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Expression of inducible nitric oxide (NO) synthase has been shown to inhibit the development of several -

pathogens. including fungi, bacteria, parasites, and viruses. However, there is still controversy as to whether
this effector mechanism can inhibit the development of human pathogens. We now report that gamma 2
interferon (IFN-y) induces the elimination of Plasinodium falciparun.infected primary human hepatocytes
from cultures and that the antimalarial activity is dependent on NO. Infection with the parasite alone in the _

absence of added IFN--y caused a 10-fold increase in NO formation. Both spontaneous inhibition and
IFN-y-induced inhibition of Plasmodium yoelii-infected murine hepatocytes were increased with the addition of
the NO synthase cofactor tetrahydrobiopterin, or sepiapterin, which is converted to tetrahydrobiopterin. These
results indicate that under in vitro conditions the parasite itself provides a signal that triggers induction of the
NO pathway in human and murine hepatoc'tes and that NO formation in infected hepatocytes is limited by
tetrahydrobiopterin availability.

Numerous cell types, including activated murine macro- hcpatocytcs, BH4 synthesis can be coinduccd with NO forma-
phages and rodent and human hepatocytcs, have been shown tion. De novo synthetic as well as salvage and recycling
to express an inducible nitric oxide synthasc (iNOS). which pathways are involved in maintaining BH4 levels in cells. Thus.
converts L-arginine via an oxidative pathway to citrulline and we hypothesized that increased NO production by supplemcn-
nitric oxide NO. Activation of this pathway is cytotoxic to some tation of cultures with BH 4 would increase inhibition of
tumor cells and a variety of pathogens (15, 16, 20). Recent hepatic stages of malaria development.
evidence indicates that NO is an important effector molecule The prcsent study was undertaken to address two questions.
against the hepatic stages of malaria. By using an inhibitor of First, is the human parasite P. falcipanum inhibited in human
NO synthesis, it has been possible to demonstrate that NO hcpatocytcs by NO: and second, is NO-depcndent antimalarial
accounts for much of the antimalarial activity in murine activity limited by BH4 availability?
malaria in vitro and in vivo (10. 12, 18, 22, 25. 26). NO can be
induced in vivo in hepatocytes by Coiynebacterium pan'um
treatment (2): thus. it is likely that induction of NO accounts MATERIALSdAND METHODS
for the antiplasmodial activity of this adjuvant seen in vivo
(13). Although all stages of the life cycle of Plasmodium spp. Chemicals, cytokines, and culture reagents. Recombinant
have been shown to be susceptible to NO. there is still human IFN--y and murine IFN--y were purchased from Gen-
controversy as to whether Plasmodium falcipanim can be zyme (Boston. Mass.), and 2.4-diamino-6-hydroxvp.yrimidine
inhibited and/or killed via the NO pathway in human cells (14). (DAHP) was purchased from R & D Systems (Minneapolis.
Rockett et al. (25) have shown that erythrocytic forms of'P. Minn.). Sepiapterin and 5.6.7.8-BH, were from Schirks Labo-

falcipanim can be killed by exogenous administration of NO ratories (Jena. Switzerland). N/-Monomethyl-L-arginine (NMA)
donors. We have shown that human hepatocytes express high was synthesized by the method of Corbin and Reporter (4).
levels of iNOS when exposed to lipopolysaccharide (LPS), Minimal essential medium, insulin, penicillin, streptomycin.
tumor necrosis factor, interleukin-1, and gamma interferon t-glutamine, fetal calf serum. and L-arginine hydrochloride
(IFN--y) (17) and have cloned the eDNA (6) and gene (3) for were purchased from Gibco (Grand Island. N.Y.).
the human iNOS. What control the parasite itself has on iNOS Sporozoites. Sporozoites were harvested from salivaryexpression is not known, glands of Anopheles stephensi mosquitoes infected with P.

