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Experimental cerebral malaria: Possible new
mechanisms in the TNF-induced microvascular

pathology

Malaria remains a major problem
of public health at the world level.
Morbidity and mortality of malaria
result from complications that in-
clude cerebral malaria (CM) and
severe anemia.

In addition to clinical and epide-
miological studies allowing for the
asessment of markers of disease
activity, an experimental approach
towards malarial pathology is re-
quired. One of the interests of the
experimental approach is the pos-
sibility to gain knowledge in the
fine mechanisms of disease, and to
define new markers of disease
severity.
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In order to understand better the

mechanisms of CM, we have used
both in vivo and in vitro models.
The in vivo model is suitable for
direct intervention studies, while
the in vitro studies, dealing with the
target cell of neurovascular lesions,
namely the endothelial cell, allows
for a functional dissection of the
mechanisms of tissue lesion.

We have studied cytokine interac-
tions in an experimental model of
vascular pathology: cerebral mala-
ria (CM). This rapidly lethal syn-
drome develops, in some strains of
mice, upon infection with Plasmo-
dium berghei ANKA (PbA). A
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crucial mediator of neurovascular
lesions appears to be TNF, found in
high amounts in relation with cere-
bral complications, in both experi-
mental and human CM*. In experi-
mental CM, in vivo injections of
anti-cytokine antibodies have been
used to analyze the cascade of reac-
tions leading to brain vascular
damage'.

In this review, we will focus on 1.)
the interplay of cytokines respon-
sible for TNF overproduction in
experimental malaria, therefore
delineating the subset of T cells
whose activation can load to
pathology, and 2.) effector mecha-
nisms of neurovascular lesions
characteristic of mouse cerebral
malaria, with recent findings that
appear to involve an unexpected
cell type, the blood platelet.

Cytokine interplay in cerebral
malaria: Evidence for pre-
ferential expansion of T cells
of the Th1 subset in genetically
susceptible mice

The immunological responses that
contribute to resistance versus sus-
ceptibility to bacterial and parasitic
infections seem to depend upon the
presence of functionally distinct
CD4* T cells: T helper (Th)1 and
Th2 cells2. Thi cells, which release



interferon-gamma (IFN-y) and IL-
2, appear to participate in protec-
tive responses, whereas Th2 cells,
which release IL-4, IL-5, IL-6 and
IL-10, are more often associated
with pathology (for review see?). In
the murine model of leishmaniasis,
for example, it has been demon-
strated that strains susceptible to
lesions show a predominant Th2
response while resistant strains of
mice display a Thl response*. Thl
cells also participate in resistance
to Trichinella infection via release
of IFN-y while Th2 cells contribute
to susceptibility by production of
IL-45. In malaria, using the mouse
model of Plasmodium chabaudi in-
fection, protective immune re-
sponses involving IFN-y were
shown to be a result of a predomi-
nant Th1 response®. Conversely, in
the mouse model for CM induced
by infection with Plasmodium
berghei ANKA (PbA), IFN-y
seems to play a role in susceptibili-
ty inasmuch as anti-IFN-y mono-
clonal antibody treatment in vivo
leads to protection against CM”. In
previous experiments we showed
that CM is strictly dependent upon
the presence of CD4* T cells®:
indeed, depletion of CD4* T cells
completely protects infected CM-
susceptible (CM-S) mice against
the cerebral complications associa-
ted to CM. A crucial mediator of
these neurovascular lesions ap-
pears to be tumor necrosis factor/
cachectin (TNF)®, released by
macrophages stimulated by CD4+*
T cells via a cascade of cytokines
that includes IFN-y7, IL-3 and GM-
CSF*,

