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Abstract. A series of experiments was carried out to investigate the involvement of the L-arginine-
dependent effector mechanism (LADEM) in the killing of the blood stages of the rodent malaria parasite,
Plasmodium vinckei petteri, by activated spleen macrophages in vitro. P.v.petteri-infected red blood cells
were co-incubated with spleen macrophages from normal mice which had previously received 10°
Mycobacterium bovis (BCG) 5 days earlier, in the presence of 0.1 pg/ml LPS with and without 0.1 mM L-
NMMA, an L-arginine analogue which inhibits LADEM, for |6 hours. The viability of the parasites was
assessed according to their infectivity following inoculation into experimental mice. Incubation of parasites
with spleen macrophages in the presence of LPS without L-NMMA reduced the parasite viability to about
3%. When L-NMMA was included in the culture, inhibition of parasite killing was observed, resulting in
an increase of parasite viability to about 21%. These data provide evidence to suggest that spleen
macrophages play an important role as effector cells in the immune mechanisms against P.v.petteri

infection, and that the parasite killing of these cells, at least in part, was mediated by LADEM.

INTRODUCTION

There is considerable evidence to suggest that
mononuclear phagocytes play a major role as effec-
tor cells in cell-mediated immune responses against
blood stage malaria infections. This assumption is
based on a number of observations: Firstly, resist-
ance to malaria can be augmented by pre-treatment
with micro-organisms, microbial extracts or hetero-
logous parasites, to induce non-specific immune
responses mediated by mononuclear phagocytes
(Clark et al, 1976, 1977; Cox, 1982). Secondly,
mononuclear phagocytes are activated during the
course of malarial infection both in human and
experimental animals, for example, monocytes re-
covered from patients with P. falciparum have
significant increases in Fc receptor expression
(Wardet al, 1984). Similarly, splenic macrophages
recovered from mice during the course of infec-
tion with a variety of murine malaria species have
been shown to be activated as indicated by en-
hanced phagocytosis of infected and non-infected
erythrocytes (Shear et al, 1979) and production of
oxygen metabolites (Wozencraft et al, 1985; Dock-
rell et al, 1986; Stevenson ef al, 1992). Thirdly, in
vitro studies have demonstrated that co-culturing of
human (Jones et al, 1989) or murine (Taverne et al,
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1982; Ockenhouse and Shear, 1984) malaria para-
sites with mononuclear phagocytes, or their super-
natants (Wozencraft et al, 1984), bring about inhi-
bition in parasite growth.

The precise mechanisms by which mononuclear
phagocytes act as effector cells during malarial
infection are still unclear. Mononuclear phagocytes
are known to be cytotoxic to tumor cells, bacteria,
fungi and parasites, and are able to secrete more
than 100 molecules which are important in the
modulation of immune responses (Nathan, 1987).
Experimental evidence also indicates that mono-
nuclear phagocytes can kill malaria parasites
through the release of reactive oxygen intermedi-
ates (Clark and Hunt, 1983; Cox and Millot, 1984)
although mice exhibiting a defect in reactive oxy-
gen intermediate release can also overcome P.
chabaudii infection (Cavacini et al, 1989). In
addition, tumor necrosis factor alpha (TNF-a),
which is produced by macrophages, has an indirect
killing effect on malaria parasites (Jensen et al,
1987; Taverne eral, 1987, Rockettetal, 1988). Our
unpublished observations indicate that the ability
of spleen macrophages from P.v.petteri-immun-
ized mice to synthesise nitrogen oxides increases
during the later stages of infection. In this study,
we present evidence that spleen macrophages from
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normal mice which have received BCG 5 days
earlier can kill blood stage P.v. petteri in vitro, and
that this killing is, at least in part, mediated by the
L-arginine-dependent effector mechanism.

MATERIALS AND METHODS

Parasites

Plasmodium vinckei petteri 2CR) was obtained
from Professor D Walliker, University of Edin-
burgh, maintained in TO Swiss mice and frozen in
liquid nitrogen until being used.

Mice

Female outbred, 6-8 week old LACA mice (pur-
chased from Tuck and Son, Buttlebridge, Essex)
and Balb/C mice (purchased from Harlan Olac,
Bicester, Oxon) were used. They were free from
hemoprotozoa, and kept in groups of six, fed and
watered ad libitum.

Reagents

Lipopolysaccharide (LPS) from Escherichia coli
was purchased from Sigma Chemical Co. N°-
monomethyl-L-arginine (L-NMMA, Sigma Chemi-
cal Co) was kindly provided by Professor FY Liew,
University of Glasgow.

Spleen macrophage preparation

Spleen macrophages extracted from mice in-
jected with 108 BCG 5 days earlier were used.
Spleen leukocytes were suspended in complete me-
dium at 5 x 107 cells/ml, plated on Sigmacoat-
treated dishes and incubated at 37°C and 5% CO,
for 2 hours. The nonadherent cells were washed
off and the remaining adherent cells were incubated
for a further 4 hours. After washing, the adherent
cells were incubated in PBS at 4°C for 30 minutes,
and detached by gentle flushing with ice-cold PBS.
The detached cells were then washed with warmed
RPMI, resuspended in complete medium, and
plated in the wells of 24 well culture plates at 1 x 107
cells/well. The plates were incubated at 37°C and
5% CO, in a humidified incubator for 24 hours.
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The effects of spleen cells on parasite viability

Red blood cells from infected mice with para-
sitemias of about 3-5% were washed in RPMI and
resuspended in complete medium at 1 x 10¢ in-
fected cells/ml. The parasitemia was then adjusted
to 1% using normal mouse red blood cells. 0.75 ml
of this parasite suspension was plated in triplicate
wells of 24 well culture plates containing:

a) spleen macrohages + 0.1 pg/mI LPS + 0.1 mM
L-NMMA,

b) spleen macrophages + 0.1 mM L-NMMA,

¢) spleen macrophages + 0.1 pg/ml LPS,

d) spleen macrophages,

e) medium + 0.1 pg/ml LPS,

f) medium + 0.1 mM L-NMMA,

g) medium only,

a') supernatant of a,

¢') supernatant of c.

Plates were incubated at 37°C and 5% CO, ina
humidified incubator for 16 hours and the parasite
viability was examined.

Evaluation of parasite viability

The viability of the parasites was evaluated
according to the infectivity of the infected erytro-
cytes following inoculation into experimental ani-
mals. The contents of each well were mixed gently,
and 0.2 ml injected intravenously into LACA mice.
The parasitemias were monitored by examination
of Giemsa-stained tail blood smears prepared daily.
The precise number of viable parasites that had
been injected was calculated by reference to a
standard curve of the correlation between the number
of parasites injected and the time taken to reach
0.5% parasitemia.

RESULTS

Incubation with various numbers of BCG-
activated spleen macrophages

In a series of preliminary experiments, 2.5 x 10°
parasites/well were incubated for 16 hours with
various numbers of LPS-stimulated spleen macro-
phages from 1x 10%- 107 cells/well. 1t was apparent
that the presence of an effective number of spleen
macrohages was required for killing to occur. 1 x
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10% cells or fewer per well were insufficient to
produce killing in this assay, whereas incubation
with 1 x 10° and 1 x 107 spleen macrophages/well
reduced the parasite viability to about 70% and 3%
respectively (Fig 1). 1 x 107 spleen macrophage
were then used in the subsequent experiments.
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Fig 1-Effectofincubation with various numbers of spleen
macrophages on the survival of P.v.petteri sur-
vival. 2.5 x 10° P.v.petteri-infected red blood cells
were incubated with various numbers of spleen
macrophages (1 x 10°- 107) in complete medium in
the presence of 0.1 pg/ml LPS, at 37°C and 5%
CO, for 16 hours. Atthe end of the incubation, the
viability of the parasites was assessed by refer-
ence to a standard infectivity curve. Each value
represents the mean and SD of the percentages of
parasite viability from triplicate wells.

L-arginine dependent killing by spleen macro-
phages

To determine whether an L-arginine-dependent
mechanism was involved in the killing, P.v.petteri-
infected red blood cells were incubated with spleen
macrophages in the presence of LPS with and
without NY-monomethyl-L-arginine (L-NMMA),
an L-arginine analogue which blocks the biological
synthesis of nitrogen oxides from L-arginine. The
parasite viability was assessed according to the
infectivity following inoculation into experimental
mice.

As shown in Fig 2, the parasitemia curves of
both mice which had received injection of parasites
previously incubated with spleen macrophages in
the presence of LPS with (A), and those without (C)
L-NMMA, are shifted to the right, to different
degrees, compared with control mice which had
received parasites incubated in the medium only
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Fig 2-The infectivity of P.v.petteri infected red blood
cells after co-incubation with LPS stimulated
spleen macrophages. Infected blood with 1%
parasitemia were suspended in complete medium
at 1 x 108 RBC/m]. This suspension was plated at
0.25 ml/well, in 24 well culture plates containing:
A. 0.25 ml of 107 spleen macrophages, 0.1 pg/ml

LPS, 0.1 mM L-NMMA
B. 0.25mlof 10 spleen macrophages, 0.1 mM L-
NMMA
. 0.25 ml of 107 spleen macrophages, 0.1pg/ml
LPS
. 0.25 ml of 107 spleen macrophages
0.25 ml of 0.1 pg/ml LPS
0.25 ml of 0.1 mM L-NMMA

. 0.25 m! of medium only

'. 0.25 ml of supernatant of A.

. 0.25 ml of supernatant of C.
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The plates were incubated at 37°C and 5% CO, in a
humidified incubator for 16 hours 0.2 ml of the contents
of each well was injected intravenously into 6-8 week old
female LACA mice, and the parasitemias were monitored
daily. Each point represents the mean and SD of the
number of parasites/100 cells from 3 mice.

(G). When the precise number of viable parasites
was calculated (Table 1), the average parasite vi-
ability of A (with L-NMMA) was 21.5% and C
(without L-NMMA) was 3.1%. In control wells, in
which parasites were incubated with spleen ma-
crophages in the absence of LPS (D), no reduction
of parasite viability occurred.

To determine whether the presence of cells was
necessary for the killing, parasites were incubated
in cell-free supernatants of spleen macrophages
cultured in the presence of LPS with and without
L-NMMA. The average viability of these parasites
was insignificantly higher (A’ and C'), compared to
those incubated in wells in the presence of cells.
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Table 1

The calculated parasite viability after coincubation with spleen macrophages in the presence of LPS with or
without L-NMMA. 10° P.v.petteri infected red blood cells which had been coincubated with stimulated
spleen macrophages for 16 hours, were inoculated intravenously into LACA mice, and the parasitemias
monitored daily. The actual numbers of viable parasites injected was determined using a standard reference

curve.
Day of 0.5% No. of Viability
Well code* parasitemia viable parasites (%) (%)
+ SD
A 4.3463 21,480 + 789 21.5
B 3.4927 104,667 + 10,221 104
C 5.2425 3,103 £ 118 31
D 3.5843 91,009 + 9,976 91
E 3.5533 96,941 + 8,622 96
F 3.4822 102,028 + 8,214 102
G 3.5693 93,816 + 9,666 94
A’ 4.1747 27,307 + 782 27.3
(o 5.1373 3,843 + 164 3.8
* see Fig 2.

To determine whether LPS or L-NMMA alone
had a killing effect, parasites were incubated in
complete medium containing 0.1 pg/ml LPS or 0.1
mM L-NMMA. The viability of these parasites (E
and F) was similar to that of those incubated in the
medium only.

DISCUSSION

The results of these in vitro experiments demon-
strate that incubation of P.v.petteri-infected red
blood cells with 107 spleen macrophages in the
presence of LPS results in a reduction of parasite
viability to about 3%. When L-NMMA is included
in the culture, the killing is inhibited, and the
parasite viability is reduced to about 21%, indicat-
ing that parasite killing of spleen macrophages is
mediated, at least in part, by an L-arginine-depend-
ent and by implication of a nitric oxide dependent
mechanism as L-NMMA is a specific inhibitor of
nitric oxide production.

Previous studies have demonstrated that acti-
vated macrophages are able to synthesize nitrogen
oxides (NO, NO, and NO,) by oxidizing the termi-
nal gianidino nitrogen atoms of L-arginine (Hibbs
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et al, 1987, 1988). The importance of nitrogen
oxides as effector molecules of parasite killing has
beenreviewed by James and Hibbs (1990) and Liew
and Cox (1991). Since the NO molecule is very
short-lived, its reactivity must necessarily be di-
rected toward target cells in the immediate vicinity
of the effector cells. In the present study, no sig-
nificant difference was observed between the re-
duction of viability of parasites which had been co-
incubated with activated spleen macrophages and
of those incubated with cell supernatant only (in the
absence of cells). This suggests that the L-arginine-
dependent parasite killing in this system is medi-
ated by NO,” or NG, rather than by NO, based on
the fact that NO is unstable and oxidized quickly to
NO, and NO," in an aerobic environment (Marletta
etal, 1988; Stuehr et al, 1991; Granger et al, 1990).
Inaddition, Rockettetal (1991) observed that nitric
oxide at saturated concentrations did not inhibit the
growth of P. falciparum in vitro, but its oxidation
products (NO, and NO,") were toxic to the parasites
in a millimolar concentration.

Malaria parasite killing via a nitric oxide-de-
pendent mechanism has also been demonstrated in
vivo by Taylor-Robinson ef al (1993) using another
rodent malaria parasite, Plasmodium chabaudii, in
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mice. These authors raised several clones of TH1
and TH2 cells which they transfered to CD4-cell
depleted mice, and found that TH1 cells restored
immunological competence through the agency of
nitric oxide.

The reduction of parasite viability observed fol-
Jowing incubation with spleen macrophages in the
presence of LPS in this assay possibly involved
oxidative and other non-oxidative macrophage-kill-
ing mechanisms. Tumor necrosis factor (TNF),
which is also produced by LPS stimulated macro-
phages, was probably also secreted in this system.
This molecule, in turn, could induce the macro-
phages to release reactive oxygen species that de-
stroy parasites through lipid peroxidation (Clark et
al, 1986).

Previous observations indicate that the ability of
spleen macrophages recovered from P.v.petteri
immunized mice to synthesize nitrogen oxides are
higher at the later stages of infection compared to
the non-immunized group (Supargiyono, 1997).
These observations, together with the results of the
present study, suggest that the non-oxidative, L-
arginine-dependent mechanisms probably act in
concert with the oxidative, and probably with other
killing mechanisms, bringing about successful re-
duction of parasitemia in immunized mice. This
theory may also explain the ability of A/J mice
which exhibit defects of the macrophage oxidative
burst to successfully recover from P. chabaudii
adami infection, as do in Balb/C mice (Cavacini et
al, 1989).

L-arginine dependent destruction of malaria
parasites has also been shown to be effective against
the intrahepatic stage of P. yoellii (Nussler et al,
1991). These authors showed that TNF and/or IL-
6 could induce inhibition of intrahepatic parasite
development by hepatocytes through the L-arginine
dependent mechanism. Mellouk efal (1991) work-
ing with Plasmodium berghei found that IFN-y
induced nitric oxide production inhibited the de-
velopment of the parasite in primary culture of
hepatocytes. Similar killing mechanism have also
been suggested to play role in other parasitic infec-
tions, since some macrophage populations have
been shown to kill Leishmania major (Green et al,
1990; Liew et al, 1990) and Leishmania donovani
(Roah et al, 1991) amastigotes, schistosomula of
Schistosoma mansoni (James and Glaven, 1989),
and Toxoplasma gondii (Langermans ef al, 1992),
through a mechanism which is inhibited by L-
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NMMA, an L-arginine competitor. However, the
way in which oxygenated-L-arginine-derived in-
termediates can affect intra- or extra-cellular tar-
gets remains an open question. It has been pro-
posed that L-arginine-derived nitric oxide can react
with the Fe-S groups, forming an iron-nitrosyl com-
plex, causing the inactivation and degradation, of
the Fe-S prosthetic groups of aconitase, Complex I
and Complex Il ofthe mitochondrial electron trans-
port chain (Lancaster and Hibbs, 1990; Pellet et al,
1990).

Finally, it can be summarized that incubation of
P.v.petteri-infected red blood cells with activated
spleen macrophages in the presence of LPS for 16
hours reduced parasite viability to about 3%. Ad-
dition of L-NMMA in the culture system inhibited
the killing, indicating the involvement of LADEM
in these effector mechanisms. These data provide
evidence to suggest that spleen macrophages play
an important role as effector cells in the immune
mechanisms against P.v.petteri infection, and that
the parasite killing of these cells, at least in part,
was mediated by an L-arginine-dependent effector
mechanism.
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