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ABSTRACT Experimental cerebral malaria (ECM), a le-
thal hyperacute neurological syndrome aciated with high
blood levels of tumor necrosis factor, develops in genetically
susceptible (CBA/Ca) mice 7 days after infection with Plas-
modium berghei ANKA strain. Injections of neutralizing mono-
clonal antibody against recombinant murine interferon oy, not
later than 4 days after infection, markedly reduced the inci-
dence of ECM and the elevation in serum levels of tumor
necrosis factor. This treatment prevented the cerebral lesions
(plugging of brain vessels by monocytes, lymphocytes, and
parasitized erythrocytes). In contrast, the extent of macro-
phage infitration in lymphoid organs (which is a characteristic
feature of mice developing ECM), as well as the course of
infection, remained unaffected by the antibody treatment.
Protected mice died at a later time of severe anemia and
overwhelming parasitemia, the usual outcome of P. berghei
infection in mice that are not susceptible to ECM. The present
data indicate that interferon y constitutes an important link in
the cytokine network that leads to brain vessel inflammation in
experimental malaria. It is proposed that interferon y released
by activated CD4+ T cells acts by augmenting both production
and action of tumor necrosis factor.

Cerebral malaria is the most severe complication occurring in
malaria patients (1). A form of experimental cerebral malaria
(ECM) that reproduces some features of the human disease
develops as an acute lethal neurological syndrome in genet-
ically susceptible CBA/Ca mice infected with Plasmodium
berghei ANKA strain (PbA) (2). Several lines of evidence
have allowed us to identify tumor necrosis factor (cachectin,
TNF-a) as a crucial factor in the pathogenesis ofECM (3): (i)
in PbA-infected CBA/Ca mice, blood TNF levels are ele-
vated (from undetectable levels to >200 units/ml) at the time
of occurrence of ECM; (ii) high blood TNF levels are not
observed in the few genetically susceptible mice that do not
develop ECM or in infected mice that are genetically resistant
to ECM; (iii) passive immunization against TNF reduces the
incidence of the syndrome (from 90o to <5%) and also
prevents accumulation of mononuclear cells and parasitized
erythrocytes in brain vessels, a lesion that is characteristi-
cally associated with ECM.
While it is likely that macrophages, which are found in

strikingly increased numbers in the lymphoid organs of mice
with ECM, are the major source of the high serum TNF
levels, it has been observed that the presence ofCD4+ T cells
is also required for the complication to arise (2). The role of
T cells might consist in releasing lymphokines that have
direct or indirect inflammatory actions. Two such factors,
granulocyte/macrophage colony-stimulating factor (GM-

CSF) and interleukin 3 (IL-3), both ofwhich can be produced
by activated T lymphocytes, have already been shown to be
instrumental in ECM (4), since the mice simultaneously
injected with antibodies against these two cytokines did not
show macrophage accumulation, blood TNF increase, or
ECM. The present study focused on the possible role of
interferon 'y (IFN-y) the principal macrophage-activating
factor released by T cells (5), which also induces in macro-
phages an increase in TNF mRNA transcription (6). The
possibility that ECM could be modulated by treatment with
anti-IFN--y antibody was investigated.

MATERIALS AND METHODS
Mice. Female CBA/Ca mice, originally from Bomholtgard,

Denmark, and bred in our animal facilities, were 8-10 weeks
old at the time of infection.

Induction of ECM. The model system-CBA/Ca mice
infected with PbA-parasitized erythrocytes-and the acute
neurological syndrome developing subsequently have been
described (2).

Antibodies. Rat anti-murine IFN--y IgG2a monoclonal an-
tibody (mAb) F3, derived from rat-mouse hybridomas, has a
high binding potential and neutralizing activity (7). The batch
of F3 used in the present study had a neutralizing titer of
10-5 25 to 1i-5 5 against 10 units of IFN-y. In most experi-
ments the preparations consisted of ascitic fluid from hybri-
doma-bearing mice; 0.1 ml (10 neutralizing units) was injected
per mouse. When indicated, a pure immunoglobulin prepa-
ration was used [purification on a column of Sepharose-
bound mouse anti-rat K-chain mAb, gift of H. Bazin (Uni-
versity of Leuven)]. Another rat anti-murine IFN-y mAb,
R4-6A2, derived from a rat-rat hybridoma (8), was kindly
provided by G. Milon (Institute Pasteur, Paris); the titer of
the ascitic fluid used was i0'. Rabbit polyclonal antibody
was obtained by repeated immunization of rabbits with
recombinant Escherichia coli-produced murine IFN-y [from
Genentech, gift of Gunther Adolf (Boehringer, Vienna)] and
was a protein A-purified IgG fraction. F1, another anti-
murine IFN-y IgG2a mAb, was used as control, as it is about
500-fold less potent than F3 in neutralizing the biological
activities of IFN-'y. D9D10, a mouse IgG1 mAb directed
against human IFN-y (9), was also used as ascitic fluid as a
control, since it does not crossreact with murine IFN-y.
TNF Assay. Serum levels ofTNF were determined by the

L929 cell lytic assay (10) and expressed in units/ml; the
number of units is defined as the reciprocal of the serum
dilution leading to 50% lysis of the cells (3).

Abbreviations: GM-CSF, granulocyte/macrophage colony-stimu-
lating factor; IFN-'y, interferon y; IL-3, interleukin 3; mAb, mono-
clonal antibody; PbA, Plasmodium berghei ANKA strain; TNF,
tumor necrosis factor.
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Histology. Spleens and lymph nodes from PbA-infected
CBA/Ca mice were quick-frozen in liquid nitrogen. Macro-
phages were stained for alkaline phosphatase by standard
procedures.

RESULTS
Effect of Anti-IFN-y on ECM and the Course of Infection.

Two groups ofCBA/Ca mice were infected with PbA. Rabbit
anti-IFN-'y polyclonal antibody or normal rabbit immuno-
globulin (1 mg of IgG fraction) was given intravenously on
day 4 of infection. ECM was observed in 7 of the 8 mice that
received normal rabbit IgG, and only 2 out of 8 mice treated
with the anti-IFN-y developed the neurological syndrome
and died. This suggested that anti-IFN-y treatment might
protect infected mice from ECM, and led to the use of a more
powerful treatment, the intraperitoneal administration of the
rat mAb F3 on days -4, 0, and +4 relative to the day of
infection in groups of 10-12 CBA/Ca mice inoculated with
PbA-parasitized erythrocytes. This time schedule of injec-
tions had been shown to be efficient in in vivo inflammation
models (7, 11, 12). This treatment drastically reduced the
incidence of ECM, from 87.5% in untreated controls to 10lo
in mice injected with F3 (Table 1). Another anti-murine
IFN--y mAb, R4-6A2, also provided a significant degree of
protection. As controls, the rat anti-murine IFN--y mAb F1
and the rat anti-human IFN-y mAb D9D10, which do not
neutralize murine IFN--y, had no significant effect on the
incidence ofECM (5 of 7 and 4 of 7 mice treated with F1 and
D9D10, respectively, developed ECM). Untreated or control
mAb-treated mice dying ofECM showed the classical clinical
signs (i.e., hemi- or paraplegia, ataxia, coma, or convulsions)
and 4 were autopsied. Histopathological analysis invariably
revealed brain vascular plugging.
As a consequence of the reduced incidence of ECM, the

survival time was prolonged in mice receiving antibodies that
neutralized murine IFN-y (Fig. 1). All mice died by the fourth
week of infection, at which time they had severe anemia and
overwhelming parasitemia but no neurological syndrome.
The level of parasitemia was unaffected by F3 antibody
treatment, despite its protective effect in ECM: the level of
parasitemia was similar on day 21 in all surviving mice,
whether treated with F3 antibody or control D9D1O antibody
(Table 2). This failure of anti-IFN-y antibodies to affect
parasitemia was confirmed in an experiment of similar design
in which mice of the same strain were infected with Plasmo-
dium yoelii, which causes a nonlethal form of malaria in mice.
In this model, anti-IFN-y mAb likewise did not modify the
development of infection or the course of convalescence
(data not shown).
Time Requirements for Anti-IFN-y Treatment. To deter-

mine the critical timing of anti-IFN-y antibody treatment, a
single dose of mAb F3 was given at various times relative to

Table 1. Protective effect of IFN-y-neutralizing mAbs against
development of ECM in PbA-infected CBA/Ca mice

ECM incidence*

Exp. Saline F3 F3P R4.6A2

1 9/12 0/10 3/10
2 10/10 0/10 3/7 1/7
3 9/10 3/10 0/8

Total 28/32 3/30 3/15 4/17
(87.5%) aOYo)t (2017o)t (23.5%)t

Mice were given saline or the indicated mAb (0.1 ml, intraperito-
neally) on days -4, 0, and +4 relative to the day of infection. F3 and
R4.6A2 are mAbs that neutralize murine IFN-y; F3P, immunoaffin-
ity-purified F3. Titers are given in Materials and Methods.
*No. of mice developing lethal ECM/no. of mice in group.
tp < 0.005 (Fisher's exact test) vs. saline-treated animals.
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FIG. 1. Effect of anti-IFN-y mAbs on the survival of PbA-
infected CBA/Ca mice. Strongly neutralizing anti-IFN-y mAbs, F3
and R4-6A2, significantly prolonged the survival of malaria-infected
mice (n = 20 and 17, respectively), as compared with malaria-
infected mice treated with culture medium as controls (n = 22).
Nonneutralizing mAbs, F1 and D9D10, did not prolong survival: 7
mice treated with each of these mAbs died of ECM within the first
10 days of infection (data not shown).

the time of parasite inoculation. Injection of F3 on day 4 was
still effective in reducing the incidence of ECM, whereas
injection on day 7, just before the first mice showed clinical
signs of neurological defects, such as isolated palsies, or
ataxia, had no protective effect (Table 3).
Anti-FN-y Prevents the Rise in TNF Levels Associated with

ECM. In view of the proven involvement of TNF-a in the
pathogenesis of ECM, it was essential to study serum TNF
levels in PbA-infected mice treated with anti-IFN-y antibod-
ies and protected against the brain disease. Serum TNF
concentrations measured on day 7 ofinfection were markedly
elevated in untreated mice showing signs of cerebral malaria
(Table 4). Much lower levels were found in infected mice that
escaped the neurological syndrome (pool of four series of
experiments). In mice treated with mAb F3, TNF was
undetectable in all but 1 of the 14 mice tested.

Effect of Anti-IFN-y on Macrophage Accumulation. The
brains and lymphoid organs of PbA-infected mice were
examined 7 days after infection. The plugging ofbrain vessels
by monocytes, lymphocytes, and parasitized erythrocytes
was absent in anti-IFN-y antibody-treated mice that did not
develop ECM. However, the increased mononuclear cell
infiltration in the spleen and lymph nodes that characteristi-
cally accompanies ECM (3, 4) was not prevented by anti-
IFN-y treatment.

DISCUSSION
The present study shows that in vivo neutralization of a single
cytokine activity is able to prevent a complex neurological
syndrome. We previously showed (2) that ECM is the expres-
sion of an immunopathological reaction, since CD4+ T cells
are necessary for the neurological syndrome to develop in
PbA-infected mice of susceptible strains. Our present obser-
vations indicate that the contribution of T cells consists at
least in part in producing IFN-'y. Production of IFN-y, which

Table 2. Treatment with anti-IFN-y mAbs does not affect the
course of parasitemia in PbA-infected CBA/Ca mice

ost- % parasitized erythrocytes
infection Saline F3 R4.6A2 D9D10

4 0.8 ± 0.7 0.7 ± 0.5 0.9 ± 0.6 0.9 ± 0.7
6 6.9 ± 1.1 6.2 ± 1.9 6.0 ± 1.8 5.9 ± 2.7
14 40.1 ± 5.12 34.3 ± 4.61 42.5 ± 5.25 40.0 ± 6.12
21 54.8 ± 4.71 51.5 ± 5.65 57.8 ± 7.91

Mice (n = 7 per group) were injected with saline or the indicated
mAb on days -4, 0, and +4 relative to infection.
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Table 3. Protective effect of a single injection of
IFN--y-neutralizing mAb F3 given at various
times relative to infection

Day of ECM
F3 treatment incidence*

No F3 7/7
-4 2/7
0 1/7

+4 1/7
+7 7/7

*No. of mice developing lethal ECM/no. of mice in group.

is related to T-cell activation, has been described during
murine malaria infection, and elevated levels of IFN-y have
been reported in the serum of patients with malaria (13, 14).
It is evident from in vitro and in vivo studies that both IFN-y
and TNF can participate in the killing of malaria parasites
inside erythrocytes (15). IFN-'y is able to reduce hepatocyte
invasion by sporozoites (16) and schizogony (17), and this
mechanism can be enhanced by vaccination (18). However,
as judged from the lack of effect of anti-IFN-y or anti-TNF
antibody on the multiplication of parasites in mice that are
protected from ECM, these cytokines do not have marked
antiparasitic effects in the present experimental conditions.
Although IFN-y has little or no direct inflammatory action,

it is a powerful activator of macrophages, and it potentiates
the effects of cytokines that do possess direct inflammation-
promoting activities, in particular TNF-a and -,/ and inter-
leukin 1, an effect observed both in vitro and in vivo (19, 20).
In view of the high blood levels of TNF in ECM and the
observation that this syndrome can be prevented by the
administration of anti-TNF antibody, it was possible that the
prevention of ECM by anti-IFN-y treatment reflects the
failure to potentiate TNF action by IFN-y. However, it is
apparent that IFN-y acts first on TNF release, since serum
TNF levels were dramatically reduced in mice treated with
anti-IFN-y antibody and protected against ECM, when com-
pared to untreated mice that did develop ECM. Knowledge
of the relative contributions of the cytokines might help to
design new strategies for prevention or therapy of cerebral
malaria in humans. These studies highlight the need to
develop clinically compatible antibodies or other antagonists
of certain cytokines.
From the present study on the involvement of IFN-y in

ECM and from a previous study showing that IL-3 and
GM-CSF, other cytokines released by CD4+ T cells, are also
involved in the pathogenesis ofECM (4), a coherent picture of
the roles ofmacrophages, T lymphocytes, and cytokines in the
pathogenesis of ECM emerges. The requirement of CD4+ T
cells for the disease to develop (2) involves at least the release
of IL-3, GM-CSF, and IFN-y, since all these cytokines must
be released in order to reach the high blood TNF level that
appears to be eventually responsible for the occurrence of the
acute cerebral vascular lesions (3). One aspect of the contri-

Table 4. Treatment with anti-IFN-y mAb F3 prevents the
increase in serum TNF in PbA-infected CBA/Ca mice

Serum TNF,
Treatment n units/ml

None 15 0
PbA, without ECM* 14 6.4 ± 3.4
PbA, with ECM 19 211.6 ± 53.20
PbA plus mAb F3t 14 0.7 ± 2.5t

TNF levels were measured 7 days after infection.
*PbA-infected mice that did not develop ECM were taken from eight
different experiments.
tmAb F3 was given on days -4, 0, and +4 relative to infection; none
of these mice developed ECM.
fThirteen mice had no detectable TNF; one had 10 units/ml.

butions of IL-3 and GM-CSF appears to consist in a vast
increase in the number of mononuclear phagocytes, which is
manifested by their accumulation in lymphoid organs (4). This
probably represents the source of increased TNF production.
One aspect of the contribution of IFN-y is to enhance mac-
rophage activation rather than accumulation. The increase in
TNF mRNA transcription of macrophages by IFN-y has
indeed been documented (5, 6), and TNF has an upregulating
effect on its own synthesis (21) as well as on the increase in
TNF mRNA level triggered by IFN-y (22), probably because
it increases the number of IFN-y receptors on cell surfaces
(23). It seems reasonable to speculate that at some critical
point, this cytokine cascade leads to a rapidly autoamplifying
situation of TNF overproduction that ends in the cerebral
vascular disaster responsible for ECM.

The technical assistance of Ms. D. Gretener and Mrs. C. Gysler is
gratefully acknowledged. This study was supported by grants
3.803.0.86 and 3.650.0.87 from the Swiss National Research Foun-
dation, the World Bank-United Nations Development Program-
World Health Organization Special Programme for Research and
Training in Tropical Diseases, the Sandoz Research Foundation, and
the Foundation from the National Fund for Scientific Research, the
National Lottery, the ASKLK/CGER (General Savings and Retire-
ment Fund), and the Ministry of Science Policy (Concerted Research
Actions) of Belgium.

1. Wyler, D. J. (1988) J. Infect. Dis. 158, 320-324.
2. Grau, G. E., Piguet, P. F., Engers, H. D., Louis, J. A., Vas-

salli, P. & Lambert, P. H. (1986) J. Immunol. 137, 2348-2354.
3. Grau, G. E., Fajardo, L. F., Piguet, P. F., Allet, B., Lambert,

P. H. & Vassalli, P. (1987) Science 237, 1210-1212.
4. Grau, G. E., Kindler, V., Piguet, P. F., Lambert, P. H. &

Vassalli, P. (1988) J. Exp. Med. 168, 1499-1504.
5. Murray, H. W., Spitalny, G. L. & Nathan, C. F. (1985) J.

Immunol. 134, 1619-1622.
6. Collart, M. A., Belin, D., Vassalli, J. D., de Kossodo, S. &

Vassalli, P. (1986) J. Exp. Med. 164, 2113-2118.
7. Heremans, H., Dijkmans, R., Sobis, H., Vandekerkhove, F. &

Billiau, A. (1987) J. Immunol. 138, 4175-4179.
8. Spitalny, G. L. & Havell, E. A. (1984) J. Exp. Med. 159,

1560-1565.
9. Sandvig, S., Laskay, T., Andersson, J., Deley, M. & Anders-

son, U. (1987) Immunol. Rev. 97, 51-65.
10. Ruff, M. R. & Gifford, G. E. (1980) J. Immunol. 125, 1671-

1677.
11. Billiau, A., Heremans, H., Vandekerkhove, F. & Dillen, C.

(1988) Eur. J. Immunol. 17, 1851-1854.
12. Billiau, A., Heremans, H., Vandekerkhove, F., Dijkmans, R.,

Sobis, H., Meulepas, E. & Carton, H. (1988) J. Immunol. 140,
1506-1510.

13. Druilhe, P., Rhodes-Feuillette, A., Canivet, M., Gentilini, M.
& Peries, J. (1982) Trans. R. Soc. Trop. Med. Hyg. 76,422-423.

14. Rhodes-Feuillette, A., Bellosguardo, M., Druilhe, P., Ballet,
J. J., Chousterman, S., Canivet, M. & Peries, J. (1985) J.
Interferon Res. 5, 169-178.

15. Clark, I. A., Hunt, N. H., Butcher, G. A. & Cowden, W. B.
(1987) J. Immunol. 139, 3493-3496.

16. Schofield, L., Ferreira, A., Atszuler, R., Nussenzweig, V. &
Nussenzweig, R. S. (1987) J. Immunol. 139, 2020-2025.

17. Mellouk, S., Maheshwarir, K., Rhodes-Feuillette, A., Beau-
doin, R. L., Berbiguier, N., Matile, H., Miltgen, F., Landau, I.,
Pied, S., Chigot, J. P., Friedman, R. M. & Mazier, D. (1987) J.
Immunol. 139, 4192-4195.

18. Schofield, L., Villaquiran, J., Ferreira, A., Schellekens, H.,
Nussenzweig, R. & Nussenzweig, V. (1987) Nature (London)
330, 664-666.

19. Le, J. & Vilcek, J. (1987) Lab. Invest. 56, 234-248.
20. Talmadge, J. E., Bowersox, O., Tribble, H., Lee, S. H., Shep-

ard, H. M. & Liggit, D. (1987) Am. J. Pathol. 128, 410-425.
21. Philip, R. & Epstein, L. B. (1986) Nature (London) 32, 86-89.
22. Kindler, V., Sappino, A. P., Grau, G. E., Piguet, P. F. &

Vassalli, P. (1989) Cell 56, 731-740.
23. Aggarwal, B. B., Eessalu, P. E. & Hass, P. E. (1985) Nature

(London) 318, 665-667.

5574 Immunology: Grau et al.