In order to examine the relation-
ship between susceptibility and re-
sistance to CM and Th1 versus Th2
responses, we examined cytokine
mRNA expression in vivo in brain
and spleen from mice that are sus-
ceptible (CM-S) or resistant (CM-
R) to cerebral malaria. CBA/J
(CM-S) and BALB/c (CM-R) mice
were compared before and 7 d after
infection with PbA. Expression of
cytokine mRNAs was correlated to

in vitro cytokine production profil-
es in lymph node and spleen cells
from uninfected and infected mice
in response to parasitized red
blood cells and crude malarial anti-
gens. Our results provide evidence
that susceptibility to cerebral mala-
ria is accompanied by the up-regu-
lation of IFN-y gene expression and
in vitro production, in response to
specific malarial antigens. The
expression of TNF-a, IL-1, and IL-
6 mRNAs was also found to be
increased in the spleen of infected
mice as compared to that of unin-
fected mice. There was no differ-
ence between CM-S and CM-R
mice, except for TNF-a mRNA,
which accumulated in higher
amounts in the brain of infected
animals with CM than in those with
similar level of infection but with-
out CM. Conversely, we found that
the expression of two cytokines
that are potentially able to anta-
gonize TNF-o effects, IL-4 and
TGF-B, was significantly down-
regulated at the time of CM. IL-4
gene expression in vivo appeared
to be turned off, as no transcript
was detected even when assayed by
PCR. Upon restimulation by crude
malarial antigens in vitro, produc-
tion of IL-4 was significantly de-
creased in infected CM-S mice.
The levels of IL-3 produced in re-
sponse to malarial antigens were
found to be comparable between
both infected CM-R and CM-S
mice and no detectable IL-5 was
found in spleen cell cultures, either
unstimulated or stimulated with
parasitized red blood cells or mala-
rial antigens".

It had previously been shown that
treatment in vivo with anti-IFN-y
mAb was able to protect PbA-
infected mice from CM and to pre-
vent the associated TNF overpro-
duction’. Thus, beyond the ques-
tion of the requirement of IFN-yin
CM, there remained the question
of whether susceptibility to CM
correlated with a particular pattern
of cytokine production. Genetic
susceptibility to CM was found to

be linked to a higher IFN-yproduc-
tion capacity. Moreover, at the on-
set of cerebral complications, IFN-
v mRNA significantly accumulated
in the brain. These data correlate
with the results obtained by Waki et
al.®» who showed, in a mouse model
of malaria induced by a virulent
strain of P berghei NK 65, that
CD8* T cells were capable of pro-
ducing IFN-y and thus induce the
production of TNF-a in the liver. In
this particular model, an anti-CD8*
T cell treatment led to prolonged
survival while anti-CD4* T cell
treatment had no effect. In our
model, the CD8* T cell subset does
not appear to exert a protective
role since depletion of CD8 T cells
in CM-R mice did not lead to the
development of CM (unpublished
data). These results should be dis-
cussed in relation with previous
observations of a higher capacity of
malaria-specific IFN-y production
capacity in non-immune individu-
als compared to that of immune
subjects. Since it is known that
non-immune individuals, such as
children in endemic areas or adult
visitors from non-endemic areas,
are particularly prone to CM, these
data suggested that a naive im-
mune system is associated with a
higher susceptibility to develop
CM. If IFN-y over-production is
indeed associated to susceptibility,
this would hint at the involvement
of a Thl-like response. A Thl-like
pattern of cytoline synthesis asso-
ciated to susceptibility has also
been suspected in other infectious
diseases such as Theiler’s murine
encephalomyelitis 4. This is in sharp
contrast to the situation observed
in other parasitic diseases such as
schistosomiasis and leishmaniasis
in which Th2 rather than Thl re-
sponses correlate with pathology.
In the murine model of schistoso-
miasis, experiments had suggested
that T cells from vaccinated mice,
after stimulation with specific anti-
gen or mitogen, responded prima-
rily with Thl cytokines, whereas
lymphocytes from chronically
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infected mice instead produced
Th2 cytokines®. In the murine
model of leishmaniasis induced by
infection with Leishmania major
promastigotes, it had been shown
that susceptibility to lesions was as-
sociated with a predominant Th2
response, whereas resistant strains
of mice displayed a Thl response**.
Overproduction of IFN-ymay have
direct significance in the develop-
ment of CM: it is known to active
macrophages and to induce the up-
regulation of TNF receptors?®. It is
likely that over-production of IFN-
vin the brain of PbA-infected mice
leads to the activation of endoth-
elial cells, macrophages and possi-
bly glial cells. Endothelial cells
would then up-regulate various
sets of adhesion molecules, notably
ICAM-1, which has been shown to
be involved in the pathogenesis of
CMY. IFN-y could also be respon-
sible for TNF receptors’ up-regula-
tion' on brain endothelial cells,
rendering them more sensitive to
TNFE. In the presence of IFN-y,
macrophages would be primed to
release further amounts of TNF-a.
Also, one can envisage that a syn-
ergy between TNF-a and IFN-y,
particularly with respect to effects
on endothelial cells (see below), is
relevant to the pathogenesis of
CM.

