficient BALB/c and C57BL/6 mice, which lack CD1d-
restricted NKT cells (6, 8). The antiparasitic activity of a-GalCer
required the presence of CD1d-restricted NKT cells. Adminis-
tration of this glycolipid to CD1d-deficient mice of either strain
failed entirely to protect them against malaria. This was con-
firmed by the RT-PCR assay, by measuring plasmodial rRNA
(Fig. 24), and by monitoring parasitemia (Table 2). Further
direct evidence of the involvement of Val4NKT cells in the
a-GalCer-mediated antimalaria activity was obtained by admin-
istering this glycolipid to mice with a deletion of their Ja281 gene
segment (Ja281—/—) (16). This resulted in the complete failure
of a-GalCer administration to protect NKT-deficient BALB/c
or C57BL6 mice from sporozoite-induced malaria (Fig. 2B).
These results were corroborated by a-GalCer administration to
TCRa-deficient mice, which failed to become protected (data
not shown).

Antimalaria Activity Mediated by a-GalCer Administration Does Not
Require IL-12 or NK Cells. To determine whether IL-12 contributes
to the antiplasmodial activity of a-GalCer-activated NKT cells,
this glycolipid was administered to IL-12-deficient mice that
lacked the p40 subunit of IL-12 (31). We found that the
NKT-mediated antiplasmodial activity of a-GalCer does not
require IL-12, inasmuch as this glycolipid inhibited liver stage
development in IL-12-deficient mice, as determined by RT-PCR
(Fig. 34). The minimal dose of a-GalCer required to inhibit
more than 90% of the malaria parasite burden in the liver was
almost the same in IL-12-deficient and wild-type mice (Fig. 34).
This was corroborated by monitoring parasitemia after injection
of 75 P. yoelii sporozoites into a-GalCer-treated or untreated
IL-12-deficient and wild-type mice. As shown in Table 3, a-
GalCer treatment prevented patency (the appearance of blood
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Fig. 3.

The antimalaria activity of a-GalCer does not require IL-12 or NK cells, whereas IL-12 displays its antimalaria activity in CD1—/— mice. (A) Five

IL-12-deficient (IL-12p40—/—) and WT mice on a BALB/c background were injected i.p. with a single dose (10 ng, 100 ng, or 1 pg) of a-GalCer in 0.025%
polysorbate-20 or PBS. (B) Va14/VB8.2 transgenic mice on a RAG-1—/— C57BL/6 background (RAG—/—Va14Vp8.2tg) and WT controls were injected i.p. with
1 ug of a-GalCer. (C) Five CD1-deficient and WT mice on the C57BL/6 background were injected i.p. with 0.3 ug of rIL-12. Two days (A and B) or one day (C) later,
the mice were challenged with 1 X 10° P. yoelii sporozoites, and the parasite burden in the liver was assessed as in the legend of Fig. 1. The results represent

one of two similar experiments.
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Table 3. Administration of a-GalCer to IL-12-deficient mice
protects them against sporozoite-induced P. yoelii
malaria infection

No. of mice Percentage
protected/no. of protection
Mice Injected with challenged (no parasitemia)
BALB/c
IL-12p40—/— a-GalCer 6/6 100
— 0/6 0
IL-12p40+/+ a-GalCer 6/6 100
— 0/6 0

stages of the malaria parasites) in IL-12-deficient as well as in
wild-type mice, documenting that a-GalCer can elicit “complete
protection” against malaria, in the absence of IL-12.

To exclude the possibility that NK cells might be essential to
the antimalaria activity of «-GalCer, we administered this
glycolipid to transgenic mice that overexpressed Val4 NKT cells
on a RAG1—/— background, with no NK, T, or B cells (22). In
these transgenic Val4 NKT mice, a-GalCer inhibited the de-
velopment of liver stages to the same extent as in wild-type mice
(Fig. 3B).

IL-12-Mediated Inhibition of Liver Stages Occurs in CD1-Deficient
Mice. The administration of recombinant IL-12 resulted in
inhibition of the development of liver stages in CD1-deficient, as
well as in wild-type, mice (Fig. 3C). This indicates that the
antimalaria activity of IL-12 is independent of CD1 and NKT
cells and is likely to be mediated by other mechanisms.

