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We developed a radiometric assay by which the antiplasmodial effects of phagocytic cells can be quantitated.
This assay was used to examine the effects of recombinant human tumor necrosis factor alpha (TNF-«) on the
killing of Plasmodium falciparum by human neutrophils. Data presented demonstrated that neutrophils engulf
and destroy P. falciparum, but substantial killing of parasites required the presence of either heat-labile or
heat-stable opsonins. While recombinant TNF-« at concentrations of 5 to 50,000 U/ml showed no direct effects
on the parasite, this cytokine augmented the antimalarial activity of neutrophils at doses of 20 to 250 U/10°
neutrophils. The results suggest that TNF-a is an important component of the immune phagocytic effector
mechanisms which are involved in destruction of the malarial parasite.

Tumor necrosis factor alpha (TNF-a) is a polypeptide
cytokine whose release can be triggered by a range of
stimuli. TNF-a not only functions as a mediator of the
deleterious alterations in cellular homeostasis as a result of
many invasive infectious agents (7, 34), it is also considered
beneficial to the host for defense against infections and
malignancy (7, 13-18, 40). It has been shown that several
species of malarial parasites and their soluble antigens
induce the release of TNF-a from mouse peritoneal macro-
phages (3, 4). Significant levels of TNF-a have been found in
sera from Plasmodium falciparum-infected individuals (26,
43) and Plasmodium berghei-infected mice (24, 25). Al-
though the pathophysiological effects of TNF-a have been
frequently addressed (1, 10, 11, 36), its role in host protec-
tion against Plasmodium infections has not been clearly
defined. While TNF-containing tumor necrosis serum has
been shown to be cytotoxic to Plasmodium yoelii, P. berghei
(46), and P. falciparum (27), recombinant TNF-a (fTNF-a)
did not affect the viability of P. yoelii (47) under in vitro
conditions. In fact, it has now been shown that lipid perox-
idases present in tumor necrosis serum may account for
most of the anti-P. falciparum activity (41). Contrary to the
in vitro observations, repeated injections of rTNF-a pro-
longed the survival of the mice by markedly reducing the
parasitemia (12, 47). One interpretation of these results is
that TNF-a may act by activating macrophages and neutro-
phils. It has now been clearly established that TNF-a
increases the antimicrobial activity of neutrophils (16-18).
Since neutrophils have been shown to phagocytose and
inhibit growth of P. falciparum (8, 9, 29, 48), we examined
the ability of TNF-a to modulate the antimalarial activity of
human neutrophils. The results demonstrate that rTNF-a
augments the Killing of P. falciparum by neutrophils.

MATERIALS AND METHODS

Sera. Immune serum (IS) refers to serum obtained from
individuals who were long-term residents in malaria endemic
areas in Papua New Guinea or the Solomon islands. These
samples contained high titers of antimalarial antibodies
(C. M. Rzepczyk, R. Ramasamy, D. A. Ho, P. L. Battistuta,
D. Parkinson, T. J. Doran, and M. Honeyman, Eur. J.
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Immunol., in press) and <10 hemolytic units of complement.
Normal serum (NS) was obtained from group AB* Austra-
lians who had not been to malaria endemic areas. A portion
of this was heated at 56°C for 30 min to inactivate comple-
ment activity and is referred to as heated normal serum
(HNS).

Parasite. Asynchronous culture of P. falciparum (FC 27
K~ strain) was maintained in O* erythrocytes with malaria
medium, which consisted of medium RPMI 1640 (Flow
Laboratories) supplemented with 10% heat-inactivated AB™*
serum, at 37°C in 5% CO,~5% O, in air. In experiments, 10
erythrocytes per ml with 4 to 5% parasitemia were used.

Treatment of neutrophils with TNF-a. Neutrophils were
prepared from the blood of healthy volunteers by the rapid
single-step technique (21) involving centrifugation of the
blood on Hypaque-Ficoll medium (d = 1.114). After 30 min
of centrifugation, the neutrophils were recovered from the
second leukocyte band. These were 96 to 99% pure and
>99% viable as judged by the trypan blue exclusion method.

rTNF-a produced by Genentech Inc. (South San Fran-
cisco, Calif.) was kindly provided by G. R. Adolf from
Boehringer Ingelheim, Vienna, Austria. The specific activity
of this preparation was 6 x 107 U/mg (>99% pure), and it
contained <0.125 U of endotoxin per ml (Limulus amoebo-
cyte lysate assay).

Neutrophils were treated with rTNF-a by adding 100 U of
rTNF-a in 50 pl of Hanks balanced salt solution to 50 pl of
cells (10%) in microdilution plates at 37°C for 30 min. In some
experiments, neutrophils were treated with a range of rTNF-
a concentrations.

