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Cytokines such as tumor necrosis factor alpha (TNF) appear to play an important role in the pathogenesis
of malaria. We have previously shown that TNF is produced in response to substances released at schizont
rupture, which we have called malaria toxins. In mice these toxins stimulate a T cell-independent antibody
response, generating short-lived immunoglobulin M (IgM) antibodies that inhibit the TNF-inducing activity of
the toxins. We report here that a similar antibody response is seen in humans. Serum from a European adult
infected with Plasmodium falciparum inhibited the induction of TNF by malaria toxins derived from P.
falciparum-infected erythrocytes. We found that IgM antibodies were responsible for the inhibitory activity.
These inhibitory antibodies could not be detected in convalescent-phase serum collected from the same patient
6 weeks later or in sera from healthy European and African controls. The antibodies appeared to be malaria
specific in that they inhibited TNF induction by a variety of P. falciparum isolates but failed to inhibit TNF
induction by bacterial lipopolysaccharide or lipoteichoic acid. The inhibitory antibodies bound to liposomes
containing phosphatidylinositol but not other phospholipids. Serum from a European adult infected with P.
vivax also inhibited the activity of toxins derived from P. fakciparum-infected erythrocytes, and this too was
mediated by IgM antibodies which were malaria specific and bound to phosphatidylinositol liposomes.

Several lines of evidence indicate that tumor necrosis factor
alpha (TNF), a potent endogenous pyrogen (10), is a major
mediator of the fever that classically accompanies human
malaria. Malaria fever occurs when a large number of eryth-
rocytic schizonts rupture (11), and in vitro studies have shown
that schizont rupture stimulates human mononuclear cells to
release TNF (16). Paroxysms of fever in vivax malaria are
associated with a sharp rise in circulating TNF levels (13), and
monoclonal antibodies against TNF have been shown to
reduce fever in children with cerebral malaria (18). There is
now considerable interest in the parasite toxins that stimulate
host monocytes and macrophages to secrete TNF (5). Parasite
lysates contain a major TNF-inducing component whose active
moiety depends on phospholipid (7), and there is evidence that
this may be a glycosylinositolphospholipid-like structure (2, 6,
22).

It is commonly observed that some individuals in malaria-
endemic areas tolerate high levels of parasitemia without fever
or other symptoms of infection (23). This suggests that the
pyrogenic response is somehow attenuated in individuals who
are frequently reinfected with malaria. We have previously
observed that mice immunized with parasite lysates develop
antibodies that inhibit TNF induction by malaria toxins (3). In
the present study we have investigated whether such antibodies
are produced in the course of human malaria.

MATERIALS AND METHODS

Sera. Sera from patients with malaria were tested for their
ability to inhibit TNF production by human monocytes in
response to malaria toxins in vitro. Before testing, sera were
heat inactivated at 56°C, centrifuged at 10,000 x g for 10 min,
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and filtered through a 0.2-,m-pore-size Spinex centrifuge filter
unit (Costar).

Patient details. Patient A was a 30-year-old European man
returning from a 3-week visit to Zaire, who presented to
hospital with a 24-h history of fever. He gave a history of
malaria fever while resident in Zaire 5 years previously. On the
present occasion he was found to have >1% asexual forms of
Plasmodium falciparum and no other apparent cause of fever.
He was treated successfully with oral quinine. An acute-phase
serum sample was obtained on admission, and convalescent-
phase samples were obtained 3 and 6 weeks later.

Patient B was a 36-year-old European woman who had been
resident in Vanuatu for 3 years. She had returned to the
United Kingdom 9 months previously, and during this period
she had suffered several episodes of fever associated with P.
vivax parasitemia. These episodes were treated with chloro-
quine, but the infection was not eradicated with primaquine
because she was pregnant. Four months after delivery she
presented with 5 days of tertian fever and P. vivax parasitemia.
An acute-phase serum sample was taken prior to radical
antimalarial treatment.

Control sera were obtained from three European and three
Gambian adults. All were healthy individuals who were free of
malaria parasitemia at the time of sampling.