>

Antimalaria Activity of a-GalCer Is Primarily Mediated by IFN-y. To
determine the potential effector molecules that mediate the
antiparasite activity of a-GalCer, we injected this glycolipid into
knock-out mice lacking IFN-vy, IFN-vy receptor, TNF-«, Fas/Fas
ligand, or perforin. This was followed 2 days later by sporozoite
challenge. a-GalCer was unable to inhibit parasite development
in the liver of mice lacking IFN-vy or the IFN-vy receptor (Fig.
44). However, none of the other molecules tested, Fas/Fas
ligand, perforin, or TNF-«, appeared to be required for the
inhibitory effect of a-GalCer on plasmodial liver stages (Fig.
4B). Therefore IFN-y appears to be a major mediator of the in
vivo antiplasmodial activity of a-GalCer.

Comparison of the Number of IFN-y-Secreting Cells of Va14 NKT-
Deficient and IL-12-Deficient Mice Treated with «-GalCer. Because
IFN-y appeared to be a major mediator of the antimalaria
activity elicited by NKT cells, we determined the capacity of
lymphoid cells in the liver of Val4 NKT-deficient a-GalCer-
treated mice to secrete this cytokine, using an enzyme-linked
immunospot (ELISPOT) assay (32). Liver lymphocytes were
obtained according to the method described by Goossens et al.
(33). The cells from a-GalCer-treated NKT-deficient Ja281—/—
mice failed to secrete IFN-vy, compared with the liver cells of
wild-type mice, which secreted IFN-vy (Fig. 54). These results
confirm previous data showing that a-GalCer selectively acti-
vates Val4 NKT cells (24) and are in agreement with our results
on the lack of protection of a-GalCer-treated Val4 NKT-
deficient mice (Fig. 2B).

The lack of a requirement for IL-12 for the antimalaria activity
mediated by a-GalCer led us to determine the number of
IFN-v-secreting liver lymphoid cells of a-GalCer-treated, IL-
12-deficient mice. As shown in Fig. 5B, the liver lymphoid cells
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Fig.4. Theantimalaria activity of a-GalCer is primarily mediated by IFN-y. Five mice lacking IFN-vy or IFN-y receptor (A) and mice lacking Fas ligand (gld), perforin
(per—/—), or TNF-a (TNF—/—) and their respective WT controls (B) were injected i.p. with 1 ug of a-GalCer. Two days later the mice were challenged with P. yoelii
sporozoites, and the parasite burden in the liver was assessed as in Fig. 1. The results represent one of two similar experiments.
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Fig. 5. Relative number of «-GalCer-activated liver lymphoid cells secreting
IFN-vy in Va14 NKT-deficient mice, IL-12-deficient mice, and their respective
controls injected i.p. with 1 pug of a-GalCer. One day after a-GalCer injection,
lymphocytes were obtained from the liver according to the method described
by Goossens et al. (33), and the relative number of cells secreting IFN-y was
determined by an enzyme-linked immunospot assay (32). Results are shown
forVa14 NKT-deficient (Ja281—/~-) (A), IL-12-deficient (IL-12p40—/-) (B), and
their respective control (WT) mice. The results reflect two separate experi-
ments and are expressed as mean values *+ SD of triplicate cultures.

from a-GalCer-treated, IL-12-deficient mice were able to pro-
duce IFN-y. However, the number of IFN-vy-secreting cells was
2.5 times smaller than that of a-GalCer-treated, wild-type mice.
These data suggest that despite lower numbers of T cells
producing IFN-vy in IL-12-deficient mice, the amounts of IFN-vy
secreted in these mice are sufficient to cause antimalaria activity.
The second, less likely, possibility is that in the absence of IL-12,
a-GalCer-activated NKT cells may use not only IFN-vy but also
additional mediators.

Discussion

We have demonstrated that the administration of a single
relatively small dose of a-GalCer to mice results in a striking
inhibition of development of the liver stages of the rodent
malaria parasites P. yoelii and P. berghei. This inhibition was
assessed by two distinct criteria: the decrease of malaria-specific
rRNA in the liver of a-GalCer-treated, sporozoite-inoculated
mice, compared with controls, and parasitemia or its absence,
indicating that complete protection against malaria resulted
from the administration of this glycolipid to sporozoite-injected
mice.

A key finding of our research was that this protection elicited
by a-GalCer required NKT cells and CD1 molecules, because
inhibition of parasite development failed to occur in CD1—/—
and Ja281—/— mice. Earlier studies suggested the involvement
of NK cells in the activity elicited by a-GalCer (34). However, we
observed that the absence of NK cells in transgenic Val4+/+

Gonzalez-Aseguinolaza et al.