Growth inhibition assay. Experiments were conducted in
96-well flat-bottom microdilution plates (Linbro; Flow Lab-
oratories, Inc., McLean, Va.), comparing nine different
treatment groups. P. falciparum-infected erythrocytes were
incubated in the presence of IS (group 1), NS (group 2), HNS
(group 3), neutrophils plus IS (group 4), neutrophils plus NS
(group 5), neutrophils plus HNS (group 6), i TNF-a-treated
neutrophils plus IS (group 7), rTNF-a-treated neutrophils
plus NS (group 8), and rTNF-a-treated neutrophils plus
HNS (group 9). After the pretreatment of neutrophils with
rTNF-a or Hanks balanced salt solution, infected erythro-
cytes (5 X 10%in 50 pl of malaria medium) and 50 pl of serum
or malaria medium were added to the wells and mixed, and



VoL. 58, 1990

the plates were incubated for a further 2 h at 37°C in 5% CO,
in air. The wells were pulsed with 1 wCi of [*H]hypoxanthine
(Amersham Corp., Arlington Heights, Ill.) and incubated
overnight (18 h). Individual well contents were then col-
lected onto glass filter paper with a multiple semiautomated
sample harvester (Titertek; Flow Laboratories), and the
[*H]hypoxanthine incorporation was measured with a liquid
scintillation counter (Beckman model LS 3801). Percent
inhibition of growth of the parasite was calculated by the
following formula: percent inhibition = (dpm of parasite with
serum — dpm of parasite with serum interacted with neutro-
phils)/dpm of parasite with serum, where dpm = disintegra-
tions per minute. Since neutrophils took up negligible
amounts of the label during this period, it was possible to
determine accurately the neutrophil-mediated inhibition of
[*H]hypoxanthine uptake by the parasites. A small propor-
tion of IS tested showed direct P. falciparum inhibitory
properties, and these sera were not included in the present
study.

Microscopic studies. Neutrophil-parasite interaction was
also studied by preparing cytocentrifuge smears of the
microdilution plate contents. These were stained with Gi-
emsa (Gurr; BDH, Poole, England) and examined by micros-
copy at xX1,000 magnification.

Expression of results and statistical analysis. A total of 22
experiments were conducted with neutrophils from different
individuals, using 24 different samples of IS and pooled NS
from 10 individuals. The results were compared by the
two-tailed Student 7 test.

RESULTS

Figure 1 summarizes the results from 22 experiments and
also gives the statistical analyses between different treat-
ment groups. The neutrophils showed a small (4%) inhibition
of [*H]hypoxanthine uptake by P. falciparum in the pres-
ence of HNS. However, when serum complement activity
was left intact, the degree of inhibition was greater (14%). A
more marked inhibition of parasite growth (24%) was seen
when IS was used. The effect of IS on parasite growth
inhibition was dose dependent at an IS concentration range
of 5 to 25% (Fig. 2). This level of inhibition was also seen
when the IS was heated at 56°C for 30 min. Interestingly, the
capacity of neutrophils to inhibit parasite growth under all
these conditions was significantly increased if neutrophils
were pretreated for 30 min with rTNF-a (Fig. 1). A dose-
dependent enhancement of neutrophil antiparasitic activity
was observed with rTNF-a at 1 to 250 U/10° neutrophils
(Fig. 3). No further enhancement was observed between 250
and 1,000 U.

Similar effects were found when the ammonium sulfate
pooled immunoglobulin cut of IS was used. Percent inhibi-
tion in three experiments was 39.6 + 18.9 and 71.0 = 1.2 in
the absence and presence of rTNF-a, respectively. Micro-
scopic examination of cytocentrifuged smears of neutrophil-
P. falciparum cultures showed that rTNF-a-treated neutro-
phils actively phagocytosed the parasites in the presence of
either complement- or antibody-containing serum (Fig. 4).
The neutrophils phagocytosed merozoites, rings, trophozo-
ites, and schizont stages.

In the absence of neutrophils, no inhibition of growth (by
radiometric assay) or degeneration (by microscopic exami-
nation) of the parasite was observed when P. falciparum was
incubated with rTNF-a alone at concentrations of 5 to 50,000
U/ml.
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FIG. 1. Inhibition of [*H]hypoxanthine uptake by P. falciparum
after interaction with neutrophils (open bars) and rTNF-a-activated
neutrophils (hatched bars) in the presence of IS, NS, and HNS.
Results are presented as the mean * standard error of the mean
(bars) from 22 experiments. The two-tailed Student ¢ test showed the
following: a versus b, P < 0.00S; c versus d, P < 0.05; e versus f, P
< 0.025; a versus ¢, P < 0.05; b versus d, P < 0.001; a versus e, P
< 0.001; b versus f, P < 0.001.