NOS activity is dependent not only on the substrate. L- falciparum (NF 54) or P. yoelii (17 XNL clone 1.1).
arginine, but also on the availability of reduced cofactors, such Culture of hepatic stages of malaria. Human and murine
as tetrahydrobiopterin (BHj) (27). Recent data indicate a role (BALB/c female mice 6 to 8 weeks old: Jackson Laboratories.
for BH4 in maintaining the NOS enzyme in an active dimeric Bar Harbor. Maine) hepatotes were isolated by collagenase
configuration (1). In many cells that produce NO, including (Boehringer, Ingelheim, Germany) perfusion of liver biopsies.

as previously described (11, 17). Cells were cultured in eight-
chamber plastic Lab-Tek slides (Nunc. Naperville. Ill.) at IV'

* Corresponding author. Present address: Universitact Ulm. Chiru- hepatocytes per well for 24 h in 5% CO,-95% 0. at 370C
rgie 1. Chirurgische Forschung, Parksirasse 11. 89073 UIm. Germany. before sporozoite (4 x 10') inoculation. Schizonts were de.
Phone: 49.731.502.5120. Fax: 49.731.502.5129. tected in murine and human hepatotm.es 2 and 4 days.

t Present address: Facultd de Midecine Necker. Laboratoire de respectively, after sporozoite inoculation by immunofluores-
Parasitologie. Paris 75015. France. cenee assav by a monoclonal antibody directed against a
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specific P. yoeii liver-stage antigen (NTYLS3) (undiluted super- A
natant) or a monoclonal antibody directed against P. falcipa- 10
rugmlCS.pBothi (NFSI) (immunoglobulin G concentration, 5010

I.L~ml. Bthantibodies were a gift from Yupin Charoenvit
(Malaria Program, Naval Me,4"ca1 Research Program). Percent
parasite inhibition was calculated by comparing the number of
schizonts in the experimental cultures with that in controls (=4
0% inhibition) (10, 11, 18, 19, 21-24). a

Induction of iNOS in murine and human bepatoc~ytes. 2
Several cytokines have been shown to participate in the 011
induction of iNOS in rodent and human hepatocytes (6, 7, 17, IPtoN10 tlmN q JI
21) and affect the development of hepatic stages of malaria via
the NO pathway (10, 18, 22). Murine hepatocytes were incu-
bated with 2,000 U of recombinant murine IFN--y per ml,
whereas human hepatocytes were incubated with 1, 10. and 100to
U of recombinant human IFN--y per ml. as described previ- 60
ously (10, 11). The NO-dependent inhibitioa of pre-erythro-

3 40-
cytic stages was demonstrated by using 0.5 mM\ NINA and an
excess Of L-areinine (1 and 4 mM). 20

Increased inhibition of NO-dependent hepatic stages ofit O W-
Malaria by BH, and sepiapterin. Infected hepatocytes were ______________

incubated with 50 ILM BH, or 75 lLM sepiupterin with or IHAA IPN-g Irm-. W"- . NAi.

without IFN--y. To assess the involvement of the BH, de novo WM L4*gU. I tnM 4 MW

pathway in IFN--y-induced parasite killing, an inhibitor of BH, FIG. 1. Inhibition of intrahepatic P. fakcipanrir schizonts. (A)
biownbsv (I mM DH)was used. Induction of the NO pathway in A. falcipanon-infectcd human hepa-

Nbj plus NO., measurement in culture supernatants. tocytes by IFN--y. (B) The seccond set proves the direct NO-dependent
Culture supernatants were tested 24 and 4S h after sporozoite inhibition of intrahepatic P. fakciparnun forms. The parasite inhibition
inoculation for accumulation of NO. - plus NO., by an in hcpaiocy-is mediated by IFN.-y (10) U/mi) (0) was partially bltwked
automated procedure based on the Griess reaction, described by 0.5 mM NMA (0) (A and 0). The NMA cffect was overcome by
in detail prvoul (21). adding eXCess L-arginine (I and 4 mM). Basic medium contained 0.2*5

prLIuslyMM L-argininc. Results are expressed as the mean percent inhibition
* = standard error of three independent experiments done in triplicate

RESULTS AND DISCUSSION (control cultures, 53 = 5 schizonts per well - We% inhibition).