RAG1—/— mice failed to alter the inhibitory effect of a-GalCer
administration (Fig. 3B). Taken together, our results strongly
indicate that NKT cells mediate the antimalaria activity elicited
by a-GalCer in the absence of NK, T, and B cells.

Although a-GalCer does not require IL-12 for its antimalaria
activity, the administration of IL-12 to sporozoite-inoculated
mice has a strong inhibitory effect on the development of liver
stages, as observed earlier by others (35). We also found that the
antimalaria activity of IL-12 does not require CD1 or NKT cells,
indicating that activated NKT cells and IL-12 have a different
mode of action on plasmodial liver stages.

While the precise molecular mechanism of the antimalaria
effect of a-GalCer remains to be fully clarified, we established
that IFN-vy secretion and the presence of an IFN-vy receptor are
essential for the observed protection. The deficiency of certain
other effector molecules, such as perforin, TNF-q«, or Fas/Fas
ligand, did not interfere with the antimalaria effect of a-GalCer.

It is noteworthy that the kinetics of antimalaria activity of
a-GalCer resemble those of recombinant IFN-vy, which display
a strong in vivo antimalaria activity when administered on the
same day as sporozoite challenge (29). There is approximately a
1- to 2-day delay in the onset of the antimalaria activity of
a-GalCer compared with that of IFN-y. Most likely, after
a-GalCer injection it takes 1-2 days for NKT cells to secrete the
amounts of IFN-y required to eliminate the liver stages. The very
short-lasting antimalaria activity of a-GalCer may be explained
by some unique characteristics of NKT cells recently demon-
strated by Eberl and MacDonald (36). They have shown that in
vivo anti-CD3e antibody treatment causes activation of liver
NKT cells, followed by rapid depletion of this cell population,
indicating that liver NKT cells are highly sensitive to activation-
induced cell death. We hypothesize that NKT cells activated by
a-GalCer may also undergo rapid cell death, causing the short-
lasting effect of a-GalCer.

Timing of the administration of «a-GalCer is critical for its
effect in the mouse model because of the very short persistence
(i.e., 2 days) of the liver stages of rodent malaria parasites.
However, the liver stages of the human malaria parasites Plas-
modium falciparum and Plasmodium vivax persist for 7-10 days,
providing a longer time and thus more opportunity for a-GalCer
to exert its anti-liver stage activity. In addition, P. vivax, the most
prevalent human malaria parasite, frequently develops latent
liver stage “hypnozoites,” which remain dormant in the liver for
many weeks or months after the initial infection, causing relapses
of the infection. Primaquine, the only drug available that can
eradicate these liver stages, frequently has adverse effects on
humans (37), and primaquine-resistant strains of P. vivax have
been reported (37, 38). Thus repeated administration of a-
GalCer, which, independently of its dosage, does not induce
morbidity in mice or monkeys (24), might be used to prevent P.
vivax relapses under certain conditions.

We observed strict stage specificity of the antimalaria effect
resulting from a-GalCer administration, affecting only the par-
asite’s liver stages but not blood stages (Table 1). Others have
recently reported that acute rodent malaria may activate NKT
cells. They found that parasitemia in mice results in a very
considerable increase of NKT cells in the liver, reaching maximal
numbers at the time of peak parasitemia. These purified liver
NKT cells, collected on the 10th day of infection, long after the
hepatocytic phase, were shown to display a clear inhibitory effect
on the development of liver stages. This effect could be partially
reversed by adding an anti-IFN-vy antibody to the system (39).

As for sporozoite-induced immunity, we recently found that
a-GalCer administration increases the efficacy of a suboptimal
immunizing dose, revealing a possible adjuvant effect. We
observed that the simultaneous injection of a-GalCer with 10*
irradiated P. yoelii sporozoites, a dose that otherwise fails to
protect mice, induced complete protection against malaria
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(G.G.-A,, Y.K,, and M. Tsuji, unpublished data). Whether
a-GalCer can also increase and prolong the protective effect of
other malaria antigens (peptides, recombinant proteins, DNA,
or recombinant viruses) that elicit protective responses against
liver stages remains to be investigated.

In conclusion, by using the NKT cell ligand, a-GalCer, our
studies present clear evidence of a protective role of activated
NKT cells against an intracellular microbial infection, murine
malaria. These findings may be relevant to human malaria,
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