DISCUSSION

The results presented in this report indicate that the
greatest damage to P. falciparum by neutrophils occurred in
the presence of both antimalarial antibodies and TNF-a. It is
also evident that the augmentation of P. falciparum damage
by TNF-a was not due to a direct effect of the cytokine.
Serum containing TNF activity has been shown to be
cytotoxic for various Plasmodium species (27, 46). Our
findings suggest that factors other than TNF-a in this serum
are likely to be responsible for these effects, a conclusion
consistent with more recent findings (12, 41). The observa-
tion that TNF-a augments the neutrophil-mediated parasite
damage in the presence of HNS is in agreement with the
previous findings that TNF-a stimulated the neutrophil re-
sponse against nonopsonized zymosan (33). Since TNF-a is
known to alter neutrophil surface receptors (5, 23, 39), it is
possible that the interaction between neutrophil receptors
and lectins on infected erythrocytes is optimized because of
an increased affinity of the receptors. TNF-a has also been
shown to enhance the expression of complement receptor
type 3 (23, 39). It is therefore conceivable that the increased
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FIG. 2. Effect of IS concentration on the inhibition of
[*H]hypoxanthine uptake by P. falciparum (5 x 10° infected eryth-
rocytes per well) in the presence of either neutrophils (@) or
neutrophils (1 x 10) pretreated with 100 U of TNF-a (37°C, 30 min)
(O). The results are presented as the mean * standard error of the
mean (bars).

damage in the presence of complement results from func-
tional changes in this receptor. It is also tempting to specu-
late that the effects of TNF-a in the presence of antibody are
related to its increased expression of neutrophil Fc receptors
(39). Among a number of possible roles of antibody in
immunity to malaria is that of opsonization and promotion of
phagocytosis (28, 32). Extensive examination of cytocentri-
fuged smears of neutrophil-P. falciparum cultures showed
that rTNF-a-treated neutrophils always actively phagocy-
tosed the parasites in the presence of either complement- or
antibody-containing serum.

The mechanisms by which TNF-a alters neutrophils for
antimicrobial activity have been partly identified. The capac-
ity of TNF-a to alter the Fc, complement, and other adher-
ence receptors (5, 39, 44) is likely to be important in its
effects on neutrophil damage to malarial parasites. In addi-
tion, however, TNF-a is known to prime neutrophils for
increased oxygen radical production (6, 18, 20, 22, 33, 45)
and increased release of lysosomal components in response
to a variety of stimuli, including opsonized fungi and amoe-
bae (18, 20, 37). The capacity of antibody and complement to
promote P. falciparum-induced oxygen radical production
has been established (42). However, the role of oxygen
intermediates in the Kkilling of P. falciparum appears contro-
versial. While the importance of oxygen-derived reactive
species has been emphasized (30, 38), neutrophils defective
in oxidative metabolism still inhibited the growth of P.
falciparum (31). More importantly, hydrogen peroxide in the
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FIG. 3. Effects of different concentrations of rTNF-a (1 to 250
U/10° neutrophils) on the anti-P. falciparum activity of neutrophils
in the presence of IS, expressed as percent inhibition of [*H]
hypoxanthine uptake by the parasite. Results are expressed as the
mean *+ standard error of the mean (bars). Percent inhibition by
neutrophils in the absence of TNF-a was 26.0 = 0.8.

presence of myeloperoxidase forms a potent anti-P. falci-
parum system (35). The ability of TNF-a to augment the
release of granule constituents and reactive oxygen interme-
diates from neutrophils is likely to contribute to the en-
hanced killing of P. falciparum by neutrophils observed in
our study, particularly in view of previous findings from this
laboratory which showed that lymphokine-treated neutro-
phils from normal subjects but not those from a myeloper-
oxidase-deficient patient were activated for amoeba Killing
(19).

The findings of this study emphasize the importance of
both TNF-a and antibody in immunity to P. falciparum. The
importance of cell-mediated immunity and also natural killer
cells has previously been emphasized in immunity to malaria
(1, 2; Rzepczyk et al., in press). Stimulation of T cells by
malarial antigens could lead to release of gamma interferon,
which activates macrophages and natural killer cells for
release of TNF-a.

The possible role of TNF-a in the pathophysiology of
malaria has been emphasized (1, 7, 10, 11, 36). A series of
experiments support the hypothesis that excessive amounts
of TNF-a produce many of the abnormalities observed after
the injection of an endotoxin and during clinical endotox-
emic shock. However, TNF-a has been shown to produce a
wide range of biological effects in humans, and some of these
effects, for example, pyrexia, may be beneficial by causing
retardation of parasite development (25). Our results suggest
that TNF-a plays an important role in immunity to malaria
by activating neutrophils for increased killing of the parasite.
This may also explain the discrepancy between the lack of
direct antiplasmodium activity of TNF-a in vitro and its
ability to reduce parasitemia in vivo (12, 47).
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FIG. 4. Photomicrographs of stained smears of cultures showing no evidence of phagocytosis of parasites (p) by neutrophils (n) in the
presence of HNS (A) or TNF-a-pretreated neutrophils having phagocytosed various stages of P. falciparum in the presence of IS (B).
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