The capacity of cultured hepatocytcs to prcvent the devel-
opment of P. filcipanswn was tcsted in thc presence ind known, but it docs indicatc that nonbactcrial microbcs can
absence of IFN--y. Approximatcly 40 to 50% of the IFN--y- stimulate NO synthecsis in hepatocytcs. NOS activity requires
stimulated suppression Of parasitc development was partialy aeuteBI ehvesontatcoeosBH nrac
prevented by 0.5 mM NMA (Fig. ]A), sugecsting that other NO formation in cvtokinc-LPS-stimulated hcpatocytcs (5).
mechanisms in addition to NO arc responsible for the inhibi-

jtion of P. fakcipanimn liver-stage development. NMA added in Experiments were performcd to determine if thc capacity of
deveopmnt y ~ malaria-infected hepatocytes, to inhibit parasite development

the absence of IFN--y incerased parasite dvlpetb18. was limited hy_.B.,jaabit Deolmtdavlbliyf
suasigarl o Oidcd upeso nteasneo human hepatocytes and-previous data showing similar inhibi-I an exogenous costimulus of the NO pathway (Fig. 113). To tion of P. yoeli liver stage in murine hepatocytes. these

show that the effect of NMA was due to the competitive eprmnswr efre ihti oeti ir oe
interference Of L-arginine conversion, we added excess L- (Fg ) h pnaeu niiinociotdvelpmn
arginine with the NMA to hepatocytes exposed to IFN-'y. (i.2.Tesotnosihbto fshzn eeomn
L-Arginine at 1 mM partially reversedi the NMA effect. which waenncdbthadionfBHorspptinwih
was further substantiated by adding 4 mM L-arginitle (Fig. I B).
Other mechanisms that may participate in the suppression of
Plasmodium spp. development include a mechanism such as TABLE 1. NO production in P. falciparrim-infected and uninfected
induction of reactive oxygen intermediates Or acute-phase primary human hepatocytes
proteins (19, 23. 24). NO production

Supernatant NOV-plus-NO.' levels. the stable end prod- otmol :.4 h 101 hcpat(-ctcsr
ucts of NO formation, were measured to assess the quantity of Effect of:

L'ninfecied Infected
NO produced in infected and noninfected human hepatocytes hepatmocvs hermocytes
(Table 1). IFN--y in the absence of P. falcipansm had no Mdu'% .

rmeasurable effect on hepatocyte NO synthesis. Inoculation of Mediumh 0.3 . 0 =1.4
P. falcipantim sporozoites in 165 hepatocytes alone resulted in INy . 014:.
the accumulation of 30 nmol of NO, plus N0., over 24 h, a INy+1m -riie0401 5 .Sp 3 - ' IFN--y + 4mM L-arginine 03 =0.1 5s t3.6
10-fold increase over that in noninfected cells. IFN--y and PA NMA. 0.5 mM 0.2 = 0.1 0.2 = 0.1

falcipanim acted in synergy to increase NO synthesis by 33% IFN--y + o.s mM NMA 0.2 = 0.1 0.1 = 0.1
over P. falcipanrin alone. This was increased further by L- IFN--y + NMA + 4 MM L-arginine 0.4 = 01.1 :1.9 =0.2

* a~ginine supplementation and inhibited by NMA in a manner
* ~~~that was partially reversible by high arginine. T'hese data show N:pu O.Vhsrpeel h en:sadr rosfrtr~incrase NO yntesi stiulaed b inecton aoneand indcenlfdent expcriments of triplicate cultures.

incrase NOsynhesi stmultedby nfecionaloe ad 6L-Arginine concentratikn. 0.25 m%1.
synergy between the parasite and IFN--y. How this occurs is not '10 U of recombinant human IF%--, per mi.
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A We show here that both the spontaneous inhibition of the
30 hepatic stage of malaria development and the IFN--y-induced

inhibition can be significantly increased by providing cells with
- ~ additional BH4 . These data suggest that NO synthesis in P.

10- yoelfi-infected hepatocytes may be limited by BH,. availability.
0 - - - Whether this is due to a failure to increase BH, de novo

.10. synthesis or BH, oxidation or consumption by the parasite is
s ~not clear. It does suggest that biopterin supplementation may'

.2 be useful in patients infected with malaria to reduce develop-
.3 D M4 SEP DAMP WUA ment. This, however, requires additional investigation.
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