Taken together, these data are con-
sistent with a predominant Th1 re-
sponse in mice developing cerebral
complications of malaria (summa-
rized in Table 1). However, the pat-
tern of cytokines preferentially pro-
duced by cells from CM-R mice
does not allow to assign it to a Th2
response. Such a difference in T-

cell proliferation and IFN-y pro-
duction was also seen in relation
with immune status in human
malaria. It was found that CD4* T
cells from non-immune individuals
produced significantly more IFN-y
and proliferated more than mala-
ria-immune subjects in the presen-
ce of malarial antigens®. Since non-
immune subjects are particularly
prone to the development of CM,
these data suggest that, akin to the
mouse model, a predominant Thl
response could be associated with
susceptibility to neurological com-
plications of malaria in man.

Effector mechanisms in cerebral
malaria: Role of interactions

at the microvascular endothelial
cell level

In view of the role for TNF in cere-
bral malaria (both human and
murine, summarized in'®) and of
the potent effects of TNF on endo-
thelial cells, we investigated the re-
spective role of adhesion molecules
in experimental CM. Treatment
with anti-LFA-1 mAb, even given
at a late stage of the disease, when
mice had developed a full-blown
neurological syndrome, was able to
prevent cerebral lesions and death.
The mechanism of action of anti-
LFA-1 mAB remained incomplete-
ly understood, until the sequestra-
tion of another cell type was envi-
saged in brain vessels (see below).
We found that ICAM-1 expression
was markedly upregulated in mice
with CM, but not in mice with
uncomplicated malaria. Thus,
ICAM-1 might be a central struc-

Table 1. Evidence for an involvement of Th1 cells in cerebral malaria.
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ture in sequestration, mediating
the adherence of mostly leukocytes
in mouse CM and mostly parasiti-
zed erythrocytes in human CM. In
contrast to anti-LFA-1, treatment
of PbA-infected mice with anti-
ICAM-1 mAb precipitated death
with massive hemoptysis, sug-
gesting that therapies interacting
with adhesion molecules should be
against carefully selected targets?’.
Among the numerous targets of
TNE, endothelial cells (EC) repre-
sent a major element. These cells
are not only a crucial interface in
local inflammation, but also act as
fine regulatory components of the
expression of immunity, coagula-
tion, and homeostasis. These phe-
nomena, once thought to occur
passively, are now recognized to
depend upon a complex set of
active mechanisms, involving inter-
actions with blood components.
Because of their potent functions,
these cells are also critical in the
development of diverse types of tis-
sue lesions.

In the context of the analysis of
potential effector mechanisms in
the model of cerebral malaria, the
role of nitric oxide (NO) was eva-
luated. NO production has been
shown to be triggered by various
cytokines, particularty TNF', but
diminished by LPS®. The involve-
ment of NO in TNF pathology is
therefore complex. NO can un-
doubtedly explain some of the ear-
ly changes of cerebral malaria?!, but
probably not the end stage lesions
of the disease, which include brain
hemorrhages due to microvasculur
EC lesions, since treatment with L-
NMMA treatment had an aggrava-
ting rather than protecting effect in
mouse CM? 2%, Because the rele-
vance of this model has been ques-
tioned, it seems important to stress
the point that the mouse model is
indeed a model of lethal cerebral
malaria, with brain hemorrhages, a
situation which is identical to
human CM?. In view of what is dis-
cussed below, namely the role of
platelets in CM, two other argu-



ments can suggest that NO has a
protective rather than pathogenic
role in CM: NO can reduce platelet
aggregation® and L-NMMA treat-
ment increases platelet deposition
on damaged endothelium in vivo?.
It is quite conceivable that NO
mediates early changes of cerebral
malaria, such as neurotransmission
disturbances, when the neurologi-
cal syndrome is still reversible, but
this mediator is not likely to be
involved in the process of the vas-
cular damage itself, i.e., the brain
hemorrhage.