Parasite preparations. P. falciparum was cultured in human
erythrocytes of blood group 0 by using RPMI 1640 supple-
mented with 2 g of glucose per liter and 10% human serum,
essentially as described by Trager and Jensen (24). Cultures
containing mature trophozoites and schizonts at -10% para-
sitemia were centrifuged at 10,000 x g for 10 min, and the
supernatant was removed. The pellet was lysed by the addition
of 4 volumes of sterile endotoxin-free water and stored at
-20°C prior to testing. For most experiments we used partially
purified preparations of these lysates, from which nonstimula-
tory components had been removed by washing in phosphate-
buffered saline (PBS) and methanol-chloroform-water (8:4:3)
(22a). Except where otherwise stated, the parasite strain was
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R29; this is a laboratory line derived from the Brazilian isolate
IT 14/4/25, and it has been previously shown to have high
TNF-inducing activity (1). One set of experiments compared
R29 with other parasite strains. These included three other
lines derived from IT 14/4/25 (IT04, A4, and C28) (21),
Malayan Camp, a Gambian strain (FCR3A2), a Thai strain
(T996), and a Kenyan wild isolate (Kilifi 0303).
TNF stimulation assay. For most experiments we used the

human monocyte cell line Mono Mac 6 (20). Cells were grown
in RPMI 1640 supplemented with 10% fetal calf serum. Before
assay they were washed, resuspended in the same medium
supplemented with 100 ng of phorbol myristate acetate per ml,
and dispensed at 5 x 104 cells per well into 96-well microtiter
plates. They were left for a minimum of 1 h to adhere before
the supernatant was carefully removed. The sera to be tested
were serially diluted in RPMI 1640 and added at 100 ,ul per
well; this was followed by addition of 100 ,u of the diluted
malaria toxin. As positive controls for TNF stimulation, we
used titrations of lipopolysaccharide (LPS) from Escherichia
coli 055:B5 or lipoteichoic acid from Streptococcus pyogenes
(Sigma). After overnight incubation in 5% CO2 at 37°C,
supernatants were harvested and assayed for TNF by enzyme-
linked immunosorbent assay as described previously (7).
For certain experiments we used human peripheral blood

mononuclear cells to confirm the results obtained with Mono
Mac 6 cells. Heparinized blood from healthy adult volunteers
was mixed with an equal volume of normal saline, and mono-
nuclear cells were isolated on Lymphoprep (Nyegaard). They
were washed three times, resuspended in RPMI 1640 plus 1%
human serum, and dispensed at 105 cells per well into flat-
bottomed 96-well microtiter plates. After the cells had been
allowed to adhere for 1 h at 37°C, nonadherent cells were
removed by gentle washing in serum-free RPMI 1640, and then
diluted sera followed by diluted toxins were added to a total
volume of 200 ,lI. TNF production was assayed after overnight
incubation as above.
When pooling results from different experiments, we al-

lowed for day-to-day variation in cell sensitivity of Mono Mac
6 cells by expressing TNF inhibition as a percentage of the
control value rather than as absolute values.

Determination of Ig isotypes. Heat-inactivated, spun, and
filtered sera (500 RI) were diluted 1/10 in RPMI 1640 and
applied to a 1-ml affinity column containing goat anti-human
immunoglobulin G (IgG) or anti-human IgM bound to agarose
(Sigma). The columns were washed with 20 column volumes of
sterile PBS, and antibodies were eluted with 0.1 M glycine HCl
(pH 2.5), immediately neutralized with 1.0 M Tris buffer (pH
8), dialyzed against PBS, and returned to the original volume.
Adsorption of sera by liposomes. Multilamellar dehydration-

rehydration vesicles were kindly supplied by G. Gregoriadis,
School of Pharmacy, London University. Sera diluted 1/50 in
RPMI 1640 were incubated for 1 h at room temperature with
2 mg of the liposomes per ml, which were then deposited by
centrifugation. The remaining supernatant was filtered
through a 0.2-,um-pore-size Spinex centrifuge filter unit.
Adsorption of sera by Mono Mac 6 cells. Mono Mac 6 cells

were harvested, washed, and incubated for 2 h in RPMI 1640
supplemented with 10% fetal calf serum and 100 ng of phorbol
myristate acetate per ml. They were then washed twice in
RPMI 1640 and resuspended at 107/ml in RPMI 1640. Sera
were added to the cell suspension at a final concentration of
1/50 and incubated for 1 h at 37°C. Cells were deposited by
centrifugation at 800 x g for 10 min, and the supernatant was
collected, filtered, and tested.

African control
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FIG. 1. Inhibition of malaria toxin-induced TNF secretion by sera

from a European adult infected with P. falciparum. Levels of TNF
secreted by stimulated Mono Mac 6 cells in the presence of a 1:100
dilution of sera from patient A and healthy controls are shown. Values
are means and standard deviations for a minimum of six experiments,
expressed as a percentage of results of control experiments without
serum. Acute-phase and week 3 convalescent-phase sera inhibited
TNF induction by malaria toxins (-) but not by LPS (ED) or lipotei-
choic acid ([1). Also shown are pooled data from three European and
three African adults.

