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SUMMARY

The present study shows that treatment with recombinant human tumour necrosis factor-o (rhTNF-a) can suppress
parasitaemia and prevents development of experimental cerebral malaria (ECM) in Plasmodium berghei K173-infected
mice. Mice received rh'TNF-« treatment either by subcutaneous injection of free or liposome-encapsulated rh' TNF-« or
sustained intraperitoneal administration of th'TNF-« given via mini-osmotic pumps. LLow-dose treatment with a sub-
cutaneous bolus injection of rh'T'NF-a protected against ECM when treatment was started on day 5 or 6 after infection.
The same protective efficacy was obtained either by subcutaneous injection of liposome-encapsulated rh'TNF-a or by
sustained release from osmotic pumps, but in the latter case a 10-fold lower daily dose of rhTNF-a was sufficient.
Treatment with th TNF-a substantially suppressed parasitaemia in ECM-protected mice, but not in mice developing
ECM. Thus, the rh'TNF-o mediated suppression of parasitaemia is directly or indirectly involved in protection against
ECM. Sustained delivery of rhTNF-a through osmotic pumps, but not by subcutaneous injection of liposome-
encapsulated rh'TNF-«, resulted in increased concentrations of soluble mouse T'NF receptor R75 (sTNFR75) in plasma
at day 9 after infection when non-treated mice die of ECM. Thus, protection against ECM is not directly correlated with
the sSTNFR75 concentrations at day 9 after infection.
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INTRODUCTION

Tumour necrosis factor-o (TNF-a) plays a dual role
in experimental murine malaria. As anticipated by
Clark (1978), several studies now provide evidence
that TNF-a suppresses the parasite, e.g. Plasmodium
yoelii (Taverne et al. 1994) and P. chabaudi AS
(Jacobs, Radzich & Stevenson, 1996), while TNF-«
also contributes to the development of experimental
cerebral malaria (ECM) in P. berghei ANKA-
infected mice (reviewed by Grau et al. 1989). In
human P. falciparum malaria, high concentrations of
immunoreactive TNF-a have been associated with
both disease severity and cerebral malaria
(Kwiatkowski et al. 1990). Curfs et al. (1993)
demonstrated that administration of high doses of
recombinant human TNF-« (rh' TNF-«) to P. berghei
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K173-infected mice induced pathology in the brains
that resembled the pathology found in the brains of
non-treated mice dying of ECM, while low-dose
rh'TNF-a treatment protected against ECM. The
latter observation merits further attention.

A possible mechanism involved in the thTNF-a
mediated protection against ECM is the production
of soluble TNF receptors (sTNFRs) (Engelmann,
Novick & Wallach, 1990). Soluble TNFRs are
derived from proteolytic cleavage of the cellular
receptors TINFR55 and TNFR75. They competi-
tively inhibit interaction of TNF-a with the
membrane-bound receptor (Lesslauer et al. 1991)
and thus provide a possible mechanism for regulating
the availability of TNF-a. In another observation,
repeated administration of th'TNF-a resulted in the
development of tolerance to the lethal effects of
TNF-oo (Takahashi, Brouckaert & Fiers, 1995).
Sustained release (from osmotic pumps or lipo-
somes) of small amounts of rh'TNF-a might prevent
development of the cerebral syndrome e.g. through
induction of refractoriness of TNF-a sensitive cells
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to subsequent stimuli (Alexander et al. 1991). The
successful use of liposomes as carrier systems for
sustained release of encapsulated agents in general
(Kadir, Zuidema & Crommelin, 1993) and in the
treatment of malaria (Peeters et al. 1989) has been
described before.

The aim of the present study was to analyse the
effect of treatment with low doses of rh' TNF-a on
the protection against the development of ECM in
P. bergher K173-infected mice.

MATERIALS AND METHODS
Materials

Highly purified rh'TNF-o from FEscherichia coli
(Wang et al. 1985) with a biological activity of
2:5x 107 U/mg (Creasey et al. 1987) was a kind gift
of Chiron Corporation (Emeryville, California
USA). Egg phosphatidylcholine (EPC) and egg
phosphatidylglycerol (EPG) were donated by Lipoid
(Ludwigshafen, Germany). All other reagents used
were of analytical grade.

Preparation of liposomes

A mixture of EPC and EPG (9:1, molar ratio) was
dissolved in ethanol and evaporated to dryness in a
rotary evaporator under reduced pressure at 35 °C.
After drying the lipid film with nitrogen for at least
20 min, the lipid film was hydrated with the rh' TNF-
o solution (100 ug rhTNF-a/ml in 20 mm Hepes,
149 mm NaCl, pH 7-4, at a lipid concentration of
40 mm). The resulting liposome dispersion (MLVs)
was centrifuged 3 times (27 x 10*> g for 30-60 min
at 4°C) to remove the non-liposomal rh'TNF-o
(Beckman Optima®™ LE-80K, Beckman Instru-
ments, Palo Alto, CA).

Empty or buffer-loaded liposomes were prepared
in the same way, but hydrated with Hepes buffer
only (20 mm Hepes, 149 mm NaCl, pH 7-4). Lipo-
some dispersions were used within 1 week after
preparation; they were stored in the refrigerator

(46 °C).

Liposome characterization

Lipid phosphate was determined by the method of
Rouser, Flusher & Yamamoto (1970). Approxi-
mately 29, bioactive rhTNF-a appeared to be
encapsulated as determined in the WEHI cyto-
toxicity assay after solubilization of the liposomes
(see below). The liposomes used in the experimental
studies were non-sized.

Determination of bioactive TNF-a

The bioactivity of rhTNF-«, free or liposome-
associated (expressed as dose of free rh'TNF-« in the
aqueous phase of the liposomes), was determined
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using the WEHI cytotoxicity assay essentially ac-
cording to the method described previously (Espevik
& Nissen-Meyer, 1986). WEHI 164 clone 13 mouse
fibrosarcoma cells were cultured in Iscove’s
Modified Dulbecco’s Medium with glutamine
(IMDM; Gibco Life Technologies, Breda, The
Netherlands) supplemented with 10 9, foetal bovine
serum (FBS; Integro, Zaandam, The Netherlands),
penicillin (100 I.U./ml), streptomycin (100 pg/ml)
and amphotericin B (025 ug/ml) at 37°C in a
humidified atmosphere containing 59, CO,. One
day before testing, WEHI cells were transferred to
new flasks and grown overnight. The next day cells
were collected to a final concentration of 0-5x 10°
cells/ml medium of which 50 ul was pipetted into
96-well microtitre plates (Falcon, Micronic,
Lelystad, The Netherlands). Following incubation
for 3-5 hat 37 °C and 5 9%, CO,, 50 ul of standard or
test sample were added. A standard curve (up to
20000 pg/ml) was made from rh TNF-a (Boehringer
Ingelheim, Germany) with an originally defined
biological activity of 6 x 10" U/mg in a murine LM
bioassay according to WHO standards. Serial
dilutions of free TNF-a in medium were added
directly to the cells. In case of liposome-associated
rh'TNF-a, liposomes were disrupted with 109
Triton X-100 in Hepes buffer (10 mm Hepes,
149 mm NaCl, 0-5 9 bovine serum albumin, pH 7-4)
in a volume ratio of 1:1. No effect of Triton X-100
was observed in the bioactivity assay of thTNF-«
with a sample dilution of 30000 times. After incuba-
tion for 18 h at 37 °C and 59, CO, the viable cells
were quantitated using the X'T'T assay (Scudiero et al.
1988). Briefly, 100 ul of N-methyldibenzopyrazine
methyl sulfate (0-4 mg/ml in phosphate buffered
saline) from Sigma (Bornem, Belgium) were added
to 5 ml of sodium 3-[1-(phenylaminocarbonyl)-3,4-
tetrazolium]-bis(4-methoxy-6-nitro)benzene sulfonic
acid hydrate (XT'T, Sigma, Bornem, Belgium) and
1 mg/ml RPMI 1640 (Gibco, Life Technologies,
Breda, The Netherlands). Then 50 ul of the XTT
labelling mixture was added to the wells and
incubated for 90min at 37°C and 59 CO,.
The absorbance was measured using a Bio-Rad
Novapath™ microplate reader (Bio-Rad Labora-
tories, Veenendaal, The Netherlands) at a wavelength
of 495 nm (reference wavelength: 655 nm). The
WEHI cytotoxicity assay lower detection limit was
approximately 80 pg rhTNF-a/ml.

In the above WEHI cytotoxicity assay, the specific
biological activity (U/mg) of th'TNF-a used for the
experiments was about 8-10 times higher than for
the standard rh'TNF-a (Boehringer Ingelheim,
Germany).

Mice

Female C57Bl/6] mice, 6-10 weeks old, were
obtained from a specific pathogen-free colony main-
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tained at the Central Animal Facility of the Uni-
versity of Nijmegen. All mice were housed in plastic
cages and received water and standard RMH food
(Hope Farms, Woerden, The Netherlands) ad
libitum.

Parasite and development of experimental cerebral
malaria

P. berghei K173 (originally obtained from W.
Kretschmar, Tubingen, Germany) has been main-
tained by weekly transfer of parasitized erythrocyte
(PE) from infected into naive mice for more than 30
years. Experimental C57Bl1/6] mice were injected
i.p. with 10®* PE from blood of infected donors.
About 959, of C57B1/6] mice injected i.p. with 10®
PE die early in the second week after infection (day
9-12) due to the development of ECM as described
by Curfs et al. (1992). One day before death a
progressive hypothermia develops which is strongly
correlated with development of haemorrhages in the
brain as observed by histology (Polder et al. 1992).
Mice that survive this critical period show only a
limited, transient hypothermia and the majority die
in the third week or later after infection with severe
anaemia and a parasitaemia of 20—40 9%, but without
any noticeable cerebral pathology. Day of death after
infection was used as the parameter for ECM or
protection against ECM in the experiments de-
scribed in this paper.

Experimental design

For each experiment mice received 10° PE i.p. on
day 0. At day 5, 6, 7 or 8 after infection, mice were
treated with a single s.c. injection of either free
rh'TNF-a or liposome-associated rhTNF-«. Sus-
tained delivery of rh'TNF-a through i.p. implanted
mini-osmotic pumps (Alzet model 2001 ; release rate
1 pl/h for 7 days, Alza, Palo Alto, CA) was started at
day 5 or day 7 after infection. Prior to injection,
appropriate dilutions were prepared using Hepes
buffer (20 mm Hepes, 149 mm NaCl, pH 7-4) con-
taining 19, mouse plasma.

The effect of treatment on parasitaemia (9,
infected erythrocytes) at day 8 after infection was
studied from thin blood films made from tail-blood
and stained with May-Griinwald and Giemsa’s
solutions. A considerable variation is observed in
parasitaemia at day 8 after infection among in-
dependent infected control groups (average
parasitaemia+s.D.: 20+ 159, ; 21 experiments and
3—5 mice/experimental group). Therefore, within
each experiment the average parasitaemia in non-
treated mice was determined and the parasitaemia of
each individual mouse from either a control or a
treatment group was divided by this average. These
ratios were used to compare and summarize the
results of independent repeated experiments.
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The effect of treatment on the development of
ECM was studied by monitoring survival of mice.
Death of mice within 2 weeks after infection was
used to identify ECM-death (Curfs et al. 1992).
Persistent, recurrent parasitaemia and survival for
more than 2 weeks after infection indicated pro-
tection against ECM.

TNF receptor R55 and R75 (TNFR55 and
TNFR75) ELISAs

Mice treated with rh'TNF-a and non-treated mice
were sacrificed at day 9 after infection to study the
effect of treatment on the plasma concentrations of
soluble mouse T'NF receptors. Blood was collected
in endotoxin-free tubes (4 °C) which contained
endotoxin-free (LAL assay) heparin (NPBI, Emmer
Compascuum, The Netherlands). Plasma was col-
lected by centrifugation within 2 h after bleeding
and stored at —20 °C.

The ELLISAs recognizing both free and complexed
TNF receptors, were carried out with the materials
the methods described by
Bemelmans et al. (1994). Briefly, microtitre plates
were coated with anti-TINFR55 or anti-TNFR75
monoclonal antibody. Non-specific binding was

and according to

blocked with 1 9, BSA. After washing, mouse plasma
samples were added. A standard curve was made
using recombinant murine TINFR55 and TNFR75
protein. Subsequently, plates were washed and
incubated with biotinylated anti-TNF receptor anti-
bodies. After washing, plates were incubated with
streptavidin—peroxidase followed by an enzyme
reaction providing a coloured reaction product. The
lower detection limit for murine soluble TNFR55
was 20 pg/ml and for soluble TNFR75 was 500

pg/ml.

Statistical analysis

The effect of treatment on parasitaemia was analysed
by one-way ANOVA. The effect of treatment on
survival was analysed by the y® test. Differences were
considered significant at a level o = 0-05.

RESULTS

Subcutaneous injection of free rhTNF-a in
P. berghei-infected mice

Mice received a single s.c. injection of free rh' TNF-
a on day 5, 6, 7 or 8 after infection and protection
against ECM was monitored (Fig. 1). Approximately
50-909%, of the mice were protected against CM
when treatment was started at day 5 after infection
(0-5-5 g rh'TNF-a). The protective efficacy against
ECM depended on the day of treatment (days 5-8,
P < 0:0001; summarized data of all doses) and de-
creased when treatment was started later in infection.
Protection against ECM was independent of the
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Fig. 1. The effect of treatment with free rh'TNF-o
during infection on protection against ECM. Mice
received a single subcutaneous injection of thTNF-«
(0-5-10 ug rh'TNF-a) at day 5, 6, 7 or 8 after infection
with 10% Plasmodium berghei parasites and survival for
more than 2 weeks after infection was used as a marker
for protection against ECM. The percentage of mice
protected against ECM is plotted against the day of
treatment and the dose of thTNF-«. The number above
each bar indicates mice protected/mice treated. Non-
treated or placebo-treated mice died within 2 weeks after
infection.

dose of thTNF-a in the studied dose range 0-5—
5 pug rhTNF-a (summarized data of treatment of
days 5-7). Administration of 10 ug rh'TNF-a was
toxic (death within 24 h after injection) at day 5 for
7 out of 10 mice, while all mice died within 24 h
when injected at day 8. No toxic effects were
observed after injection of 5 ug rh'T'NF-a at day 8
after infection. Non-treated mice and mice treated
with buffer all died within 2 weeks after infection
because of ECM.

The parasitaemia data are expressed as the ratio of
the parasitaemia of a certain mouse divided by the
mean parasitaemia of the infected but otherwise non-
treated mice in the same experiment. Calculation
of this ratio permitted the results of independent
repeat experiments to be summarized. The effect of
rh'TNF-a treatment on parasitaemia was similar
when treatment was started at day 5, 6 or 7 and in the
dose-range 0-5-5 ug rh'TNF-a (Fig. 2). Therefore,
statistical analysis was performed on the summarized
data. Treatment with thTNF-« significantly (P <
0-0001 compared to non-treated mice) suppressed
parasitaemia independent of the day of treatment
(day 5-7; summarized data of doses ranging from
0-5-5 ug rh'TNF-a) and independent of dose of
rhTNF-a (0-5-5 ug rh'TNF-a; summarized data of
treatment on days 5-7) (Table 1). The effect of
rh'TNF-a treatment on parasitaemia was also studied
in relation to protection against ECIM ; parasitaemia
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Fig. 2. The effect of treatment with th' TNF-o during
infection on parasitaemia. Mice received a single
subcutaneous injection of rh'T'NF-a (0-5-5 ug rh'TNF-«)
at day 5, 6 or 7 after infection with 10® Plasmodium
berghei parasites. The ratio of parasitaemia at day 8 after
infection/mean parasitaemia non-treated mice was
calculated for each mouse as described in the Materials
and Methods section. The average ratio+s.D. is plotted
in the figure for each dose of rh'TNF-o and for each day
of treatment and the total number of mice in each group
is indicated. (The average ratio of parasitaemia +s.D. at
day 8 for non-treated mice: 1:0+0-6.)

was significantly suppressed in ECM-protected
mice but not in mice developing ECM (P < 0-0001,
Table 1).

Sustained release of rhTNF-o in P. berghei-infected

mice

Sustained release of low doses of 0:05-0-15 ug
rhTNF-a/day, from i.p. implanted osmotic pumps
(release rate 1 ul/h during 7 days) starting at day 5
after infection protected 65-1009%, of the mice
against the development of ECM (Table 2). The
protective efficacy against ECM was independent of
dose in the dose range studied.

The summarized data of mice receiving saline-
containing pumps exhibited protection against ECM
in 5 out of 16 mice. This was an unexpectedly high
protection rate when considering the outcome of
earlier work (unpublished data). For unknown
reasons in 1 of the 4 independent experiments 3 out
of 3 mice treated with the saline containing pumps
were protected against ECM. Despite this, pro-
tection against ECM was significantly (P < 0-01)
higher by sustained release of rh'TNF-o (0-05—
0-15 pg rh'TNF-a/day) as compared to saline-treated
controls.
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Table 1. Effect of treatment with a subcutaneous bolus injection of rh'TNF-o on parasitaemia in relation
to development of experimental cerebral malaria in Plasmodium berghei-infected mice

(Mice received a subcutaneous injection thTNF-« (0-5-5 ug) on day 5, 6 or 7 after infection with 10? parasites and the
effect on parasitaemia at day 8 after infection was studied in relation to protection against cerebral malaria. The average
parasitaemia at day 8 after infection was determined in each control group and the parasitaemia of each individual mouse
was divided by the average of the corresponding control group. This permitted the results of independent repeat
experiments to be summarized. Values represent averages +s.D. of the combined data of different doses (0-5-5 yg rh'TNF-
a) and days of treatment (day 5, 6 or 7).)

Ratio parasitaemia at day 8/mean parasitaemia non-treated mice

Treatment All mice Mice with ECM Mice without ECM

1406 (n = 87)
0-6%*+ 06 (n = 101)

1406 (n = 87)
09406 (n = 48)

(n=0)
0-4%%4 +04 (n = 53)

No treatment

rhTNF-a

**¥P < 0-0001 as compared to non-treated mice; TP < 0-0001 as compared to mice developing ECM in the same treatment

group.

Table 2. Effect of sustained release of thTNF-a
from intraperitoneally implanted osmotic pumps
on protection against experimental cerebral malaria

(The pumps were implanted at day 5 after infection with
10® Plasmodium berghei parasites and released 1 ul/h during
7 days. Controls received either pumps containing saline
or no treatment at all.)

Number of ECM protected
mice/number of treated

Treatment mice

No treatment 2/86 (29%)
Pump

Saline 5/16 (31 %)

0-05 ug thTNF-a/day
0-10 ug rh'TNF-a/day
0-15 ug thTNF-a/day

13/20 (65 %)
4/4 (100%)
8/9 (89%)

Treatment with rhTNF-o via osmotic pumps
(0-05-0-15 ug rh' TNF-a/day) starting at day 5 after
infection significantly (P < 0-001) suppressed para-
sitaemia (average+s.D.: 0:4+0-3; n = 14) (data not
shown).

When sustained release of rh' TNF-« started at day
7 after infection, no effect was observed on para-
sitaemia and mice were not protected against ECM
(data not shown).

Subcutaneous injection of liposomal rhTNF-a in
P. berghei-infected mice

Subcutaneous injection of rthTNF-a encapsulated
into fluid type (EPC:EPG) liposomes was used as
another approach for sustained release of rh' TNF-c.
The dose range of 0-5-5 g of bioactive rh'TNF-a as
used for free rhTNF-a was also used for the
liposomal th'TNF-a preparation. Protection against
ECM was dose dependent (0-5-5ug liposomal
rh TNF-a, P < 0-001; summarized data of treatment
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Fig. 3. The effect of treatment with liposomal thTNF-«
during infection on protection against ECM. Mice
received a single subcutaneous injection of liposomal
rh'TNF-o (0-5-5 ug bioactive rh'T'NF-«) at day 5, 6, 7 or
8 after infection with 10® Plasmodium berghei parasites
and survival for more than 2 weeks after infection was
used as a parameter for protection against ECM. The
percentage of mice protected against ECM is plotted
against the day of treatment and the dose of rh'TNF-«
administered. The number above each bar indicates
mice protected/mice treated. Non-treated or placebo-
treated mice died within 2 weeks after infection.

on days 5-7) and increased to 100 9, protection when
5 pug liposomal rh'TNF-a was injected at day 5 or 6
after infection (Fig. 3). The protective efficacy of
liposomal rh' TNF-o against ECM also depended on
the day of treatment (day 5-8, P < 0-0001; sum-
marized data of all doses) and decreased when
treatment was started later in infection, similar to the
results obtained with free rh' TNF-« (¢f. Fig. 1 and
Fig. 3). Injection of liposomal th'TINF-« at day 8 was
completely ineffective, but also non-toxic.
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Ratio parasitaemia at day 8 after infection / mean
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Fig. 4. The effect of treatment with liposomal th TNF-«
during infection on parasitaemia. Mice received a single
subcutaneous injection of liposomal rh'TNF-a (1-5 ug
rhTNF-«) at day 5, 6 or 7 after infection with 10?
Plasmodium berghei parasites. The ratio of parasitaemia
at day 8 after infection/mean parasitaemia non-treated
mice was calculated for each mouse as described in the
Materials and Methods section. The average ratio +s.D.
is plotted in the figure for each dose of liposomal
rh'TNF-a and for each day of treatment and the total
number of mice in each group is indicated. (The average
ratio of parasitaemia +s.D. at day 8 for non-treated
mice: 1:0+0-6).

The effect of treatment with liposomal rh TNF-«
on parasitaemia as compared with non-treated mice
did not reach significance (P < 0:06), which is
probably linked to the remarkably high parasitaemia
of a few mice treated with 2 ug liposomal rh'TNF-o
(Fig. 4 and Table 3). On the other hand, parasitaemia
was significantly (P < 0-001) suppressed in ECM-
protected mice as compared to non-treated mice or
mice developing ECM (Table 3).

Subcutaneous injection of empty, buffer-loaded
liposomes at day 5, 6 or 7 after infection did not
protect against ECM (data not shown) and did not
affect parasitaemia ("T'able 3).

Effect of sustained treatment with rh TNF-o. on
sTNFRs in plasma

The effect of treatment by sustained release of
rhTNF-a on the concentrations of sTNFRs in
plasma was determined at day 9 after infection when
non-treated mice normally die of ECM.

Groups of mice received protective doses of 0-5 ug
rhTNF-a/day (mini-osmotic pump) or 2 ug lipo-
somal thTNF-o s.c. at day 5 after infection. The
concentrations of soluble mouse TNFR55 and
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TNFR75 in rh'TNF-«a treated and non-treated mice
are depicted in Table 4. No differences were
observed in the concentration of soluble mouse
TNFR55 at day 9 after infection in plasma samples
of non-treated and rhTNF-o treated mice. In
contrast, soluble mouse TINFR75 concentrations
were increased significantly (P < 0-05) at day 9 after
infection when rh'T'NF-o was released from osmotic
pumps, but not when rhTNF-« containing lipo-
somes were administered s.c. at day 5.

DISCUSSION

The most important observation of this study is that
low-dose treatment with rh'TNF-o protected mice
against P. berghei K173 experimental cerebral ma-
laria and suppressed parasitaemia when treatment
was started at day 5 or 6 after infection. The rh' TNF-
a mediated protection against ECM gradually dis-
appeared when treatment was postponed to day 7 or
8 after infection. The same protective efficacy was
obtained by either s.c. injection of free or liposome-
encapsulated thTNF-a or i.p. infusion, but a 10
times lower daily dose of thTNF-a was sufficient
when continuously released from an i.p. implanted
osmotic pump.

Sustained release of rh' TNF-o probably results in
prolonged therapeutic concentrations of thTNF-«
in the circulation. Recombinant human TNF-« is
rapidly cleared from the circulation after i.v. in-
jection into mice with an initial half-life less than 20
min and a subsequent slower f-phase (Ferraiolo et
al. 1988). The sustained effect of rh TNF-a released
from osmotic pumps is also shown by the higher
plasma concentrations of sTNFR75 as compared
with non-treated or liposomal rhTNF-a treated
mice.

The observation that doses needed for protection
against ECM by treatment with liposomal thTNF-«
were as high as for free th'TNF-a and the observation
that sSTNFR75 was not increased by this treatment,
suggest that the s.c. liposomal depot released
protective amounts of th TNF-a only for a limited
period of time.

The mortality observed after s.c. injection of 10 ug
rh'TNF-a at day 5 or 8 probably reflects the role of
TNF-o in malaria pathology as has been described
before (Curfs et al. 1993) and limits the dose that can
be administered by s.c. bolus injection.

A significant suppression of parasitaemia by
rhTNF-a treatment was observed in ECM-
protected mice. Under the experimental conditions
used, the reduction of parasitaemia was independent
of day of treatment or treatment regimen. Sup-
pression of P. chabaudi AS parasitaemia by adminis-
tration of rhTNF-a to mice was observed by
Stevenson & Ghadirian (1989), while TNF-a alone
did not inhibit growth of P. yoelii in vitro (Taverne
et al. 1987). Studies with P. falciparum in wvitro
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Table 3. Effect of treatment with a subcutaneous injection of liposomal th'TNF-a on parasitaemia in
relation to development of experimental cerebral malaria in Plasmodium berghei-infected mice

(Mice received a subcutaneous injection of empty liposomes or liposome-encapsulated rh'T'NF-o (1-5 pg rh'T'NF-a) at day
5, 6 or 7 after infection with 10® parasites and the effect on parasitaemia at day 8 after infection was studied in relation
to protection against cerebral malaria. The average parasitaemia at day 8 after infection was determined in each control
group and the parasitaemia of each individual mouse was divided by the average of the corresponding control group. The
ratios were used for further analysis. Values represent averages +s.D. of the combined data of different doses (1-5 ug
rh'TNF-«) and days of treatment (day 5, 6 or 7).)

Ratio parasitaemia at day 8/mean parasitaemia non-treated mice

Treatment All mice Mice with ECM Mice without ECM
No treatment 1:0+0:6 (n = 86) 1:0+0:6 (n = 86) (n=0)
Empty liposomes 0:8+0-3 (n=15) 0:8+0-3 (n=15) (n=20)

Liposomal thTNF-a 0-8+1-0 (n = 82) 15% 413 (n = 23) 0-5%+ +0:6 (n = 59)

*P < 0-:01 as compared to non-treated mice; +P < 0-:0001 as compared to mice developing ECM in the same treatment
group.

Table 4. Effect of sustained rh' TNF-« treatment starting at day 5 after
infection on the concentrations of soluble mouse TNF receptor in
plasma at day 9 after infection in Plasmodium berghei-infected mice

(Mice received rh'TNF-« either from i.p. implanted mini-osmotic pumps (release
rate 1 ul/h, 0-5 ug thTNF-o/day for 7 days) or from a single s.c. injection of
2 ug liposomal rh' TNF-a at day 5 after infection with 10® parasites. A third group
of mice did not receive th'TNF-a treatment. Groups of mice were sacrificed at
day 9 after injection and plasma was collected for analysis by specific ELISAs.

Values represent averages +S.D.)

Soluble mouse TNF receptor in
plasma (ng/ml) at day 9 after

infection
Treatment sTNFR55 sTNFR75
No treatment 0:3+02 (n=75) 50+£9 (n=5)
rhTNF-« infusion (0-5 pg/day) <02 (n=23) 84*+13 (n=3)
Liposome-encapsulated rh'TNF-a (2 ug) 0:3+01 (n=175) 54+13 (n=5)

*P < 0-05 as compared to non-treated mice.

(Kumaratilake, Ferrante & Rzepczyk, 1990) and P.
yoelii and P. chabaudi AS in mice (Taverne et al.
1994) indicate that activated macrophages and
neutrophils are probably involved in TNF-«
mediated parasite killing. In addition, Taverne et al.
(1994) suggested that the effects of TNF-a on
erythropoiesis (Johnson et al. 1989; Moldawer et al.
1989) may play a role in the suppression of
parasitaemia.

The observation that parasitaemia was suppressed
in ECM-protected mice, but not in mice developing
ECM, suggests that the effect of rhTNF-a on
parasitaemia plays a role in rh'TNF-a mediated
protection against ECM. It should be noted that
almost all mice infected with parasites in a range of
10 to 10000, develop ECM despite a widely varying
parasitaemia after infection (Curfs et al. 1993).
Moreover, parasitaemia in non-treated mice varies
extensively before the mice die of ECM. Therefore,
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the course of an untreated infection is probably not
a critical factor in development of ECM in P.
berghei-infected mice. Thus, the change in para-
sitaemia by treatment with th'TNF-a may interfere
with the development of ECM. On the other hand,
the effect of th'TNF-a on parasitaemia may be an
associated but not causally related factor in pro-
tection against ECM.

Possible other mechanisms
rh'TNF-a mediated protection are the stimulation of
the production of sTNFRs and the induction of
tolerance or refractoriness of TINF-a sensitive cells.
Elevated concentrations of sTNFRs
observed during malaria infection in humans
(Deloron et al. 1994) and in the P. berghei K173
murine model used in the present study (Hermsen et
al. 1997). Soluble TNFRs are probably increased as
a response to endogenous TNF-o production. They
can inhibit TNF-a interaction with membrane-

involved in the

have been
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bound receptors (Lesslauer et al. 1991) and high
levels of sSTNFR55 were shown to protect against
CM (Garcia et al. 1995). Our study did not reveal an
increase in the plasma concentration of sTNFR55 in
relation to sustained treatment with rh'TNF-a. The
increase in sSTNFR75 at day 9 after infection is only
observed in mice receiving rh'TNF-o from osmotic
pumps, not in mice receiving th'TNF-a from a s.c.
liposomal depot, while both treatment regimens
protected against ECM. This suggests that the
increase in sTNFR75 is not linked to protection
against ECM. However, only one time-point was
measured and that may not be the critical point to
observe functional changes in sTNFR75 involved in
the protection against ECM.

Another mechanism involved in rhTNF-a
mediated protection against ECM may be the
induction of refractoriness or tolerance of TINF-a
sensitive cells. Several studies demonstrated that
pre-treatment with TNF-a induces refractoriness
and therefore tolerance to its pathological effects
(Fraker et al. 1988 ; Takahashi et al. 1995). Tolerance
persists for several days and might be a ‘natural’
regulatory mechanism to control toxicity of this
cytokine (T'akahashi, Brouckaert & Fiers, 1993). Our
data do not permit a decision as to whether treatment
with thTINF-a induces refractoriness and therefore
prevents development of ECM.

In summary, low-dose treatment with rh’ TNF-a
at day 5 or 6 after infection protects against ECM
in P. berghet K173-infected mice. The effect of
rh'TNF-a treatment on suppression of parasitaemia
may play a role. No indications were found that
treatment with rh'TNF-o protects through triggering
of production of sTNFRs. The mechanism by
which th'TNF-a prevents the development of ECM
remains to be elucidated.
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