Recent investigations in the mu-
rine model of cerebral malaria al-
lowed us to propose a new effector
mechanism of TNF-induced EC
lesion. It consists in the adhesion of
platelets to the surface of EC and
subsequent fusion of these plate-
lets into the cytoplasm of EC. This
physiological process in vivo?: %,
has been characterized in vitro.
Evidence for fusion have been de-
scribed®. Platelets were envisaged
in the pathogenesis of CM because
there was no clear explanation for
the dramatic protective effect of
anti-LFA-1 mAb, even when this
mAb was given shortly before
death: this mAb protected malaria-
infected mice without significantly
reducing the number of mono-
nuclear cells in brain vessels!” %.
We demonstrated that platelets are
in fact the critical effector of the
neurovascular injury of CM3.. First,
electron microscopical analysis of
brains from mice with CM revealed
that during CM platelets adhere to
and probably damage brain endo-
thelial cells. Interestingly, platelets
have also been disclosed in brain
vessels in fatal cases of human
cerebral malaria®. Second, radiola-
belled platelet distribution studies
indicated that platelets significant-
ly sequestered in the brain and lung
vasculature during CM. Non-cere-
bral malaria was not associated
with cerebral sequestration of pla-
telets. Third, treatment in vivo with
anti-LFA-1 mAb selectively abro-
gated the cerebral sequestration of

platelets; moreover, this correlated
with prevention of the neurological
syndrome. The o (CD11a) and, to a
lesser extent, the § (CD18) chain of
the integrin LFA-1 were found to
be expressed on platelet membran-
es. Fourth, malaria-infected ani-
mals rendered thrombocytopenic
were significantly protected against
CM, further indicating that plate-
lets are central to the pathogenesis
of CM.

Thus, a CD11a-dependent interac-
tion between platelets and endo-
thelial cells appears pivotal to
microvascular damage. Microvas-
cular lesions of CM would thus
depend on an integrin-mediated
platelet, TNF-induced EC damage
(schematized in Fig. 1) (discussed
in?). These data suggest a novel
mechanism of action for anti-LFA-
1 mAb in the neurovascular com-
plications of murine malaria and
illustrate an unexpected role of pla-
telets in vascular pathology.

Platelet-endothelium interac-
tions in other models of experi-
mental pathology

Piguet et al.** have originally des-
cribed that platelets accumulate in
increased amounts in an experi-
mental model of pulmonary fibro-
sis. It has been shown that, in this
context, treatment of mice with
anti-LFA-1 mAb prevents this
accumulation as well as tissue
damage. More recently, an involve-
ment of platelets in sepsis-related
pathology was also shown*. The
toxicity of LPS was analyzed both
at the systemic (lethality) and at
the localized level (cutaneous
Shwartzman  reaction). Inter-
estingly, in this setting, platelets
were shown to accumulate in the
skin before the triggering of
hemorrhagic necrosis. The argu-
ments in favor of a role of platelets
as effectors of these lesions are
summarized in Table 2.

Table 2. Arguments for a role of platelets in TNF-induced pathology (expe-

rimental mouse models) (*)

Table 3. Platelet/endothelium interactions in physiology and pathology.
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The mechanism of fusion may be
the same in physiological and
pathological situations, and the
main difference between these two
conditions may be the intensity of
the phenomenon (Table 3). Mor-
phological data should orientate
towards the precise mechanisms
involved, which remain incomple-
tely understood. In experimental
CM, cerebral capillaries and venu-
les contain platelets in dense
contact to the endothelium or
fusing to damaged brain endothe-
lial cell. The endothelium is da-
maged and interrupted with the
presence of granules, suggesting
the fusion of platelets with endo-
thelium. Monocytes also adhere to
brain endothelial cells but, at vari-

ance with platelets, do not show
any dense fusion of the membranes
and the endothelium is unaffected.
These morphological features of
platelet-endothelium interactions
are reminiscent of those reported
in the context of the endothelium-
supporting role of platelets-3, We
propose that TNF-induced micro-
vascular injury may be due to an
exaggeration of the fusion pheno-
menon, caused by ICAM-1 up-re-
gulation on endothelial membran-
es. Platelets carrying the LFA-1
molecule would then be bound in
higher amounts on these endo-
thelial surfaces, and cell fusion
would occur at a higher rate (Table
3 and Fig. 1). The role of other
CAM on the surface of both EC

Table 4. Microvascular pathology: importance of platelet-endothelium

interactions.
effect of platelets
on endothelium
\brain vessel
physiological b _
conditions | P N trophic
\brain vessel
TNF-mediated = )
pathology @ Qg’ cytotoxic

CAM upregulation

increased platelet fusion and CAM transfer

Figure 1. Comparison of the role of platelets in normal and pathological
conditions (e. g., in experimental cerebral malaria).

and platelets is under current
investigation.

The involvement of platelets as
effectors of vascular lesions may
not be restricted to experimental
pathology (Table 4). In man, cere-
bral malaria has been associated
with accumulation of platelets in
cerebral microvessels, although the
nature of the platelet/endothelial
interactions in this setting have not
been investigated in details*. Also,
platelet trapping in lesions of brain
vasculitis in patients with systemic
fupus erythematosus (SLE) has
been reported®. However, differ-
ences between human and murine
platelets suggest that the involve-
ment of platelets should be differ-
ent in human versus mouse patho-
logy (Lou et al, in preparation).
Further analysis of the fine mecha-
nisms of this interaction between
platelets and endothelial cells is
now performed in vitro. Cultures of
microvascular EC derived from
brain, lungs and other organs have
allowed the identification of sever-
al pathways. Microvascular endo-
thelial cells have indeed been
shown to differ substantially from
the classically studied umbilical
vein endothelial cells (reviewed
in%). Platelets modify a number of
functions of TNF-activated MVEC
(Lou et al., ms. in preparation). The
regulation of the fusion phenome-
non is under current investigation.

Conclusions

Malarial pathology, at least cere-
bral malaria, seems to depend
upon the very T-cell subset, Thl,
that is capable of mediating protec-
tion against infection by the para-
site. Conditions and intensity of sti-
mulation (type of antigen-present-
ing cells, nature of the antigen,
etc.), duration of activation, as well
as site of inappropriate activation
of these cells may be among the
crucial parameters that will deter-
mine the balance between protec-
tion and pathology. A critical issue



orienting towards pathology might
indeed be a preferential homing of
some activated Thl cells in certain
microvascular beds. Therefore, the
balance between Thl and Th2
cells, as well as the expression of
diverse cell adhesion molecules,
are among the deciding parameters
that can determine the outcome of
the complex host-parasite rela-
tionship seen in malaria.

The abnormally activated T cells
result in various cascades of cyto-
kines, some of which have direct
toxic effects on vital host structur-
es. TNF-mediated vascular damage
certainly involves intricate path-
ways, utilizing almost all the pro-
perties of this cytoline. In addition,
the role of platelets in the vascular
pathology of cerebral malaria is an
illustration of unexpected TNF
properties. Alternatively, the in-
volvement of this cell type also
helps explaining the efficacy of late
administration of anti-LFA-1 anti-
body in cerebral malaria and repre-
sents a new mechanism of action of
anti-integrin antibodies in vivo.
The way platelets interact with EC
and modifies the physiology of
these cells represents a possibly
important effector pathway of
TNF-induced vascular pathology.
Much remains to be determined on
how some malaria vaccines will
modulate T cell functions and,
more critically, how they will alter
the Thl1/Th2 balance. Likewise,
even though in vitro and especially
in vivo studies have provided some
insights in the extraordinary com-
plexity of lesions, much remains to
be learned about fine malarial
pathology. Understanding better
the distinct mechanisms of lesions
remains important in order to de-
fine targets, design relevant param-
eters to study, and evaluate side
effects of new therapeutic measu-
res. Animal experimentation, par-
ticularly in mice, remains an irre-
placeable tool to address these
major questions and, thereby, to
help improve the status of patients
who suffer from severe malaria.
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