RESULTS

Inhibitory activity of sera from a patient infected with P.
falciparum. Sera from patient A, infected with P. falciparum,
were tested for their ability to inhibit TNF secretion. Both at
the time of diagnosis and 3 weeks later these sera inhibited the
ability of semipurified malaria toxins to stimulate TNF produc-
tion by Mono Mac 6 cells (Fig. 1). This inhibitory activity
appeared to be malaria specific in that these sera did not alter
the amounts of TNF secreted by cells in response to LPS or
lipoteichoic acid. Control sera from three healthy European
and three healthy African adult donors did not affect the
amounts of TNF induced by malaria toxins, LPS, or lipotei-
choic acid.
To compare levels of inhibitory activity, we retested these

sera in serial dilutions. The serum sample collected at 3 weeks
(approximately 2 weeks after parasite clearance) was more
inhibitory than that collected at diagnosis, but serum obtained
at 6 weeks (i.e., approximately 5 weeks after parasite clear-
ance) did not contain inhibitory activity (Fig. 2).

Ig isotypes responsible for inhibition. To determine whether
specific antibodies were responsible for this inhibitory activity,
we isolated Igs from the sera by affinity chromatography. Most
of the inhibitory activity was found in the IgM fraction (Table
1). Although roughly similar amounts of Ig were isolated from
European and African control sera, as measured by protein
concentration, these did not affect TNF production. The
purified IgM that inhibited the malaria toxins had no effect on
LPS-induced TNF secretion.

Inhibitory antibodies do not bind to activated Mono Mac 6
cells. To confirm that the inhibition was due to a direct
interaction between antibodies and the malaria toxins, we
sought to exclude the alternative possibility that the antibodies
act indirectly by binding to macrophage receptors for the toxin.
This was done in two ways (Table 2). First, we attempted to
adsorb the inhibitory antibodies by incubation with phorbol
myristate acetate-activated Mono Mac 6 cells: sera retained
their inhibitory activity after preincubation with Mono Mac 6
cells. Second, we attempted to block macrophage receptors by
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TABLE 2. Inhibitory antibodies in sera from humans with malaria
do not react with activated Mono Mac 6 cells

% Inhibitory effect of:

Source of Unmodified Serum Mono Mac 6
serum serum applied adsorbed with cells pretreated

with toxin Mono Mac 6 cells with serum

No serum 100.0 ± 3.8 99.7 ± 5.3 100.0 ± 11.7
Patient A
Acute phase 20.8 ± 7.6 18.3 ± 7.1 93.0 ± 3.9
Week 3 12.0 ± 5.5 11.0 ± 3 99.7 ± 5.2

Reciprocal dilution of serum

FIG. 2. Titration of the inhibitory activity in human malaria sera.
The yields of TNF (mean and standard deviation) from triplicate wells
of Mono Mac 6 cells stimulated by malaria toxins in the presence of
dilutions of the sera from patient A taken during the acute illness (0)
and in convalescent-phase serum collected 3 weeks (0) and 6 weeks
(U) later are shown.

incubating Mono Mac 6 cells with inhibitory serum, which was
then washed off before the toxin was added. Cells pretreated in
this way with inhibitory sera showed the same level of TNF
response to malaria toxins as did the controls.
Adsorption of inhibitory activity on phospholipid liposomes.

We have previously observed that the inhibitory antibodies in
mouse antisera raised to malaria toxins specifically bind to
liposomes containing phosphatidylinositol (PI) (2). To see if
the inhibitory antibodies in human sera were also PI specific,
we performed adsorption experiments. All the inhibitory ac-
tivity in the acute-phase serum and in the 3-week-postinfection
convalescent-phase serum was removed by pretreatment with
PI liposomes, whereas incubation with phosphatidylserine
(PS), phosphatidylcholine (PC), or cardiolipin (CL) liposomes
did not affect the inhibitory activity (Fig. 3). Untreated lipo-
somes or liposomes treated with either control European or
control African sera did not affect TNF secretion in response

TABLE 1. Specific inhibition of malaria toxin-induced TNF
secretion by Igs isolated from the sera of patient A

and from European and African controls

% Yield after stimulation with":
Serum sample Isotype

Malaria toxins LPS

Patient A
Acute phase IgG 89.8 ± 11 100.4 ± 13.3

IgM 18.6 ± 7.9 100.3 ± 6.4
Week 3 IgG 79.6 ± 23.5 102.3 ± 9

IgM 14 ± 6.3 98 ± 11.9
African adults IgG 94.7 ± 13.2 ND

IgM 98.4 ± 7.3 ND
European adults IgG 102.6 ± 8.8 ND

1gM 96.9 ± 6 ND

"Yields of TNF secreted by Mono Mac 6 cells stimulated by either malaria
toxins or LPS in the presence of purified immunoglobulins equivalent to a 1:100
dilution of human serum. Values are means and standard deviations of results of
a minimum of six experiments, expressed as a percentage of results of control
experiments without serum. Serum samples from three European and three
African adults were tested independently, and the results were pooled.

Level of TNF secreted by Mono Mac 6 cells stimulated by malaria toxins.
Inhibitory effects of a 1:100 dilution of serum applied to Mono Mac 6 cells with
the toxin, a 1:100 dilution of serum tested after it had been adsorbed against
activated Mono Mac 6 cells, and Mono Mac 6 cells tested after preincubation for
1 h with a 1:100 dilution of serum which was washed off before the addition of
toxin are given. Values are means and standard deviations of results of a

10000 minimum of six experiments, expressed as a percentage of results of control
experiments without serum.

to malaria toxins, showing that liposome breakdown products
were not responsible for inhibition (data not shown).

Cross-reactivity of the major malaria toxins in P.falciparum
isolates. It has been observed that different strains of P.
falciparum vary in their ability to stimulate TNF production by
human peripheral blood mononuclear cells (1). To explore the
possibility of major antigenic differences among the TNF-
inducing toxins of different strains, we compared whole-para-
site lysates from a range of P. falciparum isolates. The acute-
phase serum from patient A inhibited all the strains tested
(Table 3).

Inhibitory activity in the serum from a patient infected with
P. vivax. We tested serum obtained from a patient infected with
P. vivax to see if it contained antibodies that inhibited malaria
toxins derived from P. falciparum-infected erythrocytes. This
serum inhibited the secretion of TNF by cells stimulated by
malaria toxins but did not affect LPS- or lipoteichoic acid-
induced TNF secretion (Fig. 4). The inhibitory activity was
similar to that found in patient A and was mediated by IgM
antibodies. Furthermore, the inhibitory activity was removed
by pretreatment with PI liposomes but not with other phos-
pholipid liposomes (Fig. 5). This serum also inhibited TNF
induction by a range of different P. falciparum isolates (data
not shown).

DISCUSSION

We have found that malaria-infected individuals produce
IgM antibodies that inhibit TNF-inducing malaria toxins.
Inhibitory activity was present during the acute illness and 3
weeks later (approximately 2 weeks after the clearance of
parasites from the blood) but was undetectable 6 weeks after
infection. We found that the inhibitory activity was specific for
malaria and did not inhibit the TNF-inducing activity of
bacterial LPS, but it was effective against a wide variety of P.
falciparum isolates. The antibodies bound to liposomes of PI
but not other phospholipids. Thus the antibody response in
humans is similar to that described in mice, which produce IgM
antibodies that specifically inhibit malaria toxins and bind to PI
liposomes (2).
These observations could be interpreted as a primary im-

mune response, except that both of the patients studied here
had previously experienced malaria and patient B was known
to have had several episodes of malaria fever in the previous
year. The absence of an inhibitory IgG response up to 6 weeks
after the acute episode in patient A also goes against this
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FIG. 3. The inhibitory activity of human malaria sera specifically bind to PI liposomes. The yield (mean and standard deviation) of TNF from

triplicate assays of Mono Mac 6 cells stimulated by malaria toxins in the presence of a 1:100 dilution of acute-phase serum (-) or week 3
convalescent-phase serum (ED) after adsorption with a panel of liposomes is shown.

interpretation. An alternative explanation is that, like mice,
humans mount a transient, T cell-independent antibody re-
sponse to toxins released during malaria infection. This might
explain why we failed to detect inhibitory IgG antibodies in
three Gambian adults, all of whom who would be expected to
have had several episodes of malaria in the past.
The cross-reactivity that we have observed is consistent with

our previous findings in mice (4). Antibodies in the serum of
patient A, who had been in Zaire, were capable of inhibiting
TNF induction by a panel of P. falciparum isolates originating
from Malaya, The Gambia, Brazil, Thailand, and Kenya. All
these P. falciparum isolates were also inhibited by antibodies in
serum from patient B, who was infected with P. vivax (data not
shown), demonstrating that the response is cross-reactive
between species as well as between strains.
The apparent antiphospholipid nature of such antibodies

suggests that they might originate from the CD5-positive pool
of B cells (8). The role of these short-lived IgM antibodies in
infection is poorly understood. In the context of a long-lived

TABLE 3. Inhibitory effect of serum on TNF induction by different
P. falciparum isolates

% of control with serum sample froma:
Isolate European A Patient A

adults (acute phase)

R29 103.5 ± 13.9 98.5 ± 6.9 19.3 ± 3.2
IT04 102.7 ± 12.8 109.1 ± 8.2 11.0 ± 10.7
A4 105.6 ± 12.5 100.3 ± 10.7 19.4 ± 7.3
C28 102.0 ± 11.3 96.2 ± 8.4 17.9 ± 6.2
Malayan Camp 101.6 ± 12.1 94.4 ± 8.3 13.6 ± 5.6
FCR 3A2 100.5 ± 4.2 112.4 ± 10.3 17.3 ± 6.9
T996 101.2 ± 8.6 108.4 ± 16.6 24.2 ± 8.8
0303 100.1 ± 10.2 99.4 ± 5.7 13.8 ± 3.3

a Yield of TNF secreted by human peripheral blood mononuclear cells,
stimulated by P. fakciparum isolates of different origin, in the presence of a 1:100
dilution of human serum. Values are means and standard deviations of results of
at least four experiments expressed as a percentage of results of control
experiments without serum. Serum samples from three European and three
African adults were tested independently, and the results were pooled.

infection such as malaria, they could explain why untreated
individuals become increasingly tolerant of parasitization, i.e.,
why the level of parasitemia necessary to cause fever tends to
rise as the infection progresses (14). However, there is evi-
dence that TNF and fever are important antiparasitic mecha-
nisms, particularly in the early phase of infection, and it might
not benefit the host to ablate this response totally (15). The
fact that both of the patients that we studied had fever despite
the presence of inhibitory antibodies is consistent with the idea
that these antibodies act to down-regulate the TNF response
rather than to abolish it completely. This down-regulatory
effect could be of particular importance in preventing excessive
TNF production, which is thought to be a factor in the
pathogenesis of cerebral malaria (9, 12, 17). In interpreting
these data, it is important to recognize that pyrogenic cytokines
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FIG. 4. Inhibition of malaria toxin-induced TNF secretion by se-
rum and isolated Igs from a European adult infected with P. vivax. The
yields of TNF secreted by Mono Mac 6 cells stimulated by P.
falciparum-derived malaria toxins (-) and LPS (0) in the presence of
a 1:100 dilution of acute serum from patient B (infected with P. vivax)
and isolated IgM and IgG from that serum are shown. Values given are

means and standard deviations for a minimum of four experiments,
expressed as a percentage of control experiments without serum.
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FIG. 5. The inhibitory activity of serum from a P. vivax-infected

patient specifically binds to PI liposomes. The yields (mean and
standard deviation) of TNF from triplicate assays with Mono Mac 6
cells stimulated by malaria toxins in the presence of a 1:100 dilution of
acute-phase serum from a P. vivax-infected patient before and after
adsorption with a panel of liposomes are shown.

other than TNF (such as interleukin-1 and -6) and sources of
cytokine production other than monocytes may also influence
the clinical manifestations of malaria. We have focused here
on TNF production by monocytes because of the clear evi-
dence that TNF is a critical mediator of malaria fever and
because cells of the monocyte/macrophage lineage are a

dominant source of TNF production, but clearly the effects of
antitoxic antibodies on other cytokines and other cell types
merit further investigation.

It has been proposed that inhibitory antibodies against
malaria toxin might provide the basis for an antidisease vaccine
(19). The transience of the inhibitory effect that we have
observed in European malaria patients and the lack of detect-
able inhibitory antibodies in three Gambian adults suggest that
a sustainable immune effect may be difficult to achieve. It is
worth noting, however, that although these Gambian adults
would undoubtedly have been infected with malaria several
times, they were resident in a periurban area of relatively low
transmission. We cannot exclude the possibility that an inhib-
itory IgG response develops in areas of more intense transmis-
sion and that this may explain the high levels of clinical
tolerance that are sometimes observed in these circumstances.
Further studies are needed to determine whether antibodies
that inhibit TNF-inducing toxins influence the level of morbid-
ity in malaria-endemic